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BACKGROUND
1. Technical Field

i2 Examples of the subject matter disclosed herein generally relate to
methods and systems for seismic exploration and, in particular methods and svstems for

seismic data acquisition and seismic data processing directed to de-ghosting.

2. Description of the Background

131 To map subsurface geology during exploration for oil & gas or other
minerals and fluids a form of remote sensing is emploved to construct three dimensional
images of the subsurface. The method relevant to this specification is known as seismic
surveying where an energy source transmits pressure puises into the earth which mavbe
reflected by geological interfaces in it and subsequently recorded at the surface by arrays
of detectors. Such swrveys are conducted on fand using geophone detectors which vibrate
and displace a magnet within a coil to induce an electric potential, or hvdrophones in a
marine environment which detect pressure changes due to the reflected wave-field and
also induce an electric signal which may be recorded. In the marine environment the
source's energy is transmitted and recerved from the subsurface via the water laver, the

surface of which at the air-water interface. acts like a mirror by reflecting energv. As



[ITo map subsurface geology during exploration for oil & gas or other minerals and fluids a form of
remote sensing is employed to construct three dimensional images of the subsurface. The method
relevant to this specification is known as seismic surveying where an energy source transmits
pressure pulses into the earth which maybe reflected by geological interfaces in it and subsequently
recorded at the surface by arrays of detectors. Such surveys are conducted on land using geophone
detectors which vibrate and displace a magnet with)in a coil to induce an electric potential. or
hydrophones in a marine environment which detect pressure changes due to the reflected wave-field
and also indbuc}(]e n electric §i%ngl whéc_ may {P_e Elecqr%qq. In th pmqriF.e e{p\r‘/iroﬂnme it the source's
energy is transmitted AR receNed oM the SUBRUHScE A the Ward 'é?elr?%h‘édéﬁrrféigé 'of Which at the
air-water intesface; actsilikealmicrartby reflecflingcenergyy Asfibaihrthefehergyrsounceramncithe
hydrophone lefectors he within Ingwalerlayer, fo ransmitand detect ihe emitted and fefigoted
energy, reflections of the source and arrivals at the receiver are re-reflected from the water surface
and contaminate flabirecorded wave-field. 141Thus, there are two main contaminants which cause
problems in processing and interpreting the sub-surface data. Complete reflections of the subsurface
interfaces, caused by energy bouncing between the water bottom and air-water surface. which are
known as mdltiples: and $Hettefsatiotf HoUcesRAOWITETGHBSS "Thdre @S SoRICELSIde Ghosts
caused by the,squrce feflected-back fomthe surlags:.aed kegeivermide ghostsingidentatthe

detectors as down going surface reflections of the up-going energy from the sub-surface. Of the two
contaminanteCTE FaterRe 6 A SBTREHE N Tes SCHB B Jrfal ehar ae i e BECEASE tHE Hisost

periodicity i aRiclgseita the wavelepaths:of thereflgctionsthemsealvesn1s1dihase ghost reflections do
more than complicate the subsurface image. The mirrar effect which produces them changes the

phase of thé YERECHSNBYLBT HEGraeES L if Sore BRctmtaHEeY THE e By worstittvely
interferes witlvtheiflasiradsignal-tecroagnifioit-andsomeatime s estructivaly iptestesesnand nullifies the
signal. Wat%r surface rbe_fle%tigns (%f IxerXNIon% Wav.elengtr},‘ Iqw fre%u ncy seismic waves. destructively
interfere so 11818 SRAYE & fiull ol KItéh S UMD PHRE gFSdatish fr SIS uEIVE 1 ESREH Uctive
interferencesimanitdstsdtselfias ibaaslepbe Handpassdiltey ach hdenr applicd todkeddmporat frequency
spectrum ofré ecgac-:‘ocnt-:-qi\t/}g-:-e(%ln t{&ggg The width of this apparent bandpass filter is predictable. For example,
in the case of the receiver-side ghost the second notch occurs when the seismic wavelength is equal
to twice the receiver depth, as this is when the up-coming and down-going reflections are 180 degrees

out of phas%g he tem po@lé‘:ﬁ?%ﬁ‘%@ﬁc}{e@cé&‘{! high Ihis aggy T&ﬂ%ﬁ‘br{]ﬁ% determined.itthe yelocity of

propagation (V) of the wave in the fluid medium is known. Higher harmonics of this fundamental

frequency naktaratiyrecciteihetiipiuiioiésof their wavetengtiis rresalsd dguelitertwicd thé ¥eceiver

depth (Z), sg.alkmay.bg predicted:by:thedelation: En{nie 2. Where NFetedelferes with the
desired signal to magnify it and sometimes it destructively interferes and mullifies the
stgnal. Water surface reflections of very long wavelength, low frequency seismic waves,
destructively interfere so there is alwavs a nuil or notch at OHz. The gradation from
destructive to constructive interference manifests itself as if a sloped bandpass filter had
been applied to the temporal frequency spectrum of the received traces. The width of this
apparent bandpass filter is predictable. For example, in the case of the receiver-side
ghost the second notch occurs when the seismic wavelength 1s equal to twice the receiver
depth, as this is when the up-coming and down-going reflections are 180 degrees out of
phase. The temporal frequency (F) at which this occurs may be defermined if the
velocity of propagation (V) of the wave in the fluid medium is known. Higher harmonics
of this fundamental frequency naturally occur when multiples of their wavelengths are

also equal to twice the receiver depth (2}, so all may be predicted by the relation:



The change between the extremes of this constructive and destructive effect occurs smoothly,
imparting a sine squared taper shaped filter to the amplitude of the recorded wave-field. 16]These
notches and the associated filtering limit the extent to which subsurface reflections or events can be
resolved. This damaging process results in blurred images at best, and at worst, fictitious reflections
when the ghost energy lags significantly behind the primary reflection energy. This loss of resolution
degrades the ability with which geophysicists, geolqgists and engineers can map the subsurface,
possibly obscuring tell-tale details and characteristics which might be clues to the geological
environment. To counter the effect of tppznotghes themselves conventional seismic syrveys are
designed to use shallow source gn(? fecéiler g‘rrr%if/s to'sistire that the second notch I?e\é at high
frequencies. However, the resultant sloped bandpass filter is a pervading problem as it causes
seemingly iffelrieygple damage ip.lowfieauencyinformafion whigh isdncreasingly being.gought in the
industry to deliver extra value in the interpretation process. 171To discern subsurface rock properties
and predictishcotidontamarseismicrsusdeyind wystermp ed utielyude arraysudt detdetors antahged at
different offgef, distances away from the source so that a dynamic distortion effect known as move-out
is observed and recorded This distortion is routinely compensated during processing and
simultaneously delivers information about the velocity of energy propagation through the subsurface.

In a marine gpvironment {hese arkays argtowed.idhematendna ling.Refind.a.survgy wessel which
often, but not always, also tows a deployment of one or more seismic sources. To maximize the

surface covatRgEH5F AForRMransHR S ATs BG4t o tBN FRTIIERS dFg7sSor tdie éidid EEployed
parallel to eagh:ethenperpendicubastoithedirection ohihenvessebs Aragressinndhrovab the water.
Each of the s%ur‘ es fires in turn }tg‘deliver ernerfﬁﬁintq the water-column, thence transmitted and
reflected back'POM th& BRIt ALER e et 'f e AItSRAIY SUiH CESSImMEE didtihct grids of
mid-points 4linstantapeoustyposiionadnationahyshatr-waybetwgerheachbsotiice, apdsalbpetectors.
The retumning signal s, ecorded.af a hiph fixeq data rate for & time period like 10.seconds, arranged to
be slightly I€S&thar the Time it takes Tor the vessal t6 tow all The Solrce Hid TeCaiver arays to the next
source desiredifinmgeposifloncd&ach réeopthed: trecdicasdtdsesaltedysabtionalty saumds Hueswedtical
position beloy, e o.called mid:paint of s, detector and. source. 0. his manngr, ahude guantiy of
data traces are r%qorde , a contamlnated“by ghost energy as descri ed. ere are three data
acquisition varitibns desigied tquaskis-théighsstproblersssiamtedoanhysuoirdete fiors; ipazallel arrays
of detectors,grranged yerically,one abave anoiharat {ne same Rokzanial posiiondaawnas
"over-under”, and mlx{ure_s of different types of detectors at a coincident position, are representative.
The former t&chmitifes eisloie varrsHons!in thie decs e dgheSDEraEt, Kyidh earn e prdeedsed together
to de-ghost the, signals.ikhedgttat exploits the fact that up-going and down-going energy exhibit
different polarity which one type of detector is able to observe, whereas the other type does not. This
allows the ghost energy to be removed by careful summation of the two signals because the ghost is
of opposite polarity in ongotitherecardeddatasets:dheRlantRdsiganer arayiaghpigus deploys
(current) standard’ streamer equipment, \{vhge[ea the other two data a(;%uisitionftgchniqugs‘use an
increased nSEM S SFELHEPLBISets o BT CAE R G Bie f el sd Hu Al SatidE  Fhese
therefore ineteasgoaiohiblingrat Reaskianufytheiamouniof ditatiaces recerded.910nmcerecorded, the
data are royiely progessen.a SOMAYE™s TN I8y compensatcd during processing and

simultaneously delivers information about the velocity of energy propagation through the

subsurface. In a marine environment these arrays are towed in the water 1n a iine behind

a survey vessel which often. but not always, also tows a deployment of one or more

seismic sources. To maximize the surface coverage for any one transit it is also normal to

tow multiple arrays of detectors depioved parallel to each other perpendicular 1o the

direction of the vessel's progression through the water. Each of the sources fires in turn

to deliver energy inte the water-column. thence fransmitted and reflected back from the

rock interfaces in the carth. The alternating sources iluminate distinet grids of mid-points



de-ghosting is used to describe the computer based step to ameliorate or remove the ghost effect from
the data. Fundamentally de-ghosting either involves some adaptive summation to extinguish the ghost
by polarity difference, or adaptive summation of differently ghosted waveforms to recombine the
primary signal present in both, in essence to infill the spectral notches. 5 different ghost
characteristics so that when combined there is improved signal spectrum coverage and the damaging
notches are filled. [11] As ghosting occurs on both, the source and receiver sides, a receiver side
de-ghosting solution alone does not entirely compensate. Most of the existing techniques described
below relate t(g.r(_?_cejxeg}s,ide e-gh stipg. ) ugg?f-si%e Qluj[ionsjte dtorelyonr -%e igned source
arrays to mIgINISE W Teloatod Ghoot TA2] Fay of &l (1954453 121 GGt 5 1085 Fartiald industries
Inc. High reSbiutionrmaaririerséismiecstratigraphie Sy stenmd) pienesretbthe Use afestrdaiierd Slanted from
shallow to deep, gver,the offsetzangg i ablain, a large; variation. Inythe, ghost gharagletjgtigs. After
adjusting for the datum difference and application of NM() the variation or diversity of the ghost
characteristies esSBhtizdRy il Spartral ReteHs SWiee plefrar) lBHsrgy-oite theclaracareStatked
(summed). Additionally. they.shewes thataptimum alignmenteihe.datum shiftedghast eneray, after a

suitable polarity change, could be used separately or in conjunction with the primary data to produce
de-g hosted‘?ﬁéﬁﬂ@’dﬁf‘%sé%‘?‘ce- In thesy AR AEK o Hs GG R iNelA deatat te 8atE pre-ttack are at
mixed datumﬁnymmgﬁa{y%@ml&ga;g\mg@@@m, of key properties like velocity which is fundamental
for processing. [141R. Soubaras et al. extended this concept by deferring dc-ghosting until last step in
data processing: migration, pre or post stack. They exploit the so called mirror-migration in a similar
manner to sy et al, alialihgrangmagingawithcpalarity: invesied: ghiest-eaengy:fkom virdughseceivers at

height Z abov sea level instead o} rimaries at_q th Z bel? sea level. In ogtimallg {o_cusing the
)r{)%hcm stante amda(}m O eleciors: 8&{& %9 aH“.%‘)ﬁ} O \ﬁelectorsda{ran"e verfical )i onc .
ghost enerdy, this forms the down-going wava-field' which is'then Used'to de-convolvethe upcoming

wave-field, thevpredubtotattonventiomalontigrationgrooessn Refarvimg: thierteaghostingrsteg until after
mareton oo g e SRl e g g
techniques expiolt variations in the recorded ghost effect, which can be processed
together to de-ghost the signals. The latter exploits the fact that up-going and down-going
energy exhibit different polarity which one type of detector is able to observe, whereas
the other type does nol. This allows the ghost energy to be removed by careful
summation of the two signals because the ghost 1s of opposite polarity i one of the
recorded datasets. The slanted streamer array iechnigue deploys (current} standard
streamer equipment, whereas the other two data acquisition technigues use an increased
number of streamers or sets of duplicate detectors. often called 'dual sensors’. These

therefore increase. doubling at maximum, the amount of data traces recorded.

{91 Once recorded. the data are routinely processed in a computer. The term
de-ghosting is used to describe the computer based step to ameliorate or remove the ghost
effect from the data. Fundamenially de-ghosting either involves some adaptive
summation to extinguish the ghost by polanty difference, or adaptive summation of
differently chosted waveforms to recombine the primary signal present in both, in

essence 1o nfill the spectral noiches.

