the I nvention 100011l n seism c exploration, seisnc data may 'Mm lby
i'mparting acoustic energy into the Earth near its surface, aH mwmmmmm

acoustic energy that is reflected fromboundaries between differegndslayers
of a subsurface rock formation. Acoustic energy is reflected when there is

a differ i I C Ll e j Y, ndary.
S gnal o rUBETHORS SN ARREIRLT U B CENER S TING REGHOSTEN, T Y .
structures and conposition of t £ gﬂfﬁgqﬁgﬁﬁ&rock formati on structures.
1000211 n marine seism c exploration, a selsnc energy source, such as an
air gun, or air gun array, is typically used to inpart the acoustic energy

into the formati ons bel ow the bottom of the water. The source is actuated
at a selected depth in the water, typically while the source is being towed

by a vessel. The sane or angk%?hﬁWaq@*ﬁgigﬁéwﬁ?ﬁne or nore seismc sensor
In=tne er.

cabl es, call ed "streaners", wa nerally the streanmer extends
behind t he vessel along the direction in which the streaner is towed.,
Typi call001k st r darfsismie explgeasion, srismigl daty msy heopcequired PYOMPSEHERWUSEYCh as

hydr ophones, efngfglyﬁmmn% ﬁgl"tﬁi h%%?%g%rﬂge, the d%é@!i%]gé\ﬁﬁ%&geg%ﬂﬁf fs relfEQUD

positions al on e ca ones, as IS art, are sensors
t hat gener at efr@n boptdatiel betweeh differemtdhyess ghakulsarfaespek domgation. tA@uptiessur e

of the water or the ti radi ent of, pressure in the water. The vessel that
Cows the one BFraroReralieriedithen fRp dal JTHSTERSIHS SPRHHE dMRGLEYS: BRAT t o

‘make a recor dhdidcBataXRds W 4 BolRIaRe Cighdls FphRentilg hBAcR@ARASuBBRAERY Afe DY

the receivers in response to thé defected acoustic energy. The record of
signal s may betemroteéds ddfer stiunfuees std aempoeseisonodf el sehsupfees racknormatiehe

earth formati gns bel ow the | ocations at which the seismc survey is
per f or ned. [d%@??ﬁﬁrine seismc data include effects that limt the

accuracy of inferring the structure and conposition of the subsurface rock
for mat i [8A92] For SrARFINS, scisprie EXRIOTAHPR 3 $RISTRIG ONEIEY SOUICETUCE @f 2B 3F S 8k

because wat erailhgﬁn %rrgy,bﬁtt?ﬁtcglw W¥eddto {n%a?tn{helacoustic energy into the formations

below the bottom of the water. The source is actuated at a selected depth in the
water, typically while the source is being towed by a vessel. The same or a different
vessel tows one or more seismic sensor cables, called “streamers”, in the water.
Generally the streamer extends behind the vessel along the direction in which the
streamer is towed. Typically, a streamer includes a plurality of receivers or sensors,
such as. hydrophones, for example, disposed on the cable at spaced apart, known
positions along the cable. Hydrophones, as is known in the art, are sensors that
generate an optical or electrical signal corresponding to the pressure of the water or
the time gradient of pressure in the water. The vessel that tows the one or more
streamers typically includes recording equipment to make a record, indexed with
respect to time, of the signals generated by the receivers in response to the detected
acoustic energy. The record of signals may be processed to infer structures of and
compositions of the earth formations below the locations at which the seismic

survey is performéd.

[0003] Marine seismic data include effects that limit the accuracy of inferring the
structure and composition of the subsurface rock formations. For example, effects

relating to “ghost” reflections arise because water has a substantially different
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density and propagati on velocity of pressure waves than the air above the
wat er’ surface. Renoval of these effects may be acconplished by source
deghosting and recei ver deghosting. [0004] Whien a source is actuated,
acoustic energy radiates generally outwardly fromthe source. Half of the
energy travels downwardly where it passes through the water bottomand into

t he subsurf AGLnliRe rg%({mgf%gg&tf)o%sveﬂaﬁ d8§g§e[ss%‘?|\{ o tﬂelheth%cﬁi"ﬁw\gecﬁlge\?%r

travel s upwardly source a iI'S energy re romthe
wat er surf aceurfadter Refpovalidf these\effestsdnanbancdoynplihel bekhace deghostins bnd
energy will be delayed in time and al so shifted in phase fromthe directly
downwar d pr opSeAYS 5ehastt&t i ¢ energy. This surface-reflected, downwardly
traveli ng acoustic energy may be referred to as the "source ghost" signal.
[ 0005] W84k he acWhen & sownme igsctateshageitstis ebergh ra@ates getrzalheewivardly froft er

being reflected by t ea.bottom an ny subterranean forpations
Dot Con of -y B stte T SPus e SV sRPEs By R T AR PR R e v Aer ¢ o
of the ener gybopdfsasd ikt thevabsuefacd heckr RERIaleEss ane dtferr19dif 6F iRdadduetia t he
wat er surface back down to the receivers. The surface-refl ected

downwar d- pr oFagesyi tray elscunysardly o the saiires apbmost af Bis energy meflegisdrom dhe
el & re ® . : Thi
shifted in p gr dJu"rﬁH% R{\%r oGt Jré/ve'rbo&@mva‘}{i@fﬁg%tﬂfg&ég&%@%&e& @ir Thi's

surface-refl ec acoustic energy nay be re recerver
ghost " si gnalbe def306jd timeandalblskifiddsn phdsk dronotherdircote ddenhmdpuesaghting t he
deghosting of marine seispic data.- Brief Description of the Draw ngs
[0007] The i n\ASAESHSFNSHEY- i thds s ﬁtra&éewywsga@ ayeling Aoyt sty dBdhy

irﬁf\%iegﬁ-e t o gherd@lou Me “sikal fiRderdgsiri ption and the attached draw ngs, '
[0005] When the acoustic energy propagates back up to the receivers after being
reflected by the sea bottom and any subterranean formations, a portion of the energy
propagates directly to the receivers. Another portion of the energy passes the level
of the receivers and is reflected from the water surface back down to the receivers.
The surface-reflected downward-propagating acoustic energy will be delayed in time

and also shifted in phase from the directly upward propagating acoustic energy.

This surface-reflected acoustic energy may be referred to as the “receiver ghost”
signal.
[0006] It is highly desirable to improve techniques for the deghosting of marine

seismic data.

Brief Description of the Drawings

- [0007] The invention and its advantages may be more easily understood by reference

to the following detailed description and the attached drawings, in which:

[0008] FIG. 1 shows a cross sectional view of an example arrangement for acquiring

seismic data in accordance with an embodiment of the invention;

[0009] FIG. 2 shows a plan view of the example arrangement for acquiring seismic

data in accordance with an embodiment of the invention;



[0008]FIG 1 shows a cross sectional view of an exanple arrangenent for
acquiring seismc data in accordance with an enbodi ment of the invention
[0009] FIG 2 .shows a plan view of the exanple arrangenent for acquiring
seismc data in accordance with an enbodi ment of the invention; [0010]FIG
3is aflowchart of a first nethod for the deghosting of seismc data in

accor dgpﬁgﬂlsecongﬂge?ﬁom L %t o}‘ ne .l nvgt%('i r’thL %Oll'il'JsF of selgnsncadatz; g

chart e deg |ng o Sei'sh accor dance

W th an enbodicemaincefwitiin mw&ﬁhbﬂlbftﬁ@fﬁizaﬂtﬁinﬁ 5is a flow chart of a
third nethod for the deghosting of seismc data in accordance wth an

embodi [Iﬂﬂil]gf t hazrnu GOl g HhAQEAISELSRG Rethéd for AN DA AfscRmil SRS ©

for host renova rom seismc
accordance with an embodiment of the invention;

[0012] FIG. 5 is a flow chart of a third method for the deghosting of seismic data in

accordance with an embodiment of the invention;

[0013] FIG. 6 is a flow chart of a procedure for source ghost removal from seismic

data in accordance with an embodiment of the invention.

[0014] FIG. 7 shows an example computer apparatus which may be used in
performing the method for the deghosting of seismic data in accordance with an

embodiment of the invention.

[0015] * While the invention will be described in connection with one or more
embodiments, it will be understood that the invention is not limited to these. On the
contrary, the invention is intended to cover all alternatives, modifications, and
equivalents that may be included within the scope of the invention, as defined by the

appended claims.

Detailed Déscription

[0016] FIG. 1 shows in cross sectional view an example arrangement for acquiring
seismic data in accordance with an embodiment of the invention. A seismic survey
vessel 10 moves along the surface 11A of a body of water 11 such as a lake or the

occan.

[0017] The vessel 10 may include a control system 12a and a recording system 12b.
The control system 12a and the recording system 12b may be separate systems that
communicate data between each other, or they may be sub-systems of an integrated
system. The control system 12a may be configured for selectively actuating seismic
energy sub-sources (for example, sub-sources 14, 16), while the recording system
12b may be configured for recording the signals generated by sensors or receivers
(for example, receivers 20) in response to the seismic energy imparted into the water

11 and thereby into subterranean material formations (e.g., rock formations 19, 21)



data in accordance wth an enbodi nent of the invention. [0014]FIG 7 shows
an exanpl e conputer apparatus which may be used in performing the nethod
for the deghosting of seismc data in accordance with an enbodi nent of the
invention. [0015]Wiile the invention will be described in connection with
one or nore enbodinents, it will be understood that the invention is not

limted to t r A | | S, . al |
alternati vestb%?}%dlﬂg‘ggg [ oo(r%lfsz)?& g%dhé%t%ag%d:l%@sg{ﬁg%g ﬁngg%ggaﬁeglch %%’8 \%\ﬂ%i n .
t he scope of debeminevaid tcotrd the gdedetioambsitiont bE tixpgeasitie cenetgyi svhrcePahdithed
Description [Q016]FI G 1 shows in cross sectional view an exanple
arrangement fROVraHYRfiSEISHC scapURPEredavErsighanci®edance with an enbodi ment of
the invention. A seisnm c survey vessel 10 noves along the surface 11A of a
body ofl00&8kr 11 Bhecéxamplaatraigement dépicted anhlG.[ DAt eseisasis shurte whagh

I nclude a control system 12a and recor di stem 12b. .The, control. system
124 and the rBUBIRG SPEIEREED Tl LB SlbeeRer AHSERN A eat o
data bet ween EABMIRALAE of (1Y prédeily dBR¢1daed fiventisire iiteiedan bl R RE &6 th
system The control system 12a may be configured for selectively actuating

sei sni ¢ ener @PlETals i ocer MersrsesagPREgY silbsayacss dand arg not wptricigd; to@nbhe
recordi ng sygk%@hgggmgax be configured for recording the signals generated
by sensors or receivers’(for exanple, receivers 20) in response to the

sei sm gy inmparted into water. 11 and. t herehy. int ubt er ranean
mat or | 001 mat | dréh (Slég'@‘.",‘rc? RERDAER E agl,urg_lty Ol?blé'rimsﬁtaﬁ&%wfab ttom
13. The recorglhRBuR¥ AP A TRYn RBeral WkidiRinC AN THOM Bk hRy/SetRr Soielifnd
record the geodetic positions of the seism Cc energy sources and the
plurality of dwctensc lndhe diustrativer examiplepsFKi. latlree ifimpg unit blocks are shown
'in each sub-source (14, 16). Each firing unit may include one or more marine
energy source devices (such as air guns or water guhs, for example), and each firing
unit may be controllably actuated by the recording system. Actuating a sub-source
generally involves actuating all of the firing units in the sub-source at the same
moment in time. Embodiments of the presently-disclosed invention are intended to

be employed with any multiplicity of sub-sources operating at two or more different

depths.

- [0020] As illustrated in the embodiment shown in FIG. 1, the sub-sources (14; 16)
may be towed at substantially the_ same distance behind the vessel 10 and at different
(distinct) depths in the water 11. Such an arrangement of the sub-sources fnay be
referred to as an “over/under” arrangement. Note that, in an over/under
arrangement, one sub-source is not typically directly below the other, although they
may be so arranged. In other examples, the sub-sources may be towed at distinct
depths by a separate vessel, or may be at distinct depths in a fixed position.
Therefore, having the survéy vessel 10 tow the sub-sources is not intended to be a

limit on the scope of the presently-disclosed invention.

[0021] The vessel 10 is also shown towing a seismic streamer 18 having a plurality of
longitudinally spaced-apart seismic receivers 20 thereon. Other seismic receiver
arrangements may be used in other embodiments. For example, other embodiments

may utilize towed seismic streamers in any configuration, ocean bottom cables,
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[ 0018] The exanpl e arrangenent depicted in FIG 1 depicts a seismc source
whi ch’ i ncl udes two seisnic energy sub-sources (14, 16) for purposes of
i"llustrative clarity. Enbodi nents of the presently-disclosed invention are
intended to be enployed with a plurality of two or nore seisnm c energy
sub-sources (and are not restricted to only two sub-sources). [0019] Each
sub-source ( Eale rali SR [o IRY]! =G r bl e
sub- source fijsré?sr?g};56 é?#TtB%Ie(llfri} %ﬁglg.}l%é%wé“l’x%lgnﬁlx%glftllh%@tqﬁ%kﬂ%%tg %g&gir?ll / %béq?he
cross-|ine diindaodingndut hot figted| fou giresatiiev senso@mprasswt  h& gridienths@wsors| ri ng

uni t bl ocks ar? shown in each sub-source (14, é_@ Eactl)l fifi uni t may
i ncl ude one OfFI9FHY SCRIIS rASCERIIMRICTSoFlF ¢ OF JBY | LBV Raliea S@Oéi E\??fﬁw?mﬁflt wat er

guns, for exaypl fgm tROLEIER 20imid %ﬁé fo, mtgﬁe&%tdli(g}e!c@}alh?’gvﬁgfeﬁﬁffd by

the recording system Actuating sub-sour ce general i nvo actuating

all of iring,unjts. in.th - Ece . I N, td-pe.
arboai AOUER! of ' ¢ et Died@addb O Quitp sRaM o the bR SATPAREE Sloyg E 1.
enpl oyed wi t thabyntrolls{stehilch nayHe rbighed i€ esuaparfabt sul-satirce Wor @karfipleg

different depths. [0020]As illustrated in the enbodi nent shown in FIG 1,
t he sub- sour c&g-spuge 14gnaxhg agiatednethestelestpdSimmmay eyindered sutheregpest fhce

behi nd the vegs %iartl(@fol%@grdﬂ{g ﬁ{)fécgi'ilgp}esﬁ&{séé it())p(ﬁﬁ;)' oﬂfepttgﬁe;[ bleleh& WRIES tol -

Such an arrangenent the s sources may be referre 0 as an
"over/under" signabng@rding .timat andt hpicallyrhaana divsr delsoter delay drope e tstartonf

sub-source is not, typjically_ direct bel ow t he other, althgough th may be
so arranged. T ’E’ﬁerté?{ﬁﬁrff‘gg,tﬁ? r#ggtsﬂ@-%‘a?ec&’gV%yuB*éa@éfm{g‘e*gamﬁ 1 Phet
depths by a s&Bahale2\4ad). sBheBRthOEndhy Hablis REWnHGRE e,k skovid %),

position. Therefore, having the survey véssel 10 tow the sUb-sources i s not
i ntended t o behexe lif i5i treflected e agmepe impedahee prestanes yfodiexehplkeedt theveater on.