[ 10} Existiimg mechanisms to de-ghost seismic data all fundamentally rely on

the recording of alternate views of the same data. Data are deliberately acquired with



6 j15jThe drawback to this approach is that the de-ghosting is deferred to this late stage of the
processing and that the rest of the processing has been somewhat complicated by the data being
acquired at a mixture of datums. Once again, the derivation of velocity field is complicated by this
deferment, yet is crucial to the migration which precedes the de-ghosting. f161Dual sensor, wave-field
propagation separation, is a technique which exploits the polarity difference measured by two
coincident but different types of sensor, one a hydrgphone detecting pressure variations and the other
a geophone sensing particle motion and therefore able to discriminate between up-going and
down-goingenergy Afer appropriaie.compensation.for, (helr different amplilids fspanses, the two
signals are summed {o remove the ghost from e pressure measurement because he own-going
ghost has cpposite polatitylemibe:geophenetrabed This is often referred to as the PZSUM technique
and provides de-ghosting and de-multiple for towed streamer and ocean bottom acquisition systems.
[1710ther methods require a minimum of two traces with different ghost characteristics, and seek to
combine théitkenergies td tlalghvae threwataropdill the fotelseddnivere aif s deverattecinisides to effect

this combingtion: predichthenateh fisgugncias dc@ﬁ%&%ﬂ@.%%&Cyf‘%%tgxﬁ@ﬂéitti&%i%g%erge energy
from one trace to the next trace (US Pat. 5,148,406 to Brink, et al.) such that the desired frequencies

are spliced 8teiPret LA B HESE: AN deSEiVET RIS SIS iRvEFse B ratBrtrisa bk thévreBeiver depth
and ghost reflectivityawith-thatrecalyansitracetoitngrdha effegt of its ghost, then sums together the
results of this operation on the two traces to infill their respective notches; de-phase and frequency
weighted summation method (B.j. Posthumus, Geophysical Prospecting 41, p 267-286, 1993: first
presented at H2m1EAEGmeeting. Copeniiagen. dvaysJunes 1990 ivent fiuithel0 qampangate for the
sum of the amplitudes Qf.thne\d.e-]ghagin (filteés and to deliver dpe-ghi;osted ata, 71is oyer-u(?der
streamer a&?{ |§‘|‘[‘|81ﬁ*, WHete SindiadhtTetas: Fasbeerré)ﬁ%nﬁféT%e Wave-fiel STRVG different depths
and are comibined40providé-epdcsghabtedifvaveafigtdiAlihoiigh elegantatieliablyrarid safety deploying

sueh configurations s ful afpractieal dificulies .9, easuing AL OYSEUNGSE SFSRUIeYsle n the
same vertical plane, and increased risk’ o tangllng streamers.
variation or diversity of the ghost characteristics essentially fill spectral notches with
primary energy once the data are stacked (summed). Additionally they showed that
optimum alignment of the datum shifted ghost energy, after a suitable polarity change,

could be used separately or in conjunction with the primary data to produce de-ghosted

stack datasets,

113} DPrawbacks of this approach include that the data pre-stack are at mixed
datums, which can complicate the analysis of key properties like velocity, which s

fundamental for processing,

i14] R. Soubaras et al. extended this concept by deferring de-ghosting until the
last step m data processing: migration, pre or post stack. They exploit the so called
mirror-migration i a siomlar manner to Rav et al, aligning and imaging with polarity
mmverted ghost energy from virtual receivers at height Z above sea level instead of
primaries at depth Z below sea level. In opumally focusing the ghost energy, this forms
the down-going wave-field which s then used to de-convolve the upcoming wave-field,
the product of a conventional migration process. Deferring the de-ghosting step until after
migration has the apparent benefit of focusing both the primary and ghost energy to be

more comcident in X, Y. Z, than recorded on common mid-point traces in the ficld.



1191Another way is called -sub-sampled over-under,- where only sparse pairs of over-under
streamers are towed to reduce equipment costs and minimize deployment difficulties. Missing data
required for input to the frequency splicing method are reconstructed using interpolation (US Pat. App.
Pub. 2010/0074049 Al to Kragh, et al.). The cross-line separation of the deep streamers is much
coarser than the shallow streamers such that interpolation of the sub-sampled deep data becomes
band-limited to lower temporal and spatial frequencies. This is reasoned to be acceptable because the
deeper data contains the desired low frequencies. 3201Another way is called -quasi over-under,"
where vertically staggered source and/or receiver arrays are deployed in a V or W pattern. DeKok,
2002 (US Pat. 6,493,636 to DeKok) describes a method to reduce the ghost effect for quasi
over-under fata by subtrabtingcross:linespatiqityfiterediestimateshobthe ghdsteperadicity from the
recorded daig, Howeveryfe method:requirgs,ogihering. syffigient.nymher of.grossding ordered
traces to exhibit a repetitive F.)attern, sorting those gathers accgrdlng to the data’s cross-line position,
and then filteringj usipg e filkedfor remowngmdssalime traceltdatrace Varationn 12 Tiacterdingly, it
would be degitahielo Aispenseiin ina rauliemens dmposed bR VIPR ds-gagsHngRghniques
and. instead, to perform de-ghosting in a different way, thereby avoiding the costs and pitfalls
associated WirRkctesbetdetihifids: SUMMARY [221According to an embodiment, a method for
acquiring and receiver de- ghosting marine seismic data includes acquiring seismic trace data
recorded from a common shot by at least two seismic streamers, the at least two streamers adjacent
to one anothkHin the croS¥iinaHidctiBivArF e RICAIBIfSet S EHe AndtHer iéivertlial offset at
least differenteneugh W reaord combinations-ef seismicsignalireguangieswhich aresubstantially
unaffected by recei er-r':,ide %hos_,ting, selecting a reference seismic trace from the seismic trace data
from a first %ﬂ‘eﬁﬁ?&é P AR A S P G ST A B LI BRI AR T 98 BB ERE FASHT the seismic
trace data fromaen seebmnsksifeameiofdihé atileastinastreanerseihe setond strearpemaddigcent to and
vertically off&% lfrgrqrgh% IllirtSE (s}treqmaetrb}tlh? c&rgjidc?ﬁeseeiggnic itrage bein% grmig'rp%l to the reference
seismic trace, apﬁﬂ‘nn JHormal move-out ({f\lr 1)rccia'rrerc lon 16 the Teference seismic tra & §vhereby an
NMO targetitragerisicteated;epphdngNMOanct rertisal-datamreowectionte: tthe dandigategseismic
trace, wherghy g synifigsized sandidale tace.s greated and performing de-ahosting of the NMO
target trace by: perforang reguency weig t&d Summation of the synthesized candidate trace and
NMO target#&cEyipesrturising, avke mynthesidedivanidid atal teicewithl s elspdettedtie MNMO target trace,
the perturbing. step,further.camprising.shifting the time of the synthesized candidate trace with respect
to the NMO target trace and repeating the frequency weighted summation and perturbing steps to
maximize a parameter of the de-ghosted NMO target trace.

[17] Other methods require a minimum of two traces with different ghost
characteristics, and seek to combine their energies to de-ghost the data or fill the notches.
There are several techniques to effect this combination; predict the notch frequencies and
design frequency mute transitions to merge energy from one trace to the next trace {US
Pat. 5,148,406 1o Brink, et al.} such that the desired frequencies are spliced together; de-
phase and sum, this designs an inverse operator based on the receiver depth and ghost
reflectivity with that recerver's trace to undo the effect of its ghost, then sums together the
results of this operation on the two traces to infill their respective notches; de-phase and
frequency weighted summation method (B.J]. Posthumus, Geophyvsical Prospecting 41, p
267-286, 1993; first presented at S EAEG meeting Copenhagen. May-June 1990) went
further to compensate for the sum of the amplhitudes of the de-phasing filters and to

deliver de-ghosted data.

{18} Obtaining the candidate trace pairs is done in a variety of ways. One way



1231According to another embodiment, a method for acquiring marine seismic data includes the steps
of towing a first set of streamers at a first depth, towing a second set of streamers at a second depth
which is different than the first depth, wherein the streamers in the first set of streamers are laterally
offset relative to the streamers in the second set of streamers; and acquiring the marine seismic data
using both the first and second sets of streamers. 9 reference seismic trace associated with seismic
trace data received by a connection with a first one of the two shots, selectingacandidateseismictrace
associated with seismic trace data received by the Same streamer in connection second one of the two
shots, wherein the second shot of the at least two shots s fired adjacent to and vertically offset from
the First shot, The VEAtTeal SHEET A TEASHHfePdit L HOtGH 1BlRpUT oISt S¥istridSignal
frequenciestwilzich arexsualistantiallytmadtected bysbiee-sideghostingthe-cardidate-seismic trace
being proximal to the reference seismic trace, lying normal move-out (NMQ) correction to the
roterence SOUA ot i RO o oD S b 0 EAEA TG NGt Sl daturn
correction td:ithewtarrlidatecseismicitracey avherdeby e synrthesized:icandidate:trace jéoreated; and

performing dn%;_gp%c?tirg | q EQ&TNMO target trace by: performing frequency weighted summation of the

) ; Lo . ; : :
synthesized candidate trace and NMO target trace, perturbing the synthesized candidate trace with
respect to the NMO target trace, the perturbing step further comprising shifting the time of the

synthesizeq ggndidate trage,with respect io the, NMO fargst rage,and iepgating the fregyency

weighted summation and perturbing steps to maximize a parameter of the de-ghosted NMO target
trace. 1251 ACEBFHIHRY 6 HFotRer evsbeditdent ¥ prethibiraesotite aelgnosg depioyment

difficulties. Missing data required for input to the freguency splicing method are
reconstructed using interpolation {US Pat. App. Pub. 2010/0074049 Al to Kragh, et al.),
The cross-line separation of the deep streamers is much coarser than the shallow
streamers such that interpolation of the sub-sampled deep data becomes band-limited 1o
lower temporal and spatial frequencies. This is reasoned to be acceptable because the

deeper data contains the desired low frequencies.

[20} Another way is called “gquasi over-under,” where vertically staggered
source and/or receiver arrays are deploved in a V or W pattern. DeKok, 2002 (US Pat.
6,493,636 o DeKok) describes a method to reduce the ghost effect for quasi over-under
data by subtracting cross-line spaually filtered estimates of the ghost periodicity from the
recorded data. However, the method reguires gathering a sufficient number of cross-line
ordered traces to exhibit a repetitive pattern. sorting those gathers according to the data’s
cross-line position, and then filtering using a filter for removing cross-line trace-to-trace

variation.

{21] Accordingly, it would be desirable to dispense with the requirements
imposed by previous de-ghosting techniques and, mstead, to perform de-ghosting in a

different way, thereby avoiding the costs and pitfalls associated with these techmgues.



marine seismic trace data includes selecting a reference seismic trace associated with seismic trace
data received by a streamer in connection with a first one of the two shots, selecting a candidate
seismic trace associated with seismic trace data received by the same streamer in connection with a
second one of the two shots, wherein the second shot of the at least two shots is fired adjacent to and
vertically offset from the first shot, the candidate seismic trace being proximal to the reference seismic
trace; processing the reference seismic trace and the candidate seismic trace; and de-ghosting the
processed, reference seismic trace using the procé%sed, candidate seismic trace [26jAccording to
another embhodiment, a method for receiver de-ghosting marine of seismic trace data acquired by a
shot recordééj—g%%kality of marine seismic streamers, includes selecting a reference seismic trace
associated with the seismic trace data from a first streamer of the plurality of streamers, selecting a
candidate Sfjgglic trace 1 0 associated with the seismic trgc% data from.a second streamer of the at
least two strémers, wheréin the second Streamer 1s ﬁdj%%éﬁ to and ey Iﬁfaﬁ'i} offsét from the first
streamer, thencandidateiseisanc:irade bein: proximaltothe reference séismiectrakcd, apptying normal
move-out (NYG) Geusetion foie efesnee seismic race, whereby an. MO iargel race | oreated:
applying NMO correction and vertical datum correction to the candidate trace, where y a synthesized
candidate traehisr dreshed;rasidiperforming: aek-ghostihy of thie INMO target fracelby vparforming
frequency weighted summaHan.efdhe. synihesized candidaie jtage ad M Iarael dtage;perturbing
the synthesized candidate trace with respect to the NMO target trace; and repeating the frequency
summation &t perUTBIHgrStEps wbrfenerate Beavghosea NG taplstifraaecitprtasesHding to an
embodiment,.a.methodhforsadres . de-ghestingrphsgismicdiace dataacauigd Rytwe.shets each
received by a streamer includes selecting a reference seismic trace associated with seismic trace data

received by 4! StHESMACHTH CISEIBIS With: d ATt BhecbitHe 6 SHBtECERfetig L stsAligaté seismic
trace associateg with seismicirres drtatesaivedmethe same stiaanerincenaestignwith-a second
one of the two shots, wherein the second shot of the at least two shots is fired adjacent to and
vertically oS8t fSHATHE HiSC4ROE e CARRIdaTE s ?E?ﬁierﬁ‘é%’éty%é? %%?%%f%etéefﬁiglfefﬁﬁ%ce seismic
trace, applying!pormal-mave-eut (NVIOYCorreationcto thesetatence seismicttracerwheretynan NMO
target traceﬁ\%ée%qg& a[pg)clgin NMag orre 'gor]y %gjéeratl}cﬁgv%%tqr? %Qgrectipn ;q{the cang idate trace,
whereby a syn esiZed candidats' tace iSidreatsd, an per ormlﬁ(‘gaa cfe?ﬁhc%g ir{fg’ 5Fthé NRo target
trace by: perforning feeguency weighted sunyniationdofahe Gyathesized-caatidadetracerand NMO
target tracey pesfyhing e, sxhssized candiiare. iace i espac tq the MO farget frage: and
repeating the frequericy summation a“hé perturbing steps to generate a dé-g%oste NMO target trace.
the synthesized candidate trace and NMO target trace, perturbing the synthesized

candidate trace with respect to the NMO target trace. the perturbing step further
comprising shifting the time of the synthesized candidate trace with respect to the NMO
target trace and repeating the frequency weighted summation and perturbing steps

{0 maximize a parameter of the de-ghosted NMO target trace.