[ 0021] The vessel 10 is,al s0,.shown.tqow. a_seism.c stre r 18 hayi a
bl ural ity of TORE CLAMhE g HaEEIS diar{ PoR S SReoR I oPh oYt

QG her sei sm CORIQGRE Water BbHANFENSbASs ARYKhE®N 4 BIG] D fer ity @Rl swdtion. FOr
exanpl e, other énbodinents nmay utilize towed seismc streaners in any

conf i gur at i or/p-gemarposéensorhtbabnesgy frosethsdist saptecareny (for yomptmishewn et c. |
and may utilizg A0V FRA O HESEIY Aok ENBALId GLHgI ng. but not | mited
re tine gradie

to, pressure Sensors, pressu sensors, velocity sensors,
ers, etc., or_any caonbination thereof. Measurenent, data fromthe

accel er
r ecei vel?)@b may D «ael systery 23 may; breeendiguradnie actiats thermgendsiudnsoyece,

(for example, sub-source 16 may be actuated), at the end of a second time relative to

the start of the seismic data recording, or, alternatively, afier a selected time beforé

or after the actuation of the first sub-source. .Energy travelling outwardly from the
-second sub-source moves along similar paths as the .energy from the first sub-source

(though the paths begin at different depths due to the distinct depths of the sub-.

sources).

[0024] In accordance with an embodiment of the invention, the above described time
delays are selected so that energy from at least one sub-source is detected by the
receivers 20 in each data recording (called a shot record) that is stored by the
recording system 12b. It is expected that the time of actuating the sub-sources at the
two (or more) different depths may vary between shot records in a random, semi-

random, or systematic manner.

[0025] FIG. 2 shows the arrangement of FIG. 1 in a plan view to illustrate towing a

plurality of laterally spaced apart streamers 18. The streamers 18 can be maintained
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[ 0022] At a selected tine during operation of the acquisition system shown
in FIG 1, the control system 12a may be configured to actuate a first
sub-source (for exanple, sub-source 14 may be actuated). The selected tine
may be indexed with respect to the start of recording of receiver responses
or any other tine reference related to signal recording tinme, and typically
has a first 0 r r e far t he
first sub. sou diiEuySF (sl bbb rhofbn] SRR IEL o HEL A IOy S
Sonme of the emfngwthpmeﬁt% dbwpwwellllkm(mgmtheahom at 22), where it is
reflected at acoustic inpedance boundaries (for exanple, at the water -
bot t omigga@nd at Ahgn RReIDERE ﬁﬁmls'ﬁowyas%&rw séiéxﬁfceén%fgy JoRfde Handﬁ%doons

19, 21). Only the Wwater bottomreflections are shown in'FIG 1 for clarity
of the ill ustsuh{somnes Ut gndomp puipiossss obfilluskratien etagipy.f r Ssndebaibleidr altovsour ce

array (for exa l.e ho at 24), .are efle ted from ter.surface
Cent ot ed at TRAToripSaRembefab- 5Oy rS ors it So AF e 5iicd b
actuate the Saﬁ?(}ﬂdlt@ﬁ@nys@%”sﬁ&soﬁﬁc% op¥atiig @it t6dbors € AiffGenedeplils. As
act uat ed) , he end of a second tine relative to the start of the seismc

dat a recor di sigpictad, ingflGe 2nhq subr-spurees (&4, o) gapebe dafena]lyralispiaced drosy eaght er
the actuation,qof 15htﬂefdr5s§tlm%“£re%ﬁ&lﬁ ‘i@vhlclﬁnﬁ S;Qé{-gén[d #hr! thNde 9 tli%rcﬂhééﬂﬁ m the

second sub-source nbves along si'm e ener gy rom
sub-source (tdn@uidh dffthe pesséislhegi N at d| fferent depths due to the di stl nct
depths of the sub-sources). [0024]1n accordance with an enbodi nent of the

i nventifgp27ft he abpvRcsagsde WRA dnl GRbOEMBYSoATR MOERINSthe RofiZtmtal gﬂﬁérﬂly from
at Ieast one sub-source is detected by the receivers 20 in each data

recor di ng (camd/@d langitvdinabedispldgennénatbehgeant sube@ubgesuhezonwmldcmgs Degtgem

12b. It i d that th t 1 1 th Tt t t
(o ror e) i 1PDY BATBRERht T PorsRBlRse R ORISR SHesB) FUSV TS PRinecRt

sem -random vaticts Weh2dreddcr mﬁm@r weféJQZEilcFlsanerz@h@amsplmlieeaﬁﬂraanmenﬁme of
FIG 1in aplan viewto illustrate towing a plurality of laterally spaced

apart streandprgitiginairdistance dghind gha gessah 05@xmﬁwdadlffér@nﬂy,rattqﬁ%,qnﬂalhe |th§t ive
lateral and |gngl gtf§8ét”a' PO L Y IyI avo‘f&% havmgea‘?%pe%st%dta{l‘rggﬁ’f % tﬁ(L:

towi ng equi pren! PYpest we e vessel

10 i s shown ashdnaistuagedatheeiffects of eieangyr sefaccE 1AamiRIG. 1)6n &Hlénatgyreﬁﬁﬁed 14,
16), for purposes of illustrative clarity. As described above, enbodi ment s

of the preserta cehsubreBtre i rnsted @r.vmt@rﬂfeal sepstatialipihssameds the any
mul tiplici tylf?% tstggreﬁﬁbﬁﬁl%%ﬂ?e?%ﬁ@%d}?el( t two or nore different depths. As

depicted in e sub-sources 16) may be laterally displaced
from ejﬁﬁ t her i eb cross-line dir Ctll 0 V\/mdclsh IS 1perger})dl curlnar to t he
i n-1i ndY0fSkai | i n@’ CaPTERIEh 261aE AL APdsVEpA (FPoTding explained above
repeated a plurality of times while the vessel, sub-sources, and -streamers move
through the water. Each shot record may include, for each receiver, signals
corresponding to the seismic energy produced by the plurality of sub-sources (for

example, as produced by both the first sub-source 14 and the second sub-source 16).

[0029] The seismic data obtained in performing a seismic survey, representative of
the Earth’s subsurface, may be processed to yield information relating to the
geologic structure and properties of the subsurface earth formations in the area being
surveyed. The processed seismic data may be further processed for display and
analysis of potential hydrocarbon content of these subterranean formations. One
goal of seismic data processing is to extract from the seismic data as much
information as possible regarding the subterranean formations in order to adequately

image the geologic subsurface. In order to identify locations in the Earth’s

6



[0027] I n accordance with an enbodi nent of the invention, the horizontal
(lateral and/or |ongitudinal) displacenent between sub-sources is

contenpl ated.as being only a few neters, so that the sub-sources provide
energy equi valent to bei ng that which woul d occur if they were in the sane
verti cal plane and at the sane |ongitudinal distance behind the vessel, or
expressed dif Lﬁsrugfa&é Whefth thefeser%b&bmh{mr SR OGRS 2BAThd1AtRIhs, BYge

avoi di ng having di spersed alr above thé sub-sources when actuated, t%le

ef fects of tisemamf eronsyafearxpeiidetiAn igathEting, ptycessing,land emtetrpggtmerﬁetsned dgteom
each sub-sou w |l be, adjusted for ter t subst ant al | the sane
as the effectﬁ‘l‘:l{erf’%fiﬂS ErFOPﬁJ@" %‘Pﬁg?e flse &fPEfg‘(eg)J]eﬁ[n %ﬂe { X e
actuation angywrdpRintdred Frohh Mk RYHIdRH RESmADOIE prideé@%nrlﬁﬁg@beﬂleaEﬂﬂUﬁﬁ' ity
of tinmes while the vessel, sub-sources, and streaners nove through the

wat er. Each skpth ardieo-d may i ncl ude, for each receiver, si gnal s
corresponding to the seism c energy produced by the pl ural ity of
sub-soy0036] (for Tmxaifpige of ake piaturead thy EBanh®B subsurface ¢ psudoesbin eded b and
t he second sub- source 16). [0029] The seism c data obtain d np rform ng a

sei sm ¢ sur vepable A BeRTestT (e SAFCt{Ingations i kithy t]%‘hl%fiﬁqséé’éo ahEyy i Bvigessed
to yield inf eHEfehﬁHhaJcﬁfnﬁia'nBHs { @olRAADAR! REehicS b pGFdIasn A cRIiOREIdralRs Of
the subsurface earth formations in the area being surveyed. The procéessed
sei sm ¢ dat a diled b®rillimg Wells fordeoermsedvhaherdictplean dapdsitrrat yeassnt@rr npbient i al

- hydrocarbon content of these s terranean forJCE?‘t ons Oﬁﬁﬁe seismc
data processiRFXEF eéSPF‘?Sé‘éeta YRE-CRLSITNRE WRqeTgking. Xor HRak Feapor eﬁ%{lon as

possi bl e reg%ﬁhﬁlﬁn% RS E AR ProRE malsplayef@ersemuecm&uaé at Yo | mage
t he geol ogi ¢ subsurface. In order to iden locations in the Earth's

subsur f ace wpgeducetrarimags of the shyugsiei nythﬁ‘(ﬁ’d i sneHibgerfanst thell willimprove the
it ot pr erebil? Bt e iR G SUBSRHAR B, ARAORY P EpaBlRF RIS OO

and inter pret% e proces construc e‘retlec

surfaces def iHini¥@, thassadbiiee paskadlite ahithad ay@rnmlaion bf ercleuir oxists e a
recorded seisnic data provides an image of the Earth in depth or tinme,

[ 0030] The i negeticyiartlogation in, the Fasthes sut)ﬁefaear The srosassing dckisnlay ofrasquiaed i n
order to ena il d!itgtf%lp{a?%s%o}eoacgﬁjaﬁcéecls%’%‘td Ovoﬁet}%rt z*i')dt\b erd 16 ﬁhﬁs bnd

probability o avin eum accumnmul at'1 ons 0 veri e presehce of
petrol eum a thekby re@lugsrtke kit yf dhillihg g hdled. | 1 i ng wel | s to det er m ne whet her
petrol eum deposits are present or not, is an extrenmely expensive and

time-copegy) N9 ungslih@lekPinefn Sélﬁisu'i(ﬁﬁ&Qﬂmqﬁ@%a‘? thSy Be GRBA itd Wbken MEed to
i nprove the processing and display of the seismc data, so as to produce an

i mage of the ssismietlatagmethodsfor Bgghorting meﬂﬁ@c’elltﬂ@mqusmbqﬁpr ove the
ability of an interpreter, whether the interpretation is made by a conputer

or a hyees2] to asEess isheflps ehabiof atyethbd BO@ forathe deph@ting o f oéispit davh éum
exi sts at a particular Iocatl on in the Earth's sub face Theagroceﬁy ng
and di spl ay ciccardanser gihsa smbedimans of f8f | ipyentign. lea¥eRty 59 Pons on

whet her and h&stin® grr dsk ar@@‘ﬁo&vﬁ%lepﬁ(} r£OYGESo tHRCukderdto st t}gi'i'dtlllérn&téjry

hol es. [0031] Havi ng~e a| ned an acqui sition technique that may be used to
obtain the seprecﬂssmgaslt@,s eyt hlsddef marfotmgho Sthiengisset siatacmdptbe asghirehdar be
descri bed. example, using the example arrangement described above in relation to FIGS. 1 and

2. The method 300 of FIG. 3 may be performed, for example, using the computer

apparatus described below in relation to FIG. 7.

[0033] | Per block 302, seismic data may be obtained from a seismic survey. The
seismic survey may be a marine seismic survey. The marine seismic survey may be
performed using a source comprising multiple sub-sources towed at two or more
distinct depths. An example arrangement that may be used to perform such a marine

seismic survey is described above in relation to FIGS. 1 and 2.
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[0032]FIG 3 is a flow chart of a nmethod 300 for the deghosting of seismc
data in accordance with an enbodi nent of the invention. Wile steps

rel evant to the deghosting process are shown in FIG 3, it is to be
under st ood that other data processing steps may al so be perfornmed. The
seism c data may be acquired, for exanple, using the exanple arrangenent

descri ove in rel ati o FlI GS. and .2. The .net hod 300 of FI 3 may
b’ por (00380 F o Per okt 30 (& st el ARG solfb 4G (S oR Spiise @ BTow | o
relation to FAfBtrades ih @&3s2ldife dith aath BEAnmse k&UFte (Matvarib@ydibRreabicatived) f rom
a seismc survey. The seism c survey may be a nmarine seismc survey. The

mari ne sei smiae sollegtsd (sathetsd) tefotmrangommen sapree gathere dheopmian spyreeunay pl e
sub-sources t.Q at i ok nore di.,stinct .dept.hs...An_exappl e ary angepent
That oy be (aeds Slhe Rh-BRicEs SRt BRL 1GERY R Ry BLIRS SaBUAE BB Above
in relation tteeakddGS hatingRdame soh@Opddifted. bl ock 304, the seismic data may be
sorted into conmon source gathers. Al traces in the seisn‘i_c data with a
conmon @egspe (anskr Ao, dirbdire Hhottahis) M@&éﬁo@ﬁeﬁ&ﬂltﬁ@%&fiﬁc(&ﬁ. heped) to
forma commbn source gather. The comon source nay include nmultiple

sub- sour ces wheaeraghest is eaontlibytibn ictherseispic flats ¢hat agdudterseismibwavefeaned as

havi ng i.tion. [Q035].Per bl 06, i host . b
Famoved f rom ENEHED POl SoRreat RUTPLOE B T RBTET reer ool BECTOR b | he
seism c data fhitpfacd Swalef shifa&eil BN ia mef)o%ﬂ& febtiagtRekil ¢ By SHbteishanean -

formations that is further reflected fromthe water-air interface (water
surface 11A iCEYEs. Iyr prample,ope irohnigue doraiemeningya tepeivereghost eontrduionds s .

descr bed i n FraisBaRds S Buh rUTRBIST R BT TEa Aa0R RRHA o™ o
Ful | - Bandwi dtBardegidsdéghgstifg MMarige Seistiit Strohm&aDR:” Bt @Ghridhyia Ay, ieha

Riyanti, et al. (hereinafter, the "R yanti publication”), the disclosure of
whi ch is her étln hsteBptier dhe d Riyantie pePBsatien))n the sdigflesuretaf. wWhighe 1y hstein he

Riyanti publicati j . [ [ | rs
whire the. dept T pEAR ERTak g SR EnBERY N W R GAY BONIANAL (B R
renovi ng the datcacy@redgheiap cmnbmtidnat isonamery ahae the agphiediedegengithg on
the data acquisition tec | o used.. For exanple, a technique for renoving
the receiver {I89ET eaiify ﬁ}g"fﬁt U rPmov e he ECCEIVGLBRAsH CTEPH PG AY
sensor strea il SleH&s5Hd I Dyta SASEL [ |, SHil.C, dat a
froma dual gﬂosgf%g 1reg§iegr cagoélﬁg?h'e %etﬁ/%l%ﬁ%arl sggl,ﬁﬁ)g(%éya+s.%?' %Eggﬁﬂ%n% oni o
2007 Annual Meétniqug, for hemavisg ltlesteceivarf ghist contributier fbom seisnor glataadogdirkd/
reference in f’.rts ed"nt' ret(%/. u%0036 Efer gl ocF 08,; the sei frp'c gat.a may  be
sorted (or re"$Bf é‘&%sei“ﬁ TSUEBRHORC e EFTE ecg%& R &ase Apsolyton ol se1pmiG ¢rga
seism c data fibhfh @udt QERRP shr&aRdrV@ble(aDdvidarirkds, i dif SEENSars Antdifo 2007

| ocations) are collected (gathered) to forma conmon receiver gather.

[ 0037] Per bl otk dlectingathe discipsurstofmliclyés hesaly ingofposated hie referesa¢ tn dait a.
The '

entirety.

[0036] Per block 308, the seismic data may be sorted (or re-sorted) into common
receiver gathers. All traces in the seismic data with a common receiver (and various
different source locations) are collected (gathered) to form a common receiver

gather.