[23] According to another embodiment, a method for acquiring marine seismic
data includes the steps of towing a first set of streamers at a first depth, 1owing a second
set of streamers at a second depth which 1s different than the first depth, wherein the
sfreamers in the first set of streamers are laterally offset relative to the streamers in the
second set of streamers; and acquiring the marine seismic data using both the first and

second sets of streamers,

1241 According to another embodiment, a method for source de-ghosung of

seismic irace data acquired by two shots each recetved by a streamer includes selecting a



[28]According to another embodiment, a method for acquiring marine seismic data includes the steps
of towing a first set of streamers at a first depth, towing a second set of streamers at a second depth
which is different than the first depth, wherein the streamers in the first set of streamers are laterally
offset relative to the streamers in the second set of streamers; and acquiring the marine seismic data
using both the first and second sets of streamers 12 BRIEF DESCRIPTION OF THE DRAWINGS
1291The accompanying drawings illustrate embodimentswherein: 1301Fig.1 illustrates a schematic
representation of a 3-D perspective view of a

reference seismic trace associated with seismic trace data received by a streamer in
connection with a first one of the two shots, selecting a2 candidate  setsmic  wace
associated with seismic frace data received by the same streamer in connection with a
second one of the two shots, wherein the second shot of the ar least two shots is fired
adjacent to and vertically offset from the first shot, the vertical offset at jeast different
enough 1o input combinations of seismic signal frequencies which are substantially
unaffected by source-side ghosting, the candidate seismic trace being proximal fo the
reference seismic trace. applving normal move-out INMO) correction 1o the reference
seismic trace, whereby an NMO target trace 1s created, applving NMO and vertical datum
correction to the candidate seismic trace, whereby a svnthesized candidate trace s
created; and performing de-ghosting of the NMO target trace by: performing frequency
weighted summation of the synthesized candidate trace and NMO target trace,

perturbing the synthesized candidate trace with respect to the NMO target trace, the
perturbing step further comprising shifting the time of the synthesized candidate wace
with respect to the NMO target trace and repeating the frequency weighted sumimation

and perturbing steps to maximize a parameter of the de-ghosted NMO target trace.

{25] According to another embodiment. a method for source de-ghosting
marine seismic trace data includes selecting a reference seismic trace associated with
seismuic trace data received by a streamer in connection with a first one of the two shots,
selecting a candidate seismic trace associated with seismic trace datwa received by the
same sireamer in connection with a second one of the two shots, wherein the second shot
of the at least two shots is fired adjacent to and vertically offset from the first shot, the
candidate seismic trace being proximal to the reference seismic trace: processing the
reference seismic trace and the candidate seismic trace: and de-ghosting the processed.

reference seismiic trace using the processed, candidate seismic trace,

{26} According to another embodiment, a method for receiver de-ghosting
marine of seismic trace data acquired by a shot recorded at a phurality of marine seismic
streamers, includes selecting a reference seismic trace associated with the seismic trace

data from a first streamer of the plurality of streamers, selecting a candidate seismic trace



seismic vessel towing an array of seismic streamer receiver cables and two seis ¢ source arrays.
1311Fig. 2 illustrates a schematic representation of an end-on view of the towed array of seismic
streamer receiver cables and two seismic source arrays of Fig. 1. 1321 Fig. 3 illustrates a schematic
representation of a 3-D perspective view of a seismic vessel towing an array of seismic streamer
receiver cables in "W" configuration. with alternating cables having shallow and deep cable depths,
and two seismic source arrays. Fig. 4 illustrates a schematic representation of an end-on view
of the towed "W" configuration array of seismic streamer receiver cables and two seismic source
arrays of Fig. 3. 3Fa llustiatesrepieseniation, of an endipnyiew of dne fowsa W configuration
array of eismi streamer receiver cables and two seismic source arrays, with conceptual placement of
additional cables atsinterspersedsovetions:[86fFigidd(ayillustratesracstherfiaticirepréseritation of an
end-on view,of fhie towed . Wi canliguratiop.aray. af seismig stieamer, [eseiver cablas apd two seismic
source arrays, the two seismic source arrays each at different depth. 1361 exploration. 1371
embodimentgriggg normal move-out (NMO) correction to the reference seismic trace, whereby an

NMO target trace 1s created: applying NMO correction and vertical datum correction to

the candidate trace, whereby a synthesized candidate trace is created. and performing a

de-ghosting of the NMO target trace by: performing frequency weighted summation of

the synthesized candidate trace and NMO target trace, perturbing the synthesized

candidate wace with respect to the NMO target trace; and repeating the frequency

summation and perturbing steps to generate a de-ghosted NMO rarget trace.

i127] According to an embodiment, a method for source de-ghosting of seismic
trace data acquired by two shots each received by a streamer includes selecting a
reference seismic trace associated with seismic trace data received by a streamer in
connection with a first one of the two shots, selecting a candidate seismic trace associated
with seismic race data received by the same streamer in connection with a second one of
the two shots, wherein the second shot of the at least two shots 1s fired adjacent to and
vertically offset from the first shot. the candidate seismic trace being proximal to the
reference seismic trace, applving normal move-out (NMO) correction to the reference
seismic trace, whereby an NMO target trace is created, applying NMO correction and
vertical datum correction to the candidate trace. whereby a synthesized candidate trace is
created, and performing a de-ghosting of the NMO target race bv: performing frequency
weighted summation of the synthesized candidate trace and NMO target trace: perturbing
the synthesized candidate trace with respect to the NMO target trace: and repeating the

frequency summation and perturbing steps 10 generate a de-ghosted NMO target trace.

1281 According to another embodiment, a method for acquiring marine seismic
data inciudes the steps of towing a first set of streamers at a {irst depth. towing a second
set of streamers at a second depth which is different than the first depth, wherein the
streamers 1n the first set of streamers are lateraily offsert relative to the streamers in the

second set of streamers; and acquiring the marine seismic data using both the first and



[391 Fig. 6(b) is a flow chart illustrating a general method of seismic Figs. 7-Il are flowcharts
illustrating de-ghosting methods according to Fig. 12 depicts a seismic data acquisition and processing
system. Figs. 13-15 depict simulated seismic data traces at various stages of de- DETAILED
DESCRIPTION 1401The following description of the exemplary embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify the same or
similar elements. The following detailed descriptim?idoes not limit the invention. Instead, the scope of
the invention is defined by the appended claims. Some of the following embodiments are discussed,
for simplicit&v@% regar g&(}gﬂ%@}}eﬁt‘grminology and structure associated with de-ghosting seismic trace
data acquirécfu'sm‘g various streamer and/or source configurations However, the embodiments to be
discussed next are not limited to these configurations. but may be extended to other arrangements as
discussed later.



1411Reference throughout the specification to one embodiment” or "an embodiment” means that a
particular feature, structure or characteristic described in connection with an embodiment is included in
at least one embodiment of the subject matter disclosed. Thus, the appearance of the phrases "in one
embodiment” or "in an embodiment” in various places throughout the specification is not necessarily
referring to the same embodiment. Further, the particular features, structures or characteristics may be
combined in any suitable manner in one or more embodiments. [42]To provide some context for the
subsequent discussion of embodiments for de-ghosting seismic data, consider first a number of
different seismic data acquisition systems. For example, Fig. 1 illustrates a schematic representation
of a 3-D perspective view of a seismic vessel towing an array of seismic streamer receiver cables and
two seismicBUkiEdArFaYs] Ras3n| COT oW DRV I L 20 of streamer cables 121 through 128 through
a body of watgr. In this example, eight (8) streamer.cables are illustrated for example only, a vessel
may tow fe\}?ﬁ ora greatﬁ%tnﬁﬁ%;g?%t%}gﬁge% gt.mlcdv{/] ?r?%éﬁ ?Lg %a(t)tdgl}c ergtﬁa}izzc(l)nto vessel 101. Arrow
105 indicates the direction of translation of vessel 101 and corresponding array 120. Streamer cables
121 throughy},28 are gengrally pasallel toeach eibes, forming lings.as they.are fowed.hellind vessel
101. The direction of translation, indicated by arrow 105, corresponds to the inline direction of
streamer cdBIEE1T 2LiFFbUGHIND 8O EtrdaMetCHTFRY TTORIHT JRITEE Ifitl! 30 AN ot prusme
perpendiculgy, 14 40the inline direction, indicates the cross line direction of streamer cables 121
through 128 of streamer array 120. In the cross line direction, indicated by arrowhead line 107, cable
122 is later&fil} adjacent dHd coRbETRIETY pRETRIES CEMIRPAPAUGR Gherlidahmy Eise 289N the other
side. The cahles 124,thraugh:L28 anedhus avanged asmpakallel iawsdntbe dnline dirgstion offset from
each other }tr_?jérder in thg:crogs line direction, with cable 121 on ofneqend and cable 128 on the other
end across tHa cross liné Birectisir 1431 AR UM LBIAEaMA1? WdITTiES'he dissighated as SI, is
also towed fyswessekdO1Seisgia sautce ks cancepttiadhe & singhesourcs anehin:typical examples is

an array of \Ixnz%%w ualeﬁource ivyhlg)se fmr}%‘ﬁs and/?rdrt%?tfl:\églg pc?c%%!@ and fwo seismic source

alternating cables having smallow anc
arrays.
i133] Fig. 4 illustrates a schematic representation of an end-on view of the

towed "W" configuration array of seismic streamer receiver cables and two seismic
source arrays of Fig. 3.

341 Fig. 5 illustrates a schematic representation of an end-on view of the
towed "W" configuration arrav of seismic streamer receiver cables and two seismic
source arrays. with conceptual placement of additional cables at interspersed locations.
[35] Fig. 6(a) illustrates a schematic representation of an end-on view of the
towed "W" configuration array of seismic streamer receiver cables and two seismic
source arravs, the two seismic source arrays each at different depth.

[36] Fig. 6(b) s a flow chart illustrating a general method of seismc

exploration.

137} Figs. 7-11 are flowcharts illustratung de-ghosting methods according 1o
embodiments.

[38] Fig. 12 depicts a seismic data acquisttion and processing svstem.

[39] Figs. 13-15 depict simulated seismic data traces at various stages of de-

ghosting according to embodiments,



placement are coordinated to achieve a desired seismic propagation effect. A second seismic source
112, which may be designated as 52 is also towed by vessel 101. Seismic source 112 is conceptually
a single source and in typical examples is an array of individual sources whose firing times and/or
relative spatial placement are coordinated to achieve a desired seismic propagation effect. 1441Each
seismic streamer cable 121 through 128 carries a plurality of seismic receivers. In example, seismic
streamer receiver cable 121 carries N receivers 121-1, -2, ...., to 121-N, with receiver 121-1 relatively
close to vessel 101 and receiver 121-381 relatively tar from vessel 101. By like example, seismic
streamer regeiyer, 286 ies N\ receivers 128-1, -2, ...., to 128-N, with receiver 128-1 relatively
close to ve BEr % e gy relatively far from vessel 101. 1451Fig. 2 illustrates a
schematic rijlesentatiort bf dnlend-gnddewnpithetowved amay-of seismicstreameérseceiver cables
and two seiginic,SH(as, allAysaiey. syrface 2045 shawn.as aherizonial g ohsfatence to indicate
the relative positioning of the sources and receivers in this end-on view. First seismic source lll. or Sl,
is disposedsatsonte teph bdlowniater Sirfacéo201: TheaBeliréesdepiiirof&aismiv sotee1l is
indicated by sayice depth lineiR 10, Se6ond SelsmIGSRUICEA 2 0hS2piadispesasat some depth

below water surface 201. The source depth of seismic source 112 is indicated by source depth line
210. 1S 1461 SEMtistrEEmenRAMP TP isThditied®y 4N entPview of Sei8mietstfedmel’feceiver

cables 121 thyralghd28nSeismic stieamearLecsivercablias12l;theueh 1 28 are dispesadhat some
depth below water surface 201. The receiver depth of seismic streamer receiver cables 121 through

128 is indicHtEq'by SidaiTerBesth IMES260T M EIGRS illustPstesh JBhermRid ¥apREsdfitdtfon of a 3-D

perspectivedvienv@fianext are not limited to these configurations, but may be extended to other

arrangements as discussed later,

[41} Reference throughout the specification to “one embodiment™ or “an
embodiment” means that a particular feature, structure or characteristic described in
connection with an embodiment is included n at least one embodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment™ or “in an
embodiment™ in various places throughout the specification is not necessarily referring to
the same embodiment. Further, the particular {eatures. structures or characteristics may

be combined in any suitable manner in one or more embodiments.