[0037] Per block 310, a source ghost may be removed from the seismic data. The
source ghost is a contribution to the seismic data that is due to portions of the source
waveforms that are reflected from the water-air interface (water surface 11A in FIG.
1) prior to traveling downward toward the subterranean formations. An

advantageous procedure 600 for source ghost removal is described further below in



source ghost is a contribution to the seismc data that is due to portions
of the source waveforns that are reflected fromthe water-air interface
(water surface 11Ain FIG 1) prior to traveling downward toward the

subt erranean formations. An advant ageous procedure 600 for source ghost
renoval is described further belowin relationto FIG 6. FIG 4 is a flow

chart of a seggpd ﬁﬁ‘i‘?})% 448 49 4 hE@ &kﬁ%?%ts%%d%etﬁsa 500 FordRl aeg%lggatmg ﬁh

first the source g i's renoved before renpving the receilver
accordance widfhesmienrtatadinnehichofirst flee souren ghast.is Thmovet hefdrad GOnofingitle 4

may be perforned, for exanple, usi t he. conput er. apparat us.descri bel ow
inrelation trﬁceﬂeﬁgg?s.t n 6% AR 8’6‘32‘&? . g"&?"ttr??ﬂ?e‘gﬁ@}t‘r%ds@ﬁ@%éog(é- 3,
the bl ocks 3Q4 raad43R%, vebalrhmd ?brrcﬁﬁﬁb}é?ﬁsiﬁggﬂ@éémﬁﬂeﬁﬁﬁpapﬁﬁg Q&s0RBedr i OF
to the blocks 308 and 310" rel ating to source deghosting. In contrast, in -

accor dance wibelow haelativhedFUDO.of FIG 4, the bl ocks 308 and 310 rel ating
to source &ghosting are perforned before blocks 304 and 306 relating to -

recei vgpo38phost ith@ccdriaret véith themitshod 00 & FIG (el tdeck3 304 @hd BOE&relating
perforns receiver deghosting and then source deghosting, the nethod 400 of
FI G 4 perfortprdeesssr deghesymass periameed paer ?Oe@@igtv@?ks #d B relpigest) FI G
o 1s allow cBgich Rihduhl 'fh A i QoldihedISUNARL th 4GPOPPIC AR | 1
whi ch the source ghost 1S renoved I n accordance with an enbodi ment of the -
i nvention. Thdodket308chnB(00atlakhgsto Sourey déghopting anerpedforhed befoaniploeks 334 ng

t he conputer apparatus described below in_relation.to Fl 7. ]0040] |
accor dance V\ﬁaflﬁ 3?ﬁer eﬁé‘f‘ﬁé‘a r%@’ebfie&"&mgj, In, oPiek osdss Vﬂﬂ@%ﬁ@“ﬁ"&‘?@%&rﬁpt 0
sour ce deghostigng r?@ff@rrﬂ§fefc9'§/9ie@%gh9§ﬁng%ﬁ tRéP§deSc 830 rh&héd 1oWot O
recei ver deghosting. In other words, the nethod 500 of I%TG 5 perforns

sour ce deghodIGng parfarmmodoureeckeghesting egh deniresgiveadeghostimgroval of the source
ghost per block 310, the deghosted seismc data is output per block 312.

[ 0041] H0GB9P is &FIG. avis &Rt clirt ¢f Pthardadethed 600 fdrateghostihg®fgbiesic damval
fromseismc data in accordance with an enbodi ment of the jnyention. The
procedure 600Vhigh thes soprcaeghos iapanewd inoassepladse AYith|agcgmbBadiment ghyhor

FIGS. 3 thrOliﬁben%on.Fufﬁehﬁ%HBHejggE(gfeFlﬁ %Cﬁlgyrb% ﬁ@ﬁ)r@%dﬁo@exémg%yuaﬁ%w i ed

to different types of seismc , I ncludi ng 'si ngle-sensor IsmcC data
and dual - senswmpheirapparatdatiescribed badwariprdatiqn0FIGPér bl ock 602, the common
recei ver gathers may be transfornmed from space-

[0040] In accordance with the method 500 of FIG. 5, blocks 308 and 310 relating to
source deghosting are performéd, but not blocks 304 and 306 relating to receiver -
deghosting. In other words, the method 500 of FIG. 5 perfonns source deghosting
and not receiver deghosting. After removal of the source ghost per block 310, the

deghosted seismic data is output per block 312.

[0041] FIG. 6 is a flow -chart of a procedure 600 for source ghost removal from
seismic data in accordance with an embodiment of the invention. The procedure
600 in FIG. 6 may be applied to implement block 310 in any of FIGS. 3 through 5.
Furthermore, the procedure 600 of FIG. 6 may be applied to different types of
seismic data, including single-sensor seismic data and dual-sensor seismic data, for

. example.

[0042] Per block 602, the common receiver gathers may be transformed from space-
time domain to the frequency-wavenumber domain. For example, the in-line

horizontal source coordinate x; may represent the horizontal position in the in-line



tinme dohain to the frequency-wavenunber domain. For exanplé, the in-line
hori zontal source coordinate x./ may represent the horizontal position in
the in-line .direction of shot position 1, and the horizontal wave nunber
km may represent the horizontal wave nunber corresponding to the source
coordi nate. At each source coordinate x1, all sub-sources, nunbered 1 to
Vs, where / I al.:. riRosQHaEs e f.Lr t @ uat ed
with fire-ti ﬁrehg?&aggs%gtpgggg#?g%{dj E{eCrel n.o @l::e veglsngp&lg" P%'yr{lg) ie%gl, so t hat
each sub- sourpeizbsaldivapt avmtien cortdsporshing itathe( shsce kodmates Ahea¢hnsdures)
direction with respect to.the other sub:-sources wh i.t is actually fired.
Thi 5 di Spl acERBHIIag: BbSHGTORes TIDES! | Holombete 11 s i BEmB 9opbng
times betweenolRgs SHEY $OUYIrELSr faBuafell Sv iR TRe-8hR! deldR dshdtscritd RSt | PR at
which all different sub-sources are actuated may be considered to be

ef fectively tuessesafris movinghso thatneach shipsourdeiisi displaded g thiasailing (ajsut keovay .

[ 0043] Per bl ock, 604,. a frequency, coO be selected froma range of
frequenci es. _a‘f’ﬁge ﬁ%’%‘?g)ofi%% 0% rﬁﬁ?(%%@S?‘eaor%éert sr?@?f%%ﬁ ﬁ?ﬂdp?%aa‘éﬁme
sour ce ghost ifigd.f TRIDdidpaceRleRChES bE ISRVRIEMK tofthd fRalbEifferincedlidt fring @@d«] Per
bl ock 606, a matrix operator for use in source deghosting n%% be

const ruct ed. behwesadbe snequregstipr the sams shiotnehthabthemeaition abwhicarall diffgrent

sour cedeghost | j t in 1 ;an
nver se. apat P Bl if PREE Bk PSR SRR I e BRI Pl
operator per ‘shé” dathg @hichrlitadis ghtsiedoper at or per sub-source. [0045]1n one
i npl enentation, the source-deghosting matrix operator K(xi; km nay be

gi ven byoise fol |mypiyistkesitatal Reueh@PHOE{ e: seledledTrdin & 1k Bé ¥F iRqencies.
2sin(rnizi,d) (Eqn. 1) [0047]Per Eqri. 1, the inverse spatial Fourier

t ransf or m opéeftmtmaxt bpcks (0 dmgd GO are then performed to remove source ghosting from

the selected frequency of the seismic data.

[0044] Per block 606, a matrix operator for use in source deghosting may be
constructed. In accordance with an embodiment of the invention, the source-
deghosting matrix operator may include the following components: an inverse

~ spatial Fourier transform operator; a time-delay phase-shift operator per sub-source;

and a ghost operator per sub-source.

[0045] In one implementation, the source-deghosting matrix operator K (x;; k,,) may

be given by the following equation.