142} To provide some context for the subsequent discussion of embodiments
for de-ghosting seismic data, consider first a number of different seismic data acquisition
svstems. For example. Fig.l illustrates a schematic representation of a 3-D perspective
view of a seismic vessel towing an array of seismic streamer receiver cables and two
seismic source arrays. Vessel 101 tows an array 120 of streamer cables 121 through 128
through a body of water. In this example. eight {8) streamer cables are illustrated for
example only, a vessel may tow fewer or a greater number than eight. Tow lines 103
attach array 120 to vessel 101, Arrow 1035 indicates the direction of transiation of vessel
101 and corresponding array 120, Streamer cables 121 through 128 are generally paraliel
to each other. forming lines as thev are towed behind vessel 101, The direction of
wranslation. indicated by arrow 105, corresponds o the inhine direction of streamer cables

121 through 128 of streamer array 120, Arrowhead hine 107, conceptually perpendicular



seismic vessel towing an array of seismic streamer receiver cables in "Vvw configuration, with
alternating cables having shallow and deep cable depths, and two seismic source arrays, which
configuration can be used (as will be described below) to facilitate de-ghosting of the acquired seismic
traces. Vessel 301 vessel tows an array 320 of streamer cables 321s through 328d through a body of
water. Tow lines 303 attach array 320 to vessel 301. Arrow 305 indicates the direction of translation of
vessel 301 and corresponding array 320. Streamer cables 321s through 328d are generally parallel to
each other, forming lines as they are towed behind ~(L/essel 301. The direction of translation, indicated
by arrow 305, gon-es o(rgds to the i Ij,ntq \di%gc\tion\ (?f s‘tréaam.er caples 321s th{f)u% 13 8d of streamer
array 320. Afrowhea elinzereﬁb('}?‘c%ln%’éip ua y%g?ﬁeﬁi iCUIET 18 tRe HIRRTE iréction, fridi 'ra(f%g‘the cross
line direction26f streamesicabies! $215:1thheughs328d df streameriarray B20rkmthextross lifie direction,
indicated by arrowhead line 307, cable 322d is laterally adjagent and conceptually parallel to cable
321s on oné%)i}r e\ﬁvgrﬁ]ed[ qcé%fgi 53‘35(%5’% te&g% er Sio 2“%‘ e%%ﬁ%’g gzi%fﬁré%%ﬁ‘éé@% ‘?alrdthﬁﬁé arranged
as substantiatyepbialiel thvsththalinlinddirédtion Dffdetfidm edchecother irorger in theatidss line
direction, with,cahlg, 334s,00,006 Shdhand:cable, 328 on the,athenend cross fhe.Gross ine direction.
Again, eight (8) streamer cables are shown by way of example, but there may be fewer or frequently
more strearf&s tolvedt i eiscaitigpiration. auds Atieswcadistessbaressimewhistithay be designated
as Sl. is also towed by vessel 301. Seismic source 311 is conceptually a single source and in typical
examples is an array of individual sources whose firing times and/or relative spatial placement are
coordinated{8lachieve a/téSiet SBismftBopagativhleresbA KstBrEELE stisthit KolfeéB12, which
may be designatestns &2, issalsaitowreby Nessel-30d-paeismic spureesdl2 s srNGeptually a single
source and in typical examples is an array of individual sources whose firing times and/or. relative
spatial placEMBRY Srd cHBAIKAEd BRER] e A HRsSir eI TR HIG A eHEE P& mic
streamer cablesB32ksa3238,r3iRd83R7 schtevdisposedatonedepthbelow thfavates sutdace, relatively
shallower from the other streamers in array 320. S is[rgg streamer cg les 3,2%[(?'1' 324 ,.326d, 328d are
disposed at’anothier depth Below the water SURAce; falatvely desperfrom the other 37&Rers in array
320. The alternating patteronofisirgamer diepthscplacesndrray obseismicspiearennessiverotables into a
configuration..In. this example, cable 321s is disposed at shallower, depth, the aother.caples alternating
il cable 32 e e e R SR e
streamer calslas are Swappedsifor exanpleccatilec821s is deployed at deeper depth (renaming it as
321d, for example), the other cables alternating till cable 328d is deployed at shallower depth
(renaming it as 328s, for example). In one example, the method requires a staggered depth of
deploymentftween adjaéehtStaanisrsmer shlexahipreldhel Method requiredy sfawgered depth of
deployment.ofall-adiagent streamers, Examples ofrelative depth.ratios for.the, deep to;shallow

streamers are provided below. ) .
e 10 121-N, with recetver 121-1 relatively close to vessel 101 and receiver 121-N

relatively far from vessel 101, By like example, seismic streamer receiver cable 128
carries N receivers 128-1, -2, . to 128-N, with receiver 128-1 relatively close to vessel

101 and recetver [ 28-N relatively far from vessel 101.

[45] Fig. 2 illustrates a schematic representation of an end-on view of the
towed array of seismic streamer receiver cables and two seismic source arravs. Water
surface 20] 1s shown as a horizontal line of reference 1o indicate the relative positioning
of the sources and receivers in this end-on view. First seismic source 111, or S, is
disposed at some depth below water surface 201. The source depth of seismic source 111
15 indicated by source depth line 210. Second seismic source 112, or 82, is disposed at
some depth below water surface 201, The source depth of seismic source 112 is indicated

by source depth ling 210.



[501Each seismic streamer cable 321s through 328d carries a plurality of seismic receivers. In one
example, seismic streamer receiver cable 32Is carries N receivers 321-1, -2 to 32I-N, with receiver
321-1 relatively close to vessel 301 and receiver 321-N relatively far from vessel 301. By like example,
seismic streamer receiver cable 328d carries N receivers 328-1, -2. to $28-N, with receiver 328-1
relatively close to vessel 301 and receiver 328-N relatively far from vessel 301. 1511Fig. 4 illustrates a
schematic representation of an end-onof the towed "W" configuration array of seismic streamer
receiver cables and two seismic source arrays of F’g 3. Water surface 401 is shown as a horizontal
line of reference to indicate the relative positioning of the sources and receivers in this end-on view.
First 17 seismic source 311, or Sl is disposed at some depth below water surface 401. The source
depth of seigiic source 3tikisdndicated byspuiCe depthiline:418y Second seismic souscec312, or S2,
s disposed.gf.ome depih betou watey surface 404, The spurce. denth.of selsmi oyrce 312 is
indicated by source depth line 410. Alternatively, sources 3171 and 312 could be disposed at different
depths relativé tocohienasithesasayitiive disoussad setbwaith reBpectao Rigd@ith of seis@eaismic

streamer aray,320 is.ndicated.by Angnd viqwsql SRISTNCSIERIMEL LPGEVST:Fables 321s through

325d. Seismic streamer receiver cables 321s, 323s. 325s, 327s are disposed at one depth below
water surface 401. The receiver depth of seismic streamer receiver cables 321s, 323s, 325s, 327s is

indicated bygtreamer depih inaAzh.dndicaling the shalloweansteamas aray-denth ithg shallower
receiver cables. Seismic streamer receiver cables 322d, 324d, 326d, 328d are disposed at another

The

depth belowSHaEr SIFEACEYNE 2P HE 1 HivEF Bép i Tragisrrrd &ireaitfariteclivartantedisnod, 374d,
376d, 328distindicatad:Ry skramevdenpihline 422, dndicating tbspeeparnsireamearanay-gepth of the
deeper recqi\(er“cablesﬁ In other exam‘plef, the depth of deployment of the streamer cables are
swapped, f8F 8PS aftEHEY Yo spb P aritiShaiowe fisteat OFSndilower antr degsere

ghosting of the acquired seismic traces. Vessel 301 vessel tows an array 320 of streamer

cables 321s through 328d through a body of water. Tow lines 303 attach array 320 to

vessel 301, Agrrow 305 indicates the direction of translation of wvessel 301 and

corresponding array 320. Streamer cables 321s through 328d are generally paralicl 1o

cach other, forming lines as they are towed behind vessel 30i. The direction of

translation, indicated by arrow 305, corresponds 1o the inline direction of streamer cables

321s through 328d of streamer array 320, Arrowhead line 307, conceprually

perpendicuiar to the inline direction, indicates the cross line direction of streamer cables

321s through 328d of streamer array 320, In the cross line direction, indicated by

arrowhead line 307, cable 322d is laterally adjacent and conceptually paraliel to cable

321s on one side and cable 3235 on the other side. The cables 321s through 3284 are thus

arranged as substanually parallel rows in the inline direction offset from each other in

order in the cross hne direction. with cable 321s on one end and cable 328d on the other

end across the cross line direction. Again, eight (8} streamer cabies are shown by way of

example, but there may be fewer or frequently more streamers towed in this

configuration.

|48] A first sersmic source 311, which may be designated as S1, is also towed
by wvessel 301. Seistmc source 311 1s conceptually a single source and n typical
exampies 1s an array of individual sources whose firing tmes and/or relative spatial

placement are coordinaied to achicve a desired seisinic propagation effect. A second



1531Fig. 5 illustrates a schematic representation of an end-on view of the towed "W" configuration
array of seismic streamer receiver cables and two seismic source arrays, with synthesized receiver
traces. Water surface 401 is shown as a horizontal line of reference to indicate the relative positioning
of the sources and receivers in this end-on view. First seismic source 311, or Si. is disposed at some
depth below water surface 401. The source depth of seismic source 311 is indicated by source depth
line 410. Second seismic source 312, or S2, is dis gsed at some depth below water surface 401 The
source depth of seismic source 312 is indicated by source depth line 410. 1541Seismic streamer array
320 is indicated by an end view of seismic . 18 323s, 325s, 327s are disposed ne.depth below
water surfaé%mﬁ’bxiys‘f ré%éé\é{i\?\é\{}i%]}é&@fo}(’s%ﬂigrﬁféi%%réfé“rﬁéésrg%égi&é‘?ic:alﬁfevsci’sfg(,}%égéfsg%s, 327sis
indicated by:strearhet deptimline 42y, indicatingatheshatiowerstreamerariay depth:ofihecshallower
receiver cables..Seismic streamer [ les 322d, 3 : d,.328d are di ! one depth
polow e e LT e b Dl e e et T o6t
328d is indiedtan by dtreadrersdeptirdired 22, §Hditating the deeper streamer array depth of the deeper
receiver cables. [551The "W" configuration array of seismic streamer array 320, having only one
streamer in each cross line lateral position, leaves locations where no streamer cable exists. For
example, loétons 521d Ss230¢ sPSHNGX7R RavE o Stréarnar-ahd e diEposetarsfsiedpth below

water surfagg;4Q1ycofrespPanding todhedepthhaf actval saceiversd22d 3446, 326d.3284d) as
indicated by streamer depth line 422, indicati_{?éthe deeper streamer arregﬁ%jepth of the deeper

receiver cabie§ iOEAHIAY 59985 5344, B5ks B985 2! AhdEBRiSI oSt S s B NStR%: B&pth below
water surfage@0lugareespanding dethe depthief asctalrecaivers 3218, BRBsTB2%sc32#m@s indicated
by streamer depth line 421, in{?icaétin the shallower streamer array depth of the shallowegr, receiver

cables. Thu& I Brid SXatste SaiBh RHES AREAIE S PRSI HAL AR actlai TRERIUE? éable at one
depth and a:te¢ationifer. a keckivexeaable, at-dhotdr de pthphariexarhplevatrohgitross limédateral

position there, is placed receiver cable 321s at shallower, depth, indicated by depth line 421. and a
location 52f§b gs J?ﬁet%ggb% t\iepct%fall“nalzg’étéﬁ%ﬁp éfp haiirﬁié:”ff%?;d g%%h zltrne ?%étéﬁ?ﬂ%&’ se%‘n%e cross line
lateral positienthThtisicag wilkhie deteribedbefomwmbynthne sizednracés canbeigenerated toireflect an
estimation of traces that would have heen acquired if streamel i?lger gelvers:had actually been
provided at(t{ %ﬁfgégt,g%ﬁ?ﬁ%@;ﬁ%ﬁg}%f gg?”s'-f)?g’s. i561F%f§/¥3 a) ﬁ)IUSt'rates a schematic
representatidhwebbn’éfd odaibwedfthdsdweed APt origovaton arfdy of Sesmiv stredmeireceiver

cables and g, SeISMIC SOUIGE-ALAYS,the two seismiaseyree alravseach at.a different.dgpth. Water

surface 601 is shown as a horizontal line of reference to indicate the relative positioning of the sources
and receivetSarIRiE elidoBA Viewriirsbsaising setrteseLTasesstd fspisposisalgyment of all

adjacent streamers. Examples of relative depth ratios for the deep to shallow streamers

are provided below.