[0046] K(x; k) = A e Tkmx YN 2sin([,z, 4) e ~/@4td (Eqn. 1)

[0047] Per Eqn. 1, the inverse spatial Fourier transform operator is given by the
component e /¥m*, The summation in Eqn. 1 is over all sub-sources d, such that d
=1 to N, where N’ is the total number of sub-sources. The depths z; ; ford=1to N’
obey 21, <z, <:-<2zZpys The éummand within the summation is the ghost
operator per sub-source d multiplied by the time-delay phase-shift operator per sub-

source d. The ghost operator for sub-source d at shot position / is given by

2sin(Ihnz, 4), where Iy, = \/(w/c)? — k2, is the vertical wave number, and z; 4 is
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conponent G knixi. The summation in Eqn. 1 is over all sub-sources d, such
that d = 1 to Ns, where Ns is the total nunber of sub-sources. The depths
2i,d for d =1 to Ns obey z1,1 <z1,2 < < zi,Ns The sunmand within the
summation is the ghost operator per sub-source d nultiplied by the
ti me-del ay phase-shift operator per sub- source d. The ghost operator for
sub-source d L 11 | | | A R

{ £ B @y bt didt Boish PYTHSHRE GR1a% phde- sl SpErator T
(wc)y2 - k?" %dﬁﬂgbvg@f% ca%r.]vvaveh%ngn%er, and gﬂ?]la ptg%eés g@p?ﬁra&r T
sub- sour ce d sab-ssiroe dpashdi pesition Msegivémby @efhjlaplndeee s13i tht impginatyounif or
sub-source d at shot pgsition 1 is given by e'd, where j is the jmaginary
unit nunber, TeEbEE @ hethe favencyy and gy Ay thegfitedtime delay Pé{wbﬁ@ura% |afa=v Sgpt

sub-source d p%%itit%ﬂqtin 991%&13{'&% firfhg Gﬁl@toif%ﬁb-éé?urw?_ dtit ée g%lg?ﬁs %}IMS rP%Eition I

sub-source 1°a e sane s position 1. Under this t he
fire-time dellindeothis dofisitioncthe firattinndelshof sposodrcon @ any shet posifiore!/ is

fire-tinme delay of sub- d> t shot Ltjon.1 n b lLti d
di st not (i Pt oS B G GREY PF sib-Siuss de) Byerot Pesior ey os ARttt Ftke. G
at the sane sfiQincPRE#tieRt) flom Wd firel MRS AcPNE fiR! dthér sublBufdes g-dt itl'i@sagx% gys

of the sub-sources may vary randomy for all shot positions 1 =1, 2,
., N. The sbef pesition 5 Withrtbessraonsfraintst the doeréimendelgysrof the pybesourens apay,

_t6048] Per bl ock 608 n inversiqn procedure y Jbe appl i to @a. system of

equat i ons baséty 5?quﬂﬂyrf§fr?&S%(%J(g%tbqnst)é*géggr ar e‘"dgg'hoiggdscglg{s i't Yat a.
I n accordancq,rg@drhomtﬁeg}@,%[rﬁ&tpogﬁeﬁﬂ}\@oﬂynvent i on, the system of equations
based on the matri x operator (xi; km may be given by the follow ng

equati qgo480049] Per A8k WoRKaniV rsiSn (b ced DA 4pMkd to a system of equations
based on the matrix operator to generate deghosted seismic data. In accordance with

an embodiment of the invention, the system of equations based on the matrix

operator K (x;; k) may be given by the following equation.
[0049]  PT9(x)) = TNZ, K (xis k) PA9" () (Eqn. 2)

[0050] In Eqn. 2, P"%9"(x;) is the known seismic data related to the source fired at
x;, without the receiver ghost but still containing the source ghost. In other words, |
PT99"(x,) is the known seismic data after receiver deghosting but before source
deghosting. The feceiver deghosting is indicated by the superscript r.dgh. The
summation is over the horizontal wavenumbers k,,, such that m = 1 to N;, where N;
is the total number of wavenumbers. The summand within the summation is the
product of the matrix operator K (x;; k,,) and P%9"(k,), where P99"(k,,) is the
unknown seismic data which is both receiver deghosted and source deghosted. The

full deghosting is indicated by the superscript dgh.

[0051] Eqn. 2 may be recast as the matrix-vector expression given below in Eqn. 3.
10052] P = KP (Eqn. 3)
[0053] In Eqn. 3, the scalars P%9"(x,) are combined into a N-vector P. The scalars

Pagh(k,.) are combined into a N*-vector P. The scalars K(x;; k,,) are combined

into a N X N*-matrix K. The ghost-free data is obtained by solving Eqn. 3 for P
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(Egn. 2) [0050]In Egn. 2, pr.dgh(__IN X) is
the khown seismic data related to the source fired at x1, w thout the

recei ver ghost but still containing the source ghost. In other words,
pr.dgh(Xi) is the known seism c data after receiver deghosting but before
source deghosting. The receiver deghosting is indicated by the superscript
r.dgh. The s tion. i.S: Qv . h emMm=1
to Nk, where h@.én[}ﬂkﬁs O%tgfzhﬁlg&rﬁ')e%} ?Qﬁﬁﬂ@enunﬁgﬁgﬁp%%dls&%gaggrﬁ hih the
summati on i s gefformeddsigblvelf Eqes ot P. X Aapekahple ikplethentition and dcﬁiji@mte( kn) ,
where FAO (kn) "i;s the unknown seismc data which is both receiver host ed
and source d@%@tteﬁhemﬁelsf describrdy ip furthey detail i thst @@Vﬁsfefeff‘élc% V%’g‘rl pt
dgh. [0051]E be recast as the matrix-vector expression given bel ow
in Eqn. 3. B%E’ "K15(Egn. 3) [0053]In Egn. 3, the scalars Pr.dgh (x1)
are co into N—vector The scal ars  Pgh re conbined into a Nk
-vectoﬁBbg;ﬁ'he SC‘% fegmipapion . 61Qrﬁ‘ayaﬂl§’n6\%f’rw’6’ia g (“h{‘%" a’ef\lo%“ﬂ" HEE ATSAR The
ghost-free datahérStr tiegdo Pro&Rs b HBmEMN sodcé Pholing. UHF Rekrd s laNR@he} on

t echni que. For exanple, a conjugate gradi ent scheme may be perforned to

sol ve Eqn. 3 fraguery tarpresessishen 669 msy lodp hackote) hlgek €04 antdisadents

publ i cat § on. IBUER RS E]“Oﬁfarf?%ﬁ%'f&h [ FREROUEP R SRERS ANk o,

not there ar€oAthat frequency. If there are no further frequencies to process, then the method

./)-4

600 may move on to block 612.

[0055] Finally, per block 612, the deghosted seismic data P49"(k,,) is transformed
back from the frequency-wavenumber domain to the space-time domain. In other

words, the deghosted seismic data is transformed from P29" (k) to P29"(x,).

[0056] Unlike conventional technology for removing the source ghost from the
acquired data, the method 600 described above in relation to FIG. 6 does not require
source separation prior to deghosting to account for the fire-time delays. Instead, the
method 600 provides a novel integrated processing procedure such that the source
deghosting may be applied to the blended data. This advantageously reduces the

need for user interaction during the data processing.

[0057] In addition, the method 600 may be performed on seismic data acquired using
either randomly-varying delays or continuously-varying delays for the sub-source
firing times. In contrast, the conventional technology for removing the source ghost

cannot be applied on seismic data acquired using continuously-varying time-delays.

[0058] FIG. 7 shows an example computer apparatus 700 which may be used in.
performing the method for deghosting of seismic data in accordance with an
embodiment of the invention. The computer apparatus 700 may be configured with
executable instructions so as to perform the data processing methods described
herein. This figure shows just one example of a computer which may be used to