{501 Each seismic streamer cable 321s through 328d carries a plurality of
seismic receivers. In one example, seismic streamer receiver cable 321s carries N
receivers 321-1, -2, ..., to 321-N. with receiver 321-1 relatively close 1o vesse! 301 and
receiver 321-N relatively far from vessel 301. By like example. seismic streamer
receiver cable 328d carries N recervers 328-1, -2, ., to 328-N, with recerver 328-1

relatively close to vessel 301 and receiver 328-N relatively far from vessel 301,

(53] Fig. 4 illustrates a schematic representation of an end-on view of the
towed "W" configuration array of seismic streamer receiver cables and two seismic
source arrays of Fig. 3. Water surface 401 is shown as a horizontal line of reference to

indicate the relative positioning of the sources and receivers in this end-on view, First



19 some depth below water surface 601. The source depth of seismic source 611 is indicated by
source depth line 613. Second seismic source 612, or S2, is disposed at another depth below water
surface 401, relatively deeper than the source depth of seismic source 611. The source depth of
seismic source 612 is indicated by source depth line 614. 1571Seismic streamer array 620 is indicated
by an end view of seismic streamer receiver cables 621s through 628d. Seismic streamer receiver
cables 621s. 623s. 625s, 627s are disposed at onggdepth below water surface 601. The receiver depth
of seismic streamer receiver cables 621s. 623s, 625s, 627s is indicated by streamer depth line 641,
indicating the shallower stre mer@gag dglqlgth af the shaII{PW_ r receiver cab‘!eﬁ.‘. §pi§drl1ic eamer
receiver cabfes 6224, 624d. '626d; 628d"are ¢ |sp2(‘)s&’eO 'St HROtheT ¢ ‘ép‘fhd%élt%/ Water surfacé 601. The
receiver depth:ot seismic streamenrecelvern cables:622d s624d 1626d;:628d isSndicatedshyistreamer
depth line 642, indicating.the deeper streamer array,depth of the deeper.receiver cables. The depth of
deployment o Sesmer SabiS SO bt Sad Ty e et Asool e B 30 Sh hat 628 1

deployed atoa Sﬁ%@%d@pmﬁﬁdsﬁ@ﬁiaﬁa@@ew}dm Thedhethblgustiretjuiresrasstagyered depth
deployment,gfal| adjacent streamars. girilarly e depin.of deployment.of.spnree f11,and;source 612

may be swapped from shallow/deep to deemshallow, the method just requires sources 611 and 612 to
be at differdift¢ieptHE. 1158ENE fEnérally discussed above, one purpose of seismic exploration using
the afore-described (and other) acquisition configurations is to render the most accurate possible

graphic representation of specific portions of the Earth's subsurface geologic structure. The images
produced alieth exploratiR¥8HpHFieto 3’661‘]réf’éiy‘én‘ﬁ‘@ﬁ%‘ﬁ%f@étﬁ}éIS‘?‘Egé(Fﬁ&te"é ProTISing target
(prospect) fardts-el andigas sislging potential(i e2shydrecarhondenesits).Figuteid) Hustrates one
generalizedﬂrqneth%d forp,qrforming sejsmic exploration (method 680). Therein, there are five main
steps: a detiitdid HstussioR 6 4y S b e HBLRES StepEvdtiiatar kel tHeSEo &M this
document, botédgensralavendieyivef tasiprocess’shouidsaic Tundeistanding whera-the:slitferent

aspects of the following embodiments can be used. 20 j591Step 68 nerally refers to aspects of
positioningtgtﬁ%%’u%vgﬁﬁat%]hﬁee s a}Fower streamer array gvpt oef‘ the s%gﬁawcr récerver cagies.

Setsmic streamer receiver cables 322d, 3244, 326d, 328d are disposed at another depth
below water surface 401, The receiver depth of seismic streamer receiver cables 3224,
324d, 3264, 328d 15 indicated by streamer depth line 422, indicating the deeper streamer
array depth of the deeper receiver cables. In other examples, the depth of deployment of
the streamer cables are swapped, for example, alternating deeper and shatlower instead of

shallower and deeper.

53] Fig. 5 illustrates a schematic representation of an end-on view of the
towed "W" configuration array of seismic streamer receiver cables and two seismic
source arrays, with svnthesized receiver traces. Water surface 401 i1s shown as a
horizontal line of reference to indicate the relative positioning of the sources and
recervers in this end-on view. First seismic source 311, or S1. is disposed at some depth
below water surface 401, The source depth of seismic source 311 is indicated by source
depth line 410. Second seismic source 312, or S2, 15 disposed at some depth below water
surface 401, The source depth of seismic source 312 1s indicated by source depth line

410,

[54] Seismic streamer array 320 is indicated by an end view of seismic

streamer receiver cables 321s through 328d.  Seismuc streamer receiver cables 321s,



potential sitere the seismic exploration is to be performed. Step 684 generally refers to the illumination
or shooting of a geographic area using one or more seismic sources, e.g., using acoustic waves. While
method 680 generally applies to both marine and land seismic exploration systems, each may use
different types of equipment, e.g., different types of receivers (such as hydrophones or geophones)
and/or different types of sources. In step 686, data recording occurs. In a first part of this step. the
seismic receivers receive reflected energy associqtgd with the source transmissions and, most often,
digitize the data associated therewith. In a second part of the step 686, the data is transferred to a
recording stajion. 13 step,685, fiafa Brocessing araus, Dala.processing oenerally inyolyes;enormous
amounts of computer processing’resources, inElu Ing the storage of vast amounts o a{a, multiple
processors drscomputersrunning inrparadelF td pedorm dnumbersofidiffaréittechmicpues:oit the raw
data to make, it more, useful Indenerating. Qutauts, which ganbe: used by these.skilled.in the art to
assess the subsurface geologic structure of the area which was shot. One of those techniques is
de-ghosting> b sirtiepts e Wi haares deseribetibalow. Firrhiye hssrepieoondaterihtepretation
occurs and ygaylts, can.be) dispiayed..semetimes indua:dimensionalform. mate eften nowgin three
dimensional form. Four dimensional data presentations (a 3D plot or graph., over time (the fourth

dimension) H&alss pasmgieaiihBh Hesimsd dsnidetr’ efadisaorstHir focs sE&amdr dxample, e.g.,
by comparigg,tweanme3D.datasatsiacquired at separate times to track time variant changes
associated with, for example, the extraction of hydrocarbons. 1601Having described various seismic
acquisition systems and techniques in which the following de-ghosting embodiments can be used, a
discussion ¢dsguch de-ghnstingvermbatinenss withnow kesprowdednin anembodiment, antle-ghosting
method is disqlotsed for data, c‘olujr?d u§ip%? v or. w streamer, Q{onfig\gﬁatipn to r,ovide‘a%)p_jversity of
ghost-characﬁﬂéﬁzmé%i%étlg &lificient (IJIFedél-a dogﬁrsﬁlgl.O 'd%ﬁi\é] Sogﬁ%éoﬁ?ocee ﬁr%oigtéaﬁﬁ}%& {6'the acquired
data to perforimsth&dmpheitierécuainedsinferpdlatiars Withiftaad leptimiz etefrequentyrwéighted summation
technique, s (g1 example charaglerized by Bosumus {4,993 ), 10Ln oRe sxample, amethod is
described where the amount of data recorded and tﬁé)equ“ment required may not differ from the
conventionalvaridédatdbdcquitsition tebhmiguey Theamandatbf thedeploymempfithaldatector arrays,
often called streamers, orcafles.yaties,sieamers aig.danloyeshinsacoaventional hogzontal plane
with alternate neighboring streamers towed at different depths to experience different ghost filtering
effects. Cheigeoidapthiennisihatisnehsdisaysdeiereirand @ datd breeessingteptis described to
enable differgnt, mid:peint iracesite-he combined for-their muualdesahasiing.do.ene.example, a
method and system is provided for both receiver and source side de-ghosting. 1621Fig. 7 illustrates a
schematic ﬂaﬁ%ﬁﬁaﬁ SFOSHEHNG BrBrESETAY fBthodsisr YeisiHierdats yecorbify toémbBdiments. A
seismic tracgfromnane ofdheshallawistiramersds selestadag the-shalludargettiape.and normal
moveout (NMO) correction is applied to the trace, resulting in a normal-moved-out shallow target trace,
shown as Al ¥ KE & el KR S S AR SR G hBVEBTTPSef (0 HEEielInEETe offset
distance bepwggmalisaisiniplsoud cecandracieteiEshashnitheatiyal. timéata nefléefianjaad can be
used to distigguish, between re{lﬁ%[t)iotnalgncg other. events such as refractions, diffractions and multiples.
For example, ac%%raalné}ct%lfﬁ}e'ém Sdiment %?el‘:'ig?pf, thé ‘shafiow jEargcl?att trale cani be selétted from
data receiveddyda reciivenon streamer 32@sabffeigudn A Séismiestrace 702dramberetaidhe deep
sweamers s spiecied s the decp.candidate frage iage 197,/ gnerexample, deep gandidate trace
702 is Iaterém acﬁa{cent {o the selected shallow target trace used to make trace 701. For example, the
deep canditiate traparcdnibarselevted fom datarrebelvedus)in beceivaratedtredhrer@aidnef Fig. 5. In
an alternate, example, the deep candidate trace is selected from streamer 324d of Fig. 5, being that it
is also an adjacent trace disposed laterally on the other side of streamer 323s. Normal moveout is
applied to deep candidate trace 702, as shown by step 703. A datum shift is applied to the

normal-moyggl-out deep P@U@@;@tﬁi&%%%@e!?%r@c%@ﬁa?ég%ﬁ%s%'ﬁ%ﬂrpxﬁﬁpe?l@-%nr@%b!ﬂBg iRea
synthesized candidate trace trace 705 at the datum of the moved out target trace 701.

towed "W" configuration arrav of seismic streamer recerver cables and two seismic
source arrays, the two seismic source arrays each at a different depth. Water surface 601
18 shown as a horizontal iine of reference to indicate the relative positioning of the

sources and recervers n this end-on view. First seismic source 611, or S1, 15 disposed at



1631Normal move-out shallow target trace 701 and synthesized candidate trace 705 are used to
perform a parameter-optimized de-ghosting, step 706, resulting in an output of a de-ghosted shallow
target trace, 707. For example, de-ghosted shallow target trace 707 is now the de-ghosted trace at
streamer location 323s of Fig. 5. 1641Numerous variations are contemplated with respect to the
embodiment of Fig. 7, several of which will now be discussed for purposes of illustration rather than
limitation. For example, Fig. 7 uses an adjacent dqu candidate trace to de-ghost a shallow target
trace. By another example, using the same methodology illustrated in Figure 7, an adjacent shallow

candidate trace is used to dc-ghost a deep, target trace. eaver, in the example of Figure 7, only the
candidate trace iéega L?r%% [ % ]ssﬁi(r:%%ﬁ§§ %he sf/hst ue“éil’z(é\%gcg]a(ﬁ(ﬁe g}fnentr&égélemgrgcﬁﬁéé%%%agout target
trace are aththecsarn@aatume Fiokwelerrin emothesexample. dhoth. thel norsradlanovedeodecandidate

trace and t%‘%z@%@?ﬁ&?’s%ﬁ%%é% it,a'{gc%&yég%u e %@REEEQE&?J&%”&&E!?H%%@!EQ Qplace them at a

common datum. prior to their use to de-ghost the re-datumed target trace. 1651In one example,

de-ghosting §tegs 76 Eariprisess fregfenes Weighnstesioh mativrcasie thenteéthod of Posthumus
(described in "Deghosting, using a twin streamer configuration”, Geophysical Prospecting 41, 267-287,
1993, the disclosure of which is incorporated herein by reference) 1661In one example,
parameter-éptimized dc-gHERtHGFISEPET 0BT Fefér taspdriBiRiy Fecéh et adady( fir BXamible, trace

701 and trage:-£09) sQ-that theidrequengyineigited sumimaxinizesthe AMrRRL RO OF spectral
flatness over a prescribed range of frequencies consistent with the likely receiver or source ghost

notch frequémtie®of thé SHtF NP PSEIVer 8L, R Bie EXEhBE2 perurb efere V6" cdiihg the
relative verticalaligoment:of twecregejveictraces to be vavied? Suehrperiwbation ismadese as to more
optimally aggn t{he two gi%ngjs to %‘Qf}?§eﬂ§ate,f0f,$m@|l,e rotks/ L? ér}]eir move-out, local differences in
geological stfic tite lgf%}ﬁ” e R S S&reeﬁfﬁebfi e’ redere es%ﬁlllg’ewéﬁﬁﬁﬁ)\‘l%rﬁa Ot systematic
translation Genirot andiatdrregeilasrwabérsstilfaice balseddyoatarine vesesbdwinetdider aicatmospheric
pressure Ingléjl%%fdv\é\elz?ﬁ\:é"essdrface 601. The receiver depth of seismic streamer receiver cables 6224,

624d, 626d, 6284 1s indicated by streamer depth line 642, indicating the deeper streamer

array depth of the deeper receiver cabies. The depth of deployment of streamer cable 621

through 628 may be swopped across the array 620 so that 628 is deploved at a shallow

depth and 621 at a deep depth etc. The method just requires a staggered depth

deplovment of all adjacent streamers, Similarly the depth of deplovment of source 611

and source 612 may be swapped from shallow/deep to deepsshallow, the method just

requires sources 611 and 612 to be at different depths.

I58] As generally discussed above, one purpose of seismic exploration using
the afore-described (and other) acquisition configurations is to render the most accurate
possible graphic representation of specific portions of the Earth's subsurface geologic
structure. The images produced allow exploration companies 10 accurately and cost-
effectively evaluate a promising target {prospect) for its oil and gas vielding potential
(i.e.. hydrocarbon deposits). Figure 6(b) illustrates one generalized method for
performing seismic exploration (method 680). Therein, there are five main steps: a
detailed discussion of any one of the process steps would far exceed the scope of this
document, but a general overview of the process should aid in understanding where the

different aspects of the following embodiments can be used.