perform the data processing methods described herein. Many other types: of
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further frequencies to process to renove source ghosting. If there is a
further frequency to process, then the method 600 may | oop back to bl ock
604 and sel ects another frequency co to process and then continues to
perform bl ocks 606 and 608 for that frequency. If there are no further
frequencies to process, then the nethod 600 may nove on to bl ock 612.
{0055] Fi nal I Yoo riaferO RAK afb2be t Bfin1dFaN0SHch das Gh QMo dRLR Ldiiibrs! Rirves
transfornmed bac ¥errom %ea freau‘gﬁ%y?wévenun%er dor?g?n to the spa’ce-l:tvi me
domai n. | n otdoerputens, doudtcompdeyh vistacmnywite metvatkt andise fortlansf ormed from F 1
(km) to 13 dgh (Xi). [0056] Unli ke conventional technology for renoving the
sour ce [9089f f r ONTHeh@nafulktiapBatafig 780 nidjeinbREE @ Hr&ddOsod 98¢, Jubkds &Y ok
relation to FIG 6 does not require source separation prior to deghosting
to account f dhe tlntel fGorporation afebania . Clars tealfornia foreaxamales 0 0Thsr 6ANBEST o
novel integrat 0LRS o, r o - [ may
be applied t(;%pﬁ %rg%l end{:ﬂé‘gg%%.g?’ﬁ%@%@aﬁ%gg’%‘b’éﬁcaﬁgﬂgg‘gg t ggénitélggl% or
user i nter actvagiouslusmpenente Thé aompaer appargtus [70057dyl inchddione an, mérdeeuseret hod
600 may be perfornmed on seism c data acquired,. usi ng either randonjy-varying
del ays or corif‘P‘HdEﬁYW_?-7\9%r(9-ignd‘eé1'é‘l’aé‘§/’smf’6§e)’t‘hélsg_ -aeRiFEe’ O (rei%'rgLa)n@ét, I n
contrast, th aﬁaﬂﬁl%mtbpf@h},eac@&ﬂg%y nE@fork GARVABY 705§ e O UG R oA 2ipt&annot
be applied on seismc data acquired using contlnuously-varying tinme-del ays.
[ 0058] FI G 7 mbdans), and exdatp k@ragengystesr wapihamay uiscldd@0onchor monmatbestargagal i n

perform ng the net for_ deghosti f seismic data.n.accqrgdance with an
brbod ment. of SIS (V&1 B Ure SOueie ek atnel b s Web Bmyhr eq
Wi th execut ablg J Aghmihdr9TI038gaRANg). per form the data processing net hods
descri bed herein. This figure shows just one exanple of a conmputer which

may be Lo pegf Sahih A" thd T iRG ISk Sl dvany
ot her tr}%gg] of ?%r%%%%%ar q?r%&% lglgﬁlggﬁgrml oye%‘?qrg%% z?(sibrlru‘fhtgtl1 - pr 0CEessor
conmput ers, seatoder71Qoamldatns]l4cktoted thergmut Thg exeautable aopeit/é2 mey womprisand so
forth. [0059] The conputer apparatus 700 nay include a pr o_cgssor 791, fuch
as those fronsomputer-readable program code (i.e., software) components which may be loade

from the data storage device 706 to the main memory 710 for execution by the

processor 701. In particular, the executable code 712 may be configured to perform

computer-implemented steps in the methods described herein. While the invention

has been described with respect to a limited number of embodiments, those skilled

in the art, having benefit of this disclosure, will appreciate that other embodiments

can be devised which do not depart from the scope of the invention as disclosed

herein. Accordingly, the scope of the invention should be limited only by the

attached claims.
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the Intel Corporation of Santa Clara, California, for exanple. The conputer
apparatus 700 may have a bus system 703 conmuni catively interconnecting its
vari ous conponents. The conputer apparatus 700 may i nclude one or nore user
i nput devices 702 (e.g., keyboard, nouse), a display nonitor 704 (e.g.,

LCD, flat panel nmonitor, CRT), a conputer network interface 705 (e.g.,
network adapter, nodem, and a data storage system which may include one or
nmore data storage devices 706 (e.g. Clatmd drive, solid state nenory,

optical disk drive, USB nenory) and a nain nenory 710 (e.g., RAM. [0060]In
t he exagyphigs chaguedisn this figure, the main nenory 710 includes executable
code 712 and data 714 stored therein The executable code 712 nay conprise
conput er -r eadabl e program code (i.e., software) conponents which maﬁ/ be

| oaded ¥romA H@eta@sf dorsfleghasiingy aistaie daye g Rn@ares seipmifosurvem dhe grethod
executkgglp%i%he processor 701. In particular, the executable code 712 may
be confi gLPr 84t o perform conputer-inplenented steps in the nethods

descri bed herein. Wile the invention has been described with respect to a
i mted nunubtainihgeahdedsmiendass fivhothe msdcirel setbmin stivey,awhereinaa sovgedofomahe t  of
this disclosure, will a reciahﬁ.thatbother enbgdi nts can.. d§ iﬁ d

whi ch dBIHS SCHEHEFYTVEY SPPHES SUBHRIC SHDPAUCES ORI b RV A 8T BrtcHibersy ﬁ%& 5? n.
Accor difglffed hiBstiePRfe-@he WBRY4; NVeNtion should be Iimted only by the
attached claims. Cainms Wiat i's clained is: 1. A nethod for deghosting
seismc data froma nmarine seismc survey, the nethod conpri sing:

obt ai ni ng t Hrerting thersel stdatd ingmeanireomeaceiver g8hefi ¢ survey, wherein a source
for the marine seismc survey conprises multiple sub-sources towed at two
or more di fftgaﬂgfbmﬂfggE S caRfhoh! eEdvat gélh%%'#?&h ﬁdrfz%hlta! @Sm%g'&\é?dmi?{]% ng
the seismc data in conmon recel ver ©gat hers; ranstorm ng e
common Hegizehtdewagmulides; f rom hori zontal source coordi nates to horizontal
wavenunbers; constructing a nmatrix operator for a selected frequency; and
appl ying an inversjion praocedure to a system of equations based on the
matrix oper ﬁ&?@@nééﬁ%?tﬁfépgam’ég-wg%&it UERYsAC data at the sel ected

frequency. _
applying an inversion procedure to a system of equations based on the matrix operator

to generate source-deghosted seismic data at the selected frequency.

2. The method of claim 1, wherein the matrix operator comprises an inverse spatial
Fourier transform operator, a time-delay phase-shift operator per sub-source, and a ghost

operator per sub-source.

3. The method of claim 2, wherein the matrix operator further comprises a summation
over all sub-sources of a product of the ghost operator per sub-source and the time-delay

phase-shift operator per sub-source.

4, The method of claim 2, wherein the ghost operator per sub-source comprises a

sinusoidal of a product of a vertical wave number and the depth of the sub-source.

5. The method of claim 1, wherein each sub-source of the multiple sub-sources has a
fire-time delay that is distinct in that the fire-time delay for the sub-source is different from

the fire-time delays of other sub-sources.
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2. The nethod of claim1l1l, wherein the matrix operator conprises an inverse
spatial Fourier transformoperator, a tine-delay phase-shift operator per
sub-source, and a ghost operator per sub-source. 3. The nethod of claim 2,
wherein the matrix operator further conprises a summtion over all
sub-sources of a product of the ghost operator per sub-source and the
tinme-def ay se-shi.f rat r -S 4y - : {m 2,
wher ei -t he DRoBeSo S APER 5 PhaBEl WEUMERHES Bunseihiel SR 3R ol

pr oductcoafprides/eplidse shifithads piopbrionalnd théfrecttrpe delaf of the sablBewoelr ce. 5. The
met hod of claim1, wherein each sub-source of the multiple sub-sources has
a fire-gtinme delay that s distinct in that the fire-tinme delay for t _
sub- soufce | Edmﬁt#lef? @%ﬁiarrpﬁm“f 1 theamatihePREEAIOR LOMYTISER RermEon 8&%@@@

6. The qBlBERObF Gl fofhdt: of W' Eh&t relfor! peFBsullomte PINASE 1iRY-ddlay? BRARIAIR PO
sub- sour ceS corerprlfse a phoase%sﬁél ftpgtﬁﬁ%tb%}gsuprgpofﬁhgnall to t?\}ngi res-ti me
del ay ofpetdter munlsuls-cource . eacly subFsmirceehdsodfiattiné delay that whéifferent titven theet firiex

operator _conprise su tion over all .sub-sources of a product, of a ghost
oper at G5 105 O (e e SUmeP LT RS JEP SR BRESERIY, OBl B U Source

SUb- S OWoehris€AE PhadeshS® tat & Prdpordiohhll 8-thé Mee-Hleareldyhext thé Sublsdures, @il the om
the fire-tine delays of other sub-sources, the tine-delay phase-shift

oper at aghopleppesatpr BG sk owsApPMpasesa phuseilalpif 4 praduet of avestied oraviednaiber o t he
fire-ti elay. of .t he, sub-source, and the ghost operator per sub-source
conpri sag@tgeg? tﬁgéthggebS?urﬁe'pr oduct of a vertical wave nunber and the depth
of the sub-source. 8. The nethod of claim1l, wherein an expression of the
system&f edhiad methed odolaim $ewherein arséxpvessionrof die ssefesnoftequatienstdoatprises £qual
to a vector product of the matrix operator and a second vector of seismc

data, et ¥eaion plesqirmir dat thap i eetnlte asuraisPrrdict (iche srasiy oper{esrangdsa
sel SM Cocl@Pyectat- of WisHRP BEA! WerT! Ml eliof BAARIL RO SCATHE seBha vetBi 2

marine selsmc survey, the apparatus conprising: nmenory configured to store
pr ocessdisemmecddtabl e code and data; a processor configured to execute the
conput er -readabl e code so as to nodify the data;

9. An apparatus method for deghosting seismic data from a marine seismic survey, the
apparatus comprising:
memory configured to store processor-executable code and data;

a processor configured to execute the computer-readable code so as to modify the

data;

computer-readable code configured to sort setsmic data from a marine seismic survey,
wherein a source for the marine seismic survey comprises multiple sub-sources towed at two

or more different depths and fired at distinct fire-time delays;

computer-readable code configured to transform the common receiver gathers from

horizontal source coordinates to horizontal wavenumbers;

computer-readable code configured to construct a matrix operator for a selected

frequency; and
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conput er -r eadabl e code configured to sort seismic data froma marine
seismc survey, wherein a source for the marine seisnmic survey conprises
mul ti pl e sub-sources towed at two or nore different depths and fired at
distinct fire-tinme del ays; conput er -readabl e code configured to
transformthe common receiver gathers from horizontal source coordinates to
hori zont al 1 - e j

Construct a LR elBble, code cohRARRL [ apBROA IEARCHAORHOH Skl of
conput exquatéemd izsed oodbe amatfik gipeeatort © g@Rrate anuicendeglsistad prismieddate at thea
system of equations based on the matri x operator to generate

source-salgﬁtl‘?g 8BCC¥i smic data at the selected frequency. 10. The apparatus
of claim9, wherein the matri x operator conprises an inverse spati al

Four i erpot I angfeOipPafRR’ & Qhim 8, WhBRifleaYattRagRratY EdmHRRE 3hQhveR&S spatial -
sub-source, and 'a ghost operator per sub-source. 11." The apparatus of

cl ai m Turigh taesform leperatarr atinnpdelay @haseushifh experatorppérssab-squsamaed iaoghostyer

al | sub-soutlrces %f a $roduct of the ghost operator per sub-source and the
ti me- dSPEHPBPIE ST oper at or per sub-source. 12. The apparatus of claim
10, wherein the ghost operator per sub-source conprises a sinusoidal of a
product11of arheeappaatus VIV laid e whietkid he d@ptrix @pefabe fitthes Otbhgises 1a3. The
-apparatus of claim 10, wherein each sub-source of the nmultiple sub-sources
has a fsupaatiogeovge pHysubtsgurcess ofjp grpdnct of the phest operatar mer spbrsoyes 49d s t he
sub-so > 1] AN fire-tinme delays of other sub-sources.

14. Thg{ngf)ggrﬁ}é%%ggbﬁﬁpae}%%%Qﬁ?}éer).lg?eri. the tinme-del ay phase-shift operator
per sub-source conprises a phase shift that is proportional to the
fire-til2e delmyapphraniseofscbins Ay edereirl he Fhvst apgatoatpes sob-saired wo@prisdser ei n

the matri x gperator .c ri ses a summation er, all .sub-sources of a product
of a Qoo gREN R BPAEPT & YETCH B Htben ard 6 by T RBROURR ¢ Coper ot o
per sub-source, each sub-source has a fire-tinme delay that is different

fromthe, firiredppBratlR! Friff100thereis tdeh SabUs6@e of MR rhiliBled@bayuRbans- shi ft
operat or per sub-source conprises a phase shift that is proportional to the

fire-tifire-tieg dglaythat fredistinet g that ehe Gnecdime delgy dett the sub-sewee pedifierant Sour ce
conpri %Eég%é&@‘d%ﬁ&?%otﬁ S%bps&gggsct. of a vertical wave nunber and the depth

of the 'Sub-source. he apparatus of claim9, wherein an expression of
the system of equations conprises a first vector of seismc data that is

equal te.a VEGiaphaftediclaiafl3] Wherhi the Xinpddlat shaséebll fteopgetanttr yeist@ircof
sei sm c data, wherein tﬂe,i nver sj on procedure (slgllavgfstfor t he second vect or
Yy

of sei SOMPriges gphase shift that is proportional to the fire-time he sub-source.
15.  The apparatus of claim 9, wherein the matrix operator comprises a summation over all
sub-sources of a product of a ghost operator per sub-source and a time-delay phase-shift
operator per sub-source, each sub-source has a fire-time delay that is different from the fire-
time delays of other sub-sources, the time-delay phase-shift operator per sub-source
comprises a phase shift that is proportional to the fire-time delay of the sub-source, and the
ghost operator per sub-source comprises a sinusoidal of a product of a vertical wave number

and the depth of the sub-source.

16. The apparatus of claim 9, wherein an expression of the system of equations comprises

a first vector of seismic data that is equal to a vector product of the matrix operator and a
second vector of seismic data, wherein the inversion procedure solves for the second vector

of seismic data.
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t hereon whi ch, when executed by one or nore processors, perfornms steps

conpri si ng: - obtaining the seismc data fromthe nmarine seismc

survey, wherein a source for the marine seismic survey conprises nultiple

'sub-sources towed at two or nore different depths and fired at distinct

fire-time delays; sorting the seismc data into conmon receiver gathers;

transf gy noy {1 CRITRRIHECEhNGE: AIME SiofRTABIHLARN BleciOlleiag Y1 nat es
a DErs; C trix ope or

to horizont wavenurm onstructing a rator a selected

frequengcy; and. appl yi an inversion procedure to a t em of
cquat ; digennubishonhen S&Fb BY oBf ot BOG Mo RgBharitnS stPe SriIE ed sei smi c
data at the selected frequency. 18. The at | east one tangible

conput er -readabl e storage nediumof clajm 17, wherein the matrix Qperator
conpri ses arPbiditiag dhe sqpapic dataBom; e RATMGSEBPHT SHEFRtBheren & ?%C-ed’&rév
phase- %Hérir{e s%gﬁfri@hﬂ{/ef%m s pHGGIE ’su@-@gur@e Qell 2PRES thﬁ’i'i)reoﬁﬁel%'ﬂpd { c€.
19. The at |east one tangl ble conputer-readabl e storage nedi um of clalm18,
wher ei rantlHeedatdistincofirrtahedelbys;t her conpri ses a sunmmati on over al
sub-sources of a product of the ghost operator per sub-source and the
tine-delﬁ ase-shifgyorerator er. sub-source. 20. The at | east one

t angi b8 ﬁl&ﬁgﬁf%??ﬂcé% 3B oecogfrﬁ?ré‘gegelﬁﬁrdgwr%f claim 17, wherein each
sub-source of the multiple sub-sources has a fire-tine delay that is

di stinct in gdsforthlify fHer €orhinbR rdediver fMkers Neork Ubrzomtal 8olnse dobfdhiAed td rom

the fire-tinme delays of other sub-sources.
horizontal wavenumbers;

constructing a matrix operator for a selected frequéncy; and

applying an inversion procedure to a system of equations based on the matrix operator

to generate source-deghosted seismic data at the selected frequency.

18.  The at least one tangible computer-readable storage medium of claim 17, wherein the
matrix operator comprises an inverse spatial Fourier transform operator, a time-delay phase-

shift operator per sub-source, and a ghost operator per sub-source.

19.  The at least one tangible computer-readable storage medium of claim 18, wherein the
matrix operator further comprises a summation over all sub-sources of a product of the ghost

operator per sub-source and the time-delay phase-shift operator per sub-source.

20.  The at least one tangible computer-readable storage medium of claim 17, wherein
each sub-source of the multiple sub-sources has a fire-time delay that is distinct in that the

fire-time delay for the sub-source is different from the fire-time delays of other sub-sources.
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