167!In one example, de-ghosting. step 706 utilizes a ghost characterization derived from a measured
depth of translated receivers and theoretical water surface reflection coefficient of approximately -1.0.
In one example, de-ghosting, step 706 utilizes a ghost characterization determined from the
autocorrelation of the respective receiver traces which are constrained by the characterization derived
from measured depth of translated receivers and theoretical water surface reflection coefficient of
approximately -1.0. In another example, de-ghostiqg, step 706 includes an optimization which is
facilitated by picking the peak time delay of a temporal cross correlation of any neighbouring candidate
receiver trafg%ior de-ghog'%%r%lg i%e(r}gg!g;il n yg'e@ _trtloe ,refe[%n{(};fe rggc:tezg\éergr%cg to cgr}st[airfl 'E[_E@ir
alignment. 1681In one exa p(fe.”dfé-g os}fing, step 708 Melliods ﬂ}neg\lfarlgnt%f)\ﬁ"rﬁi%éésde’-ﬁghosting
wherein eachvieptimizedvdesghbstingrstep-asdeseribbed bogeursrseparatalyt it shortabuttifigsor
overlapping, ime Windews, Sue A ime vauant anpiach.accammodales sxperial variatians in both.
the ghost characteristics and in the expected structural, move-out etc variations relevant to the implicit
interpolatiori/e@xtrapel atiors Withitt the Bptimivethoé giostirglin amdtherexamplerdeagidstidg step 706
includes depth,aptimized,d6s00RRIRY- JALANE.SXAMRIgIRE: MERswed depilipf (argel face,701 and

datum shifted synthesized candidate trace 705 are perturbed to optimize the Wiener entropy. In
another exdMipfeC HEGHGSHng ster POBTMRIGUESCHRARRY Pefettity Siptisiaanse-ghtstivgs In one
example, parametessgptimized deighasting step 06-includes acombinationofdepth-eptimized
de-ghosting and reflectivity optimized de-ghosting, both depth a.nd reflectivity used to simultaneously
optimize the SRS LrtFSTsT it b SR iE RS OBt B UEs i bt BedyHb4ting and
reflectivity optinnzeskde-ghastiogisperfermeshafterpentuibing.thestwe:reseiverdraces ffar example,
trace 701 and trgce 705) so that their frequency weighted sum maximizes the Wiener entropy or
spectral flatieSE Bers Hitsc Be%‘“?ar%%‘o?‘ﬁ%dﬂ%ﬁ%ﬁ%g%éﬁgfgfent th FBSTRERA&EBII8H dr source
ghost notchifrequeneiesefithertwmre céivemirace prodescripeckwitbere spectitar the floweharts of Figures
81 1.0 one smbodiment. Jlustiatecin (he flowchart of Flgure 8 amefhod for acauiriag and recelver
de-ghosting marine seismic data ihchudds acquiring SEISMIC trace data récorded frém a common shot
by at least twarbeisniicidireamershrthp at (vasitworstieanme rsddjdcentto oréhnothercinthe cross-line

direction ?‘n&\éﬁﬂcﬁﬁ%gf@%ﬁ%‘) se‘&r\%ﬂﬂ&g@%ﬁifﬁﬁ Y Eﬂ%%?%?%%%tsleﬁ%t %@E%@?Qé enoygi, to record
combinations 6f Seismic signal frequencies which, when combined, are substantially unaftected by
receiver-sid&"ghiosting adidlluseatedivh steps SIMLThemnat Steh 802 eairefarende skisimsitrace is
selected from,the;seismiciraceidata fem a st siieamer afthe, ak leags iwa.sireamsrs.A.sandidate

seismic trace is also selected from the seismic trace data from a second streamer of the at least two
streamers, (6w EBAdSHERTBPAdiARBHEo AR VBHICAIN O BRI thETiFfststre AT, thi candidate

seismic tracg heirgipreximakiedhe referensr seismiciasasasindicatedbyistep 884n1404Continuing
with the embodiment of Figure 8, step 806 involves applying ngrmal move-out (NNIO) correction to the

. gu . € .
reference sEiEMIC BB VAEREBY AN R taryatflce fer et NG al verfical Hatthf correction
are also appliegtiecthercangigate seismicdraseirhercby asybesized cangicate ragsuisiereated as

shown in stebp 808. De-%hostin% accordin to this embodiment is then performed as jll,ustra}ed in step
810, by pertShfing #EGHeRy walgitedQismdasir 6t é“é@ht siZt Eandidat& ARG NMO target
trace, pertutbihgdhesynthesized candidate trace with respect to the NMO target trace, the perturbing
step further comprising shifting the time of the synthesized candidate trace with respect to the NMO
target trace and repeating the frequency weighted summation and perturbing steps to maximize a
parameter dpthe de-ghostedNMSstarget tace:s1€lsbAincthensiore geansradize d;@xamptary method for

receiver de'\gﬁgﬁti&g %ilowing de-ghosting embodiments can be used, a discussion of such de-
ghosting embodiments will now be provided. In an embodiment. a de-ghosting method is
disclosed for data acquired using a V or W sireamer configuration to provide a diversity
of ghost-characterized data sufficient for de-ghosting. A de-ghosting procedure is applied
1 the acquired data to perform the implicitly required interpolation within an optimized
frequency weighted summation techmique, as for example characterized by Posthumus

(1993).



marine seismic trace data is shown in the flowchart of Figure 9(a). Therein, at step 900, a reference
seismic trace is selected from the seismic trace data from a first streamer of the plurality of streamers.
A candidate seismic trace is selected from the seismic trace data from a second streamer of the at
least two streamers, at step 902, wherein the first streamer and the second streamer are disposed at
different depths relative to one another and are laterally ofthet relati.ve to one another. The reference
seismic trace and the candidate seismic trace are processed at step 904, e.g., to perform NMO andlor
datum shifting thereon. At step 906, the processed, reference seismic trace is de-ghosted using the
processed, candidate seismic trace. Yet another, more generalized, method for seismic data
acquisition is shown in the flowchart of Figure 9(b). Therein, at step 910, a first set of streamers is
towed at a fitdf depth. Atistepc9t2parseeondiset ofstreameérslisrtowvedratarsecond depthdavhich is
different tha fhe.fLst ARt ANBIEnIe sHeAmetR R e (05t seial susamermaie lerally ofset
relative to the streamers in the second set of streamers. The marine seismic data using E)oth the first
and second&éts ofestréarivnsTar step 9 tdplegneas deberibett abovey . 7 igkco iy eeranisther
embodimeny, g gethag;for spurce de-ghestingofseismic ace 481z acauiad v wa shets.each

received by a streamer is illustrated in Figuré 10. Therein, at step 1000, a reference seismic trace is
selected thafigssBEteerNiT devsficudife gats raBuived byca e shibr ficomie dtisingth a first
one of the twg-shots: A StEMINN% Asandidatessaismictrace-is selestadwhich.isiassegipted with
seismic trace data received by the same streamer in connection with a second one of the two shots. In

this contextdtH& 8EEdHd EABIOF HE IR RIB SIEES s firdd £8PREIC d Uniive gt offset from the
first shot, thewatticalpifsetaiilgast diffenent anough4e inpuhcombinatiansQbseismic signal
frequencies‘_\%t;if?p,ﬁ henwcombined, are substantially unaffected by source-side ghosting, and the
candidate sBiSmict gé%%’proximal to the reference seismic trace. A normal move-out (NMO)
correction is applied to the reference seismic trace at step 1004, whereby an NMO target trace is
created. An O and a yertical datum correction are applied.to the candidate seismic frace at step
1006, wier i3]  synthes Jed ALt e b e R iR Skt 12 RIS arger e s
performed at step10008: mccpeHormingrfreguenny. wéighiedisumnsafiom ofithe Syinthesilted candidate
trace and NMQ{arge! (acs.patblaaile sypihesized sandidale race wilbytssheck g e NMO target
trace, the perturbing step further comprising shifting the time of the synthesized candidate trace with
respect to tRRPNM O tgetteacesdiid yepeaingthefiaguaticpaliely e sunsmationapd (perurbing
steps to maximizg &; parameles ofiihe,desghosted NMQ.targetrace 17 3%A.somewhat more
generalized method for source de-ghosmarine seismic trace data is shown in Figure 11. Therein, a
reference seigIEctEEE J8 sk REEIBUCAtSIEH 1100 WhiEY Tshas 8cibtedrivith ¥Bistiie trAS ita received
by a streamgiingonnaction with afirst eng.of atdeast two SRt tstep; L1022 candigate seismic
trace is selected which is associated with seismic trace data received by the same streamer in

connection WHFFEISBEGHY SHE'S e BYeRErtiG: ORI eiRtha SR eyt 6f%hé atfeast two
shots is firechadhacentoand vartiealby-offset-fiamatheditst ahbt, theceandigdate-seismitase being
proximal to l'lge reference seismic ﬁgge, The erelr}erbce f’feismic trace and the candidate seismic trace
are processed at stp 1104, SAtFtHe prodsSBl, YetdfeHe® sEisHTE fat g G KO8 15 %tep 1106
using the procégsedreandidate’ Geismicntracen{y4] i will e dppreciatetibysthoselskilléddenthe art that
while the fotrg%)ii:nge}

ected shallow target trace used to make trace 701. For example, the deep

candidate trace can be selected from data received by a receiver on streamer 322d of Fig.

[

. In an alternate example, the deep candidate trace is selected from streamer 3244 of Fig.

L

, being that 1t 1s also an adjacent trace disposed laterally on the other side of streamer
323s. Normal moveout 1s applied to deep candidate trace 702, as shown by step 703. A
datum shift 1s applied to the normal-moved-out deep candidate trace from step 703, as
shown by step 704, resulting in a synthesized candidate trace, trace 705 at the datum of

the moved out target trace 701.



embodiments have been described as methods, such methods can be implemented in apparatuses or
systems which constitute other embodiments. In one example, an apparatus for the acquisition of
marine seismic data is described which preferentially records acoustic seismic signals incident at
submerged hydrophone receivers so the signals may be processed to minimize the deleterious effect
of the down-going water surface ghost reflection of the upcoming wave-field interfering with the
upcoming wave-field as it is recorded at the recelve,)r array. The receiver side ghost reflection, as this
contamination is known, damages the temporal frefquency spectrum and resolution of recorded data by
summing azgm ture of in Qnd ouIJt of haste d wn- o(lyn (and P %0319\ &ressur fle|é]|§ iThe mixture
boosts the litude of SOME rén(fhé‘n%?eé }go%e rga?nﬁlaf“ude is“maxima SMcTou‘lSie Anat éérades
others so thgir amplitudedspretiuced to:zerectncthertemporatfrequency:déiairethiese: Zeras occur at
OFlz and at a distinct central frequ Y.k ith a etrlcal notch or educed a plltudes in
sunpunding ﬁgqie?lcgs L‘%}' gté‘g?l}rgfﬁeaﬁé&)%g c?%g:: tly depe genr%%nlt gegecgélg/g}k&ep?h Z and the
acoustic energy TraNsmission Seldoityey within themmedianaisucl that Eriz\Vini(2*Z). Higher harmonics of
this notch frequency occur at successive multiples of n, where n equals I. 2, 3, 4, etc (where n is
multiplied by frequency F). The progressive mixture of -ist and 17 degradation, arising from the
constructivdfdhd destructir@irsierEiée betiteeh arive ek -frarts afifesrbad fentepeating
series of bandpassdilters hadibeen.applisds e intederingwavgdieldsiHamags thebighen temporal

frequenues at successive harmonics of the fundamental notch frequency. In one example, a well
established! H&gHOtinG MEYRBE ke the T&5ha8e it Wbidife ¢ teifdndirearmy rﬂétﬁ%ﬁf'(ﬁosthumus

1993) is usegkiRfecambingenergy secorded at gifferent deptbsnwith-different ghest-eharagteristics, to
undo the filtering effect and recover the damaged spectral elements. [751For example a system or

apparatus 128 can B HHpfEM Rl S sceRdif I Bigue Lfﬁdtcf(bgﬁ%gﬂé‘ grEsHgSh %‘gﬁof the ways

described atdove-liwill be amf@@ateéxbyr&hbse;skaﬂedaﬁ&haa&dmissjmt@mﬂme idh aihways
illustrative agd the afore g%scrlbed se c data rocess%g could be ;rlﬁormed g suitable
( A

LSIZC az} rac ﬁ JYIOV, Ul ia race
computing apparatus, iRcliding a handh&ld deviges  8ys dihé1ided! afond's sms, server

120], sourcélrecsiverinterface Mpmemaéh dl&ta/mniamﬁm busdidas) 1204, procéssor(s) 1208
(those of ordlnar kill in the art can a eC|at oder erver,systems, parallel p. ocessmg is
ALY A AL F}ir ¢ E{c(ijtp p[f]ga\e rc,n (1B %BB%S tta \}j(}bc% S B

becoming mcreasmgly prevalerit, an ereas a smgle processor h éen used in the past to
implement manyp@r Eieagrseverdifunstiondsithissnbrecdnmwmon cugenthrto have a single dedicated
processor for certain functions (e.g., digital signal processors) and therefore could be several
processors, acting in serial and/or parallel, as required by the specific application), universal serial bus
(USB) port 210, compaét disk (@Dyeligitdr vbed tiskD VDY reaamvie (REmepeariveci2ied floppy

diskette drive-12344though lesshsadcurrenthn many aerversistil insludssthis deyice). angd data
storage unit 1232. /76]Data storage unit 1232 itself can comprlse lard disk drive (FI'DD) 1216 (these

can include EHVEhBRER gt CEtingic hddnaPstitnas s Betoming HeréBsifghiatitite Prevalent,

can includeflash drive-typemass stosagerdeyices 1224, among other types). ROM device(s) 1218
(these can include electrically erasable (EE) programmable ROM (EEPROM) devices, ultra-violet
erasable PROM devices (LATROMSs), among. other types), and random access memory (RAM)
devices 12286jUsable with U&GB pamip?8 parameter-optimized de-ghosting, step 706, refers to

perturbing two receiver traces {for example, trace 701 and trace 705} so that their
frequency weighted sum maximizes the Wiener entropy or specural flatness over a
prescribed range of frequencies consistent with the likely receiver or source ghost notch
frequencies of the said two receiver traces. In one example, “perturb” refers to causing
the relative vertical alignment of two receiver fraces to be varied. Such perturbation is
made so as to more optimally align the two signals to compensate for small errors in their
move-out, local differences in geological structure and differences in the depth of the
receiver or source arising from poor systematic franslation control and/or irregular water

surface caused by marine vessel, wind. tide or atmospheric pressure induced waves.



1210 is flash drive device 1224, and usable with CD/DVD RIV1/47 device 1212 are CD/DVD disks
1234 (which can be both read and write-able). Usable with diskette drive device 1214 are floppy
diskettes 1237. Each of the memory storage devices, or the memory storage media (1216, 1218,
1220, 1224, 1234, and 1237, among other types), can contain parts or components, or in its entirety,
executable software programming code (software) 1236 that can implement part or all of the portions
of the method described herein. Further, processo}r%1208 itself can contain one or different types of
memory storage devices (most probably, but not ifi"a limiting manner. RAM memory storage media
1220) that can store all or some of the components of software 1236. 1771In addition to the above
described components. system 1200 also comprises user console 1235, which can include keyboard
1228, displéy71226, and inouse 128¢1Alkefthese gormponents araknow o those ot sidinary skill in
the art, and (his desgription,indlidesiallnani.a0d ltyieyatanizobsseipes el davices. Display
1226 can be any type ofdknown Isplay or presentation screen, such as liquid crystal displays (LCDs),
light emitting @odendispidizsc(l EDsypplasmatelisplhfs, Batisdexayrighels @RTEY; &tfdnd 6thers. User
console 1235,can include ane.ar.more HserinieHace-mechanisms suehias srmeusgpkeyboard,

microphone, touch pad, touch screen, voice-recognition system, among_otheg inter-active
inter-commiskEER & #avicEEC 67 COREEIDID I, Hitd SR EaiFpGISRtSH &P AMRIBIYFWEEd, interface
with server 3201 via sgrvardnnutquiputCLl Qldpiartacenkdd2 swhich eanbeancB3SenEihernet, USB
or other type of communications port, or can include_ all or some of these, and further includes any

other type GPEBhHTGHGAtofs EMHECHIE BRI PRGN BFfurthibr d8VBRPED. ByREM 1% can further
include conymisnicationssateiiteiglohatposiiening systeny (GBS dransceivendevice 3238y(to receive
signals from CiPS satellites 1248), which is ele{;tri%allyhco{nqgct?d aE I(laast one anten ,.e%}lz_gfo
(according 15'#APEHIBEUIEHEARETE WEIH € AP TedsEone BPE FHsE e only anténna. and at least one
separate satellite:birdirectianat-epmimitni¢atioas antenna). System 1200 can access Internet 1242,
either through a hard wired connection, via 00 interface 1222 directly, or wirelessly via antenna 1240,
and transceiver 1238. 79 1781Server 1201 can be coupled to other computing devices, such as those
a operate of6épntrol the éguipmesatpfship 80tiivia Oae Bitmoredvetworker Bervetihipeydse part of a

larger network configration as in.a.global area network ((AN)(6.0:. nteract 1242); whigh,ltimately

onfiguration as in
allows conrfectionto various fandlines. According to a further embodiment, system 1200, being

designed forhusenin seisraitpxpranon wilbitterfaeehwithibae s R0 REATEe 428001255 and one or
more receivers. 1254,,1,256,:Theses a3 RipVioysiv deseribedjareattaches tostraamersda57, 1258 to

which are also attached birds 1260, 1262 that are useful to maintain positioning. As further previously
discussed, SBUPEESATREONS P BN AT SRl VB 1B B BOBAT EHRAMAT CHEE It SBWRY £901 either
through an glegtricahcablethatis Pkl streamerd2b 2ich256 qniliaias Wicglesspsystem that can
communicate via antenna 1240 and transceiver 1238 gs:ollectivel described as communications
conduit 1248)°F8 SimpBliRF i gl Yy SR &S tWy %ﬁ?gé?%%g{g'oﬁ?&%agﬂ%%&? ceivers are
shown althayghcas fessribed-premouslyrtherevislidypicsiyie tnoke afeatiripariy givelesystem
implementation. j7‘91A:cr%lordin9 to fug&}er erin gdir? nts, user ‘consp!}e t}r%%%grc%vh es.a means for
personnel t5"@RIBI cMAAREREaHEP O AISH TS S stsm 1080 (EFG ™S aKeyboard: buttons,
switches, tasghesaredn, aadioejaystick): dDisplayodérvice 228 caribieusednibishiow: stréanter 1257,
1258 position; visual tepresentations f acquired diaa; spuiee 1250, 1252 and fecaiver; 1254, 1256
status information: survéy information; and other information impditant to the Seismic data acquisition
process. Soukcktantndceivenrsintepfaceutit ¥02aanrepriVe the byarophomecsaidmicidatel from
receiver 1254, 1256 though.stri - communication Uit 1146 (discussed. A that.can be part
of streamer%fgéy,{ f‘é@é%“agsdv%é %@gf{?z&z‘%}ﬁp@ﬁ%’n (i%?c%qr#g%o%ﬁg%ﬁb%fgf i%gg,ﬂiggéz?ﬁze link is
hi-directionatesieririat cbmmandsetes dlaerbéleeatiopitd§aze0) 1282 tanaiktaifpitpetstreamer
positioning. Source. and raceiver intarface;unit 1102 cap.alse - commubicate hindireclionally with
sources 1250, 1252 through the streamer communication conduit 1246 that can be part of streamer
1257, 1258 PExeiBebrsRmal< CoRnorsiFmaiE coutpth hgAkie art SHaTuSTinE Rt rBRESd to source
1250, 1252 gah;be.excirangec by streamar.communication conduit 1146 between system 1200 and
source

{69} Having described various aspects of de-ghosting techniques according 1o



30 1250, 1 1801Bus 1204 allows a data pathway for items such as: the transfer and storage of data
hat originate from either the source sensors or streamer receivers; for processor 1208 to access
stored data contained in data storage unit memory 1232; for processor 1208 to send information for
visual display to display 1126: or for the user to send commands to system operating
program/software 1236 that might reside in either the processor 1208 or the source and receiver
interface unit 1202. [81]System 1200 can, for example, be used to implement any of the de- ghosting
methods described above according to an embodiment. Hardware. finnware, software or a

combination tk%er(?of”n}ay be used_to(pelrform the various steps and Qgeratio(51§ deSﬁ:ribed Qerein.

. CHIDOAIIMTENnIS.” SOMmME m P]O S féé)é’t ONminge ae-g ?OH%L&I 07 SCISIMIC aata Wil Now be
According to an embodiment, software or carrying out the abové discussed steps can be stored
and distributed-oherhultismediastoragel devices sttheas dévicesit246;12180nt 22022411234, and/or

1237 (descriged above)or et form of media capable,of potahly starincunfonmation (6,9, universal

serial bus (USB) flash drive 224). These Storage media may be insérted into, and read by devices

such as ther@DIRENAhv@& TRl idiskagrives 4 204mIQ T8cafighip otEdtjives ot eoitwarehstorage
devices. 18gIFprexample.ifised o implement he desghesting methad of Higuie Sesysigm 1200

could be described as comprising: a source, at least a first and a second streamer each having a
plurality rec8ivsrs tEetBertifoy PEECTHRGTENettishdragsosia@fth Senstgenerbist by istsource,

wherein thedfifst streamesand the.secondhatraamer a;idisposed.at gifferani-depthsirelative to one
another and are laterally offset relative to one another_ and a processor configured to select a

reference sERNIETFadE OHTHAEE BEqPEGHOhPihEArS Serddimaie Lda ctsal LiEntisié s ighic trace

from data agquiregkfrom #he second-strearaet; the:precessaribeagfurther configuned:-tojatecess the

reference seismic Erace and the ?agdidaie seismic trace. e.g., to@e %orm NMO and/or datum shifting;
| ol g R

O f st st [ y O - gt jeast. two sin Z1ESN i . S o .

and to de-gHO8t thé' BrocedlEd, Teferefice Saisictrata BSSEE cahtfitidte X&ismic trace.
selected from the seismic trace data from a second streamer of the at least two streamers,
the second streamer adjacent to and vertically offset from the first streamer, the candidate

seismmic trace being proximal to the reference seismic trace. as indicated by step 804,

[7H Continuing with the embodiment of Figure &, step 806 involves applving
normal move-out (NMO} correction to the reference seismic trace. whereby an NMO
targetl trace 1s created. NMO and vertical datum correction are also applied to the
candidate seismic trace, whereby a svnthesized candidate trace is created as shown in step
808. De-ghosting according to this embodiment is then performed as ilustrated in step
810, by performing frequency weighted summation of the svnthesized candidate trace
and NMO target trace, perturbing the synthesized candidate trace with respect to the
NMO target trace, the perturbing step further comprising shifting the time of the
synthesized candidate trace with respect to the NMO iarget trace and repeating the
frequency weighted summation and perturbing sieps to maximize a parameter of the de-

ghosted NMO 1arget trace.

71} Another, more generalized, exemplary method for receiver de-ghosting of
marine seismic trace data 1s shown in the flowchart of Figure 9(a). Therein, at step 900, &
reference seismic trace 1s selected from the seismic trace data from a first streamer of the
plurality of streamers. A candidate seismic trace is selected from the seismic trace data

from a second strecamer of the at leasi two streamers, at step 902, wherein the first



1831To further illustrate embodiments. Figures 13-15 illustrate various aspects of the afore-described
embodiments from a data visualization perspective. More specifically these figures depict
computer-generated, synthetic seismic trace data at various stages of the receiver-side de-ghosting
embodiments described above. For example, in Figure 13, a common trace crossline gather of raw
input traces from ten streamers (five at one depth and five at another depth, e.g., in a "W" pattern as
shown in Figures 3 and 4) is shown, i.e., seismic tgace data before the processing steps illustrated in
Figure 8 is performed thereon. Zig-zag Ilne 1300 represents the relatlve depth of the streamers 1-10,
while ine 1307 represents e sourcejreceerolfset (e, yaning.ina curved fashion, as lne source is
relatively ClOSET IS the middfe Stfeamars than the streamers on the crossline e ges Y'streamer
receives bozthdenefrgyt@rsﬁgomtad withiagprimary wewesfrom e shotreeﬂecxeeiﬁromcwsmbe’smhﬁace reflector
and, a little bit later in time. the same energy r%{l%%e%(yxltq rever %%@le%rWéﬁ the, sea,surface.
Examples of the primary wave ener an& ost energy ar€ circl t 1304 and 66 respectlvely for
streamer nimberz1derE8n PurkingHvowite Pl@(m‘é@ rehisplotstastrates the @@lgmmﬁamndata of
Figure 14 afier that data hashesp RERERISRALC Performaarmalmovesut sorection;and g vertical

datum shift. ThIS latter processing step can be seen in that all of the primary wave energy registrations
(upper line BAPUIseks}aedHEN SUBSEAATANPIH AL Wil Bre Bissthict and bpigist aheiyy 4 gistrations

(lower line gfpulses) ascRPetofhe s %’f?ﬁ@%@ﬁﬂ}@“%Ss%tb@sea%%&@%n&'&%&ﬁéq Another
characteristic of the processed data in Figures 13 and 14, is the impact of the different streamer

depths on tHE'§RASESHENES. deBeXaitible. LBRpRErREIHE Jhostanerg At B S 6t ded on

streamer #5hin firiguke dAs(afief-pracessing) withtheghast enargyrid2thatmas-tesarded,pn streamer
#6 in Figurel4. it can Eg see that the diff ;rence inre ord| time is attri utable to the difference in the
e

streamer dSBtRE BEtweah THELE (S BlreMiieE 18t Eﬁii‘F é'“_“LiSqu%‘Bl SR SEHITake data after
all of the .aeafesde: ghostettserpedisingethe de-phasing and frequency summation method described
above. It will be seen that in addition to substantially or completely removing the line of ghost energy
pulses which are seen in Figures 13 and 14, the primary wave energy, e.g., 1500 on streamer #9, has
a reduced dmplitude whichwefiéot candpetattributed todhie rtemobad dbconstrgctivelinteriererfice

conurbuted by e ngw (EOYE AMPS WaYes,d801AS £a0 b anpredialsd. mapine; ga efer to any

body of water as, for example, a sea, lake or river. In this context, marine seismic “data can refer to
any seismid data dbquitedein.assieh rhePlhe: epfeiromesitmic trace is selected that is associated

with seismic trace data received by a streamer in comnection with a first one of the wwo
shots. At step 1002, a candidate seismic trace 15 selected which s associated with
seismic frace data received by the same streamer in connection with a second one of the
two shots. In this context, the second shot of the at least two shots is fired adjacent to and
vertically offset from the first shot. the vertical offset at least different enough to input
combinations of seismic signal frequencies which, when combined. are substantiaily
unaffected by source-side ghosting, and the candidate seismic trace is proximal to the
reference seismic trace. A normal move-out INMO) correction is applied 1o the reference
seismic trace at step 1004, whereby an NMO target trace i1s created. An NMO and a
vertical datum correction are appiied to the candidate seismic trace at step 1006, whereby
a svnthesized candidate trace is created. Then. de-ghosting of the NMO target trace is
performed at step 10008 byv: performing frequency weighted summation of the
synthesized candidate trace and NMO target trace, perturbing the synthesized candidate
trace with respect to the NMO target trace, the perturbing step further comprising shifting
the ume of the synthesized candidate trace with respect to the NMO iarget trace and

repeating the frequency weighted summation and perturbing steps 1o maximize &



1871The receiver arrays, also termed streamers or cables, are conventionally towed sufficiently below
the sea level to avoid interference from wave noise, but shallow enough to ensure that the most
damaging of these ghost notches occurs at a high frequency beyond the dominant seismic frequency
range. Many streamers are conventionally towed in parallel in the in-line direction behind a shooting
vessel to obtain seismic coverage over a wide lateral extent, perpendicular in the cross-line direction,
as the vessel transits a survey area. 1881Conventj}ona|ly, the parallel streamer array is towed at the
same depth. In one embodiment. alternate streaméf's are towed at a pair of different depths. thereby
experienci%f a ditfte(er?ttﬁe qiyffzr %]h(? it?\t;lh)atragt?rigtjc. This simple variant of streamer deployment,
combined wi raglp imum tow" &éﬁ? Tselection SdeliVers data suited to a novel solution for combining
energy from different midpoints and depths to mutually de-ghost in one step. Thus, a fundamental
problem has.heen solved,by this example. which simultaneously resolves the fact that the shallow and
deep data rZ?jver traceéﬁa)fégrﬂ%\%%éao%‘-Ié%affe&,ug/eerfl 51/1%)(\!/ngl ﬁﬁge?# t(g)xb(—‘f-‘(ffeﬁ-“é"jh%ﬁ"s‘tg'f-:‘kl in ﬁer%?ggéss. 33 at
the receiverspesitionsofisialichstreamarscard viderversardoriver sraoss apec is sliateddom shallow
streamer daig,at g reggienipastiensaf DeideeRiteamersierohiniEipalgted teaer frace is
combined with its recorded reference receiver trace to de-ghost each o? thesaid reference receiver
traces; whete e isteipdlatiGrtonsprisedasdate mateching stednditlaterebdestape(sidtom one
depth for laterahintesnelation e.and.with e Jecardedreferanceseceiveritace atangther depth which

is to be de-ghosted; and where the data matching procedure preserves the ghost characteristics from
the candidate V&R PHEcE (67t thidy Y phimatiy eb Htiothe witHia d i g Fosadgbee mhidyerwhich seeks

to maximizghe spectial latmness.expested slia ahrshiireersparink.-wherehy saidsefergnce receiver
trace is substantially receiver-side de-ghagsted. In this example, the term "interpolation” refers to the

vertical shiffiHGSf tHA S 1E 0@ A AR At el RS SRUMIRIES o gtk FEE s Syifo sty ' Berformed by
perturbing twd neeeivefitiacesisaithahdbeaitfrequenay aveightad sumdaiaxignizesstheWieaesr entropy or
spectral flatness.over a pr SC{ibed range %f HF uencjes consisg—znﬁt W%Eg the likely receiver or source

ot tie Tolbiver cat

SINICHACC IS deag Tece'S HBTTAR ppreBikidd “adjacent

Sl osieg 1 §
ghost notch e teR&ES o ard S47 thid
streamers" can be approximately parallel cables, each containing a plurality of arrays of receivers

separated ty  ypical crgsg g disiance, fransiated ipuoh the water,sa {uat ey are nejghboring or
lying on eitHer side of one and other. It is normal to translate an éven number of Streéamers in each
survey line,sebadpatien ofvaltermativg-abjacentnsttbadnerdptheglis dnaimtainenpiovideddhat adjacent

survey 'inesdﬁ;mﬁ%gr%g in the.same direstign qf trapslation, f: iranslated in opposite directions, one

sub-surface line or source-streamer combination line may be sacrificed to maintain the pattern of

alternating aBjacent dtredmerdepths: ThigpiightBeathidvedsbiestebrifgitiemarivecwsssel that much

closer to the:Rgighbering swyewling sothere;in Qng sUbsskrage e AHRIERORvers so the
signals may be processed to minimize the deleterious effect of the down-going water
surface ghost reflection of the upcoming wave-field interfering with the upcoming wave-
field as it 15 recorded at the receiver array. The receiver side ghost reflection, as this
contamination 15 known, damages the temporal frequency spectrum and resolution of
recorded data by summing a mixture of in and out of phase down-going and up-going
pressure fizlds. The mixture boosts the ampiitude of some frequencies so their amplitude
15 maximally doubled and degrades others so their amplitude 1s reduced to zero. In the
temporal frequency domain these zeros occur at OHz and at a distinet central frequency
Fn, with a symmetrical notch or gap of reduced amplitudes in surrounding frequencies.
The central frequency is directly dependent on the receiver depth Z and the acoustic
energy transmission velocity V. within the medium. such that Fn=Vn/(2*7). Higher
harmonics of this notch frequency occur at successive multiples of n, where n equals 1. 2.

3. 4. et {where 1 is multiphied by frequency Fi. The progressive mixture of boost and



1911In a further example, the different depths are chosen to maximize the de- ghosting potential of the
different observations of the wave-field and the ghost reflections that they record. 34 1921In a further
example, the adjacent source arrays are translated at different depths. In a further example, the
different depths are chosen to maximize the de-ghosting potential of the two or more source array
illuminations similar to the selection of streamer depths. The source-side de-ghosting then proceeds
using in-line contributors in a similar manner as de,gcribed above. (931As can be appreciated. an
-adjacent source" can he a seismic source array which is (a) disposed along the shooting line direction

and () proximal iy ferms.of Pasiion o e reference spurce but (e) fred,by 2 slanfficanty vertically
offset array from the re ererce source, 15211] s can be abpreciatedl. -S|gnﬁ’|can y vertically offset- can
he the at leasttwldifferentede pths! withrespectatocthe! Surfdee of iesbodybetwapetistichithat the

spectra of the Seigmic, sianals; where.eagh }%Yx‘é!?i?Qﬂ?o‘?ﬂ@ﬁE&S&d‘t?d}’@%@zpé&;@c&g&‘%ié’ Shipgafed at another

of said depths, or emitted by a sourcé located at another of said depths, said depths are sufficiently

different such daf foieaphdregiien Spavithin: th&:seisniicaBailwidtis thesspieleal denplitgtiecof at least

one said sejgmicsigoal eycepds.theispaciiabamplitude ofthgdikswisesaceived seismicagise. In one
embodiment each of said at least two receivers is disposed along a different streamer. In another

embodiment SHEAPSI S EEIeHSO TR dirfdibHetatashs dEpohEa oG e SaaestiEam&tr illuminated

by a differeft&OECItering effect and recover the damaged spectral clements.

1751 For example. a system or apparatus 1200 can be implemented as shown m
Figure 12 to perform de-ghosting in any of the ways described above. It will be
appreciated by those skilled in the art that system 1200 1s in all ways illustrative and that
the afore-described seismic data processing coutd be performed in any suitable
computing apparatus. including a handheld device. System 1200 includes, among other
items, server 1201, source/receiver interface 1202, internal data‘communications bus
(bus) 1204, processor(s} 1208 (those of ordinary skill in the art can appreciate that in
modern server svstems, parallel processing is becoming increasingly prevalent, and
whereas a singie processor would have been used n the past to implement many or at
least several functions, 1t is more common currently to have a single dedicated processor
for certain functions {e.g., digital signal processorsy and therefore could be several
processors. acting in serial and/or parallel, as required by the specific application},
universal serial bus (USB) port 1210, compact disk (CDYdigital video disk (DVID)
read/write (R/W) drive 1212, floppy disketie drive 1214 (though less used currently,

many servers still include this device), and data storage unit 1232,

176} Data storage unit 1232 itself can comprise hard disk drive (HDD) 1216
(these can mclude conventional magnetic storage media, but, as is becoming increasingly
more prevalent, can include flash drive-type mass storage devices 1224, among other
types). ROM device(s) 1218 (these can include electrically erasable (EE) programmable
ROM (EEPROM) devices, ultra-violet erasable PROM devices (UVPROMSs). among

other types). and random access memory (RAM]) devices 1226, Usable with USB port



[951As can be appreciated. the phrase -optimized de-ghosting- or ghosting- can refer to perturbing two
receiver traces so that their frequency weighted sum maximizes the Wiener entropy or spectral
flatness over a prescribed range of frequencies consistent with the likely receiver or source ghost
notch frequencies of the two receiver traces. -Perturb- can refer to causing the relative vertical
alignment of two receiver traces to be varied. Such perturbation is made so as to more optimally align
the two signals to compensate for small errors in their move-out, local differences in geological
structure and differences in the depth of the receivet or source arising from poor 35 systematic

translation cgntrol and/or irregular water surface caused b tine vessel, wind, tide or atmospheric
pressure indaééd '%%.“}%%Aé%%eb ‘gf)‘ptaé’(?ia‘t‘é#f?fhé”béﬁrrgg% %se}il)sr?ﬁ'&éaﬁfa\l/\‘iﬁthﬁ larfTefer to the
range of frequensiesdiniat thespecira afrSeismit sighals! emitiediandUredevedidiring a ggismic survey

are supposed 1o cover. The,scismic pandwidis ypically [mited by the spectaloutout of the sefsmic
source used 10 emit said'Seistic signals and, in a “conven%l'()na'selsmic survey, by the ]frequency
notches of botimthe Sowgessidednd the!Bceiversidéghdstst. larexabiflesraescrifbed dyersin, however,

F‘%Jﬁ%!u‘?& ghagtar eﬁrﬁ AN %%%ciﬁ‘ta%@g %’%’P&?Péﬁar%ﬁga!ﬂ;%%‘?xther

the frequengcy notehes 8&&@%6&9%1}’
example the frequency notches of the source side ghost are also recovered, thus extending the

seismic barfd®dddtrobesasnd thattyibiiatsimismdtaasnventional sdishiicrsurvay. AOHnadwét of
examples. amethod angisystemyfor arAUIng and RIQSESSINg Maning-selsmiedata isgisclesed,

including the steps of: translating at least two streamers wherein adjacent streamers are vertically
offset from BIEEROHEIEAHEVEPHTANBTS S el R UFfarE it enbuiinth Feesrd domBimtiBRg of seismic

signal frequeneies Hadameagsdhby Lecaivegide ahesiing. acakHhing seismic.iraces s gathering seismic
traces into common cross-line receiver offset gathers: applying a normal move-out correction and

vertical datum correction to the gathered traces: selecting a reference trace from the gathered traces:
selecting a proximal candidate trace or traces within the gathered traces. proximal to the reference
trace: cons#fTiiting or inténpakidingra syntiretitbtracedframithie seteetechproxiymahtracs(s) aksubstantially
the same logation.and offsat.as thal.of reference trage: applying e synthetic yace and the said
reference trace to receiver-side de-ghost the reference trace within suctessive or overﬂapplng time
windows. The3Methbdishreseatagdornicantharyativetbdstratasdmtakiol for duditiorraidothier common

crossline regeiuegfisel galbers uADIS SRRl B IR DRI eleredo U iphesis of the

selected proximal trace by vertical shifting of the selected proximal frace.
1226 can be any tvpe of known display or presentation screen, such as Hguid crystal

displays (LCDsy. light emutting diode displays (LEDs), plasma displays, cathode ray
tubes (CRTs). among others. User console 1235 can mclude one or more user interface
mechanisms such as a mouse, kevboard, microphone. touch pad. touch screen, voice-
recognition system. among other inter-active inter-communicative devices. User console
1235, and 1ts components if separately provided, mterface with server 1201 via server
mput/output (VO) interface 1222, which can be an RS232, Ethernet, USB or other type of
communications port, or can include all or some of these, and further includes any other
type of communications means, presently known or further developed. System 1200 can
further include commumcations satellite/global positioning system (GPS) transceiver
device 1238 (1o recerve signals from GPS satellites 1248), which 15 electrically connected
at least one antenna 1240 {according to an embodiment, there would be at least one GPS
recerve-only antenna, and at least one separate satellite bi-directional communications
antennaj. System [ 200 can access internet 1242 either through a hard wired connection,

via IO interface 1222 directly, or wirelessly via antenna 1240, and transceiver 1238,



36 1981As can he readily appreciated, the normal move-out correction and vertical datum cot rection
does not have to occur after gathering: the seismic traces in that the nonnal move-out correction and
vertical datum correction is applied prior to constructing or interpolating the synthetic trace. 1991As
can be appreciated, a "common cross-line receiver offset gather can be a collection of seismic traces
that (a) belong to a common shot gather and (b) have substantially the same source-receiver offset
and (c) have substantially the same in-line positiog but (d) may differ slightly in source-receiver
azimuth. 11001As can be appreciated, a "datum correction” can be a vertical shift of the received
seismic trace to adjust it from the depth of its receiver and/or source below the water surface to the
level of the [<&id water suYfAcs. 'FHe SHifP Fn%?%%diﬁ%‘ BT AL s %%g %ﬁﬁi?ﬁ%’it%s éﬁé?ﬁ%éﬁz?ﬁterpolation
or a phase shiftin the:tempotal fegpency domaino!. via onAscambenappreciatédra:'ridfhal move-out
correction' can he a d{y(r}lfxmic correctior#(ae%%%ed to recorded seismic traces to %9'39}’}159?'%% energies as if

all were recrg'?ée%aﬁ\ﬁﬁ%outﬁainaﬁﬁéﬂenreat offs etween the Source and the receiver of said seismic traces.
11 0 1In onexexamplé2thedepthicfadjhcelit streamersds chosenuoibeddiffererichadifiprime numbers.
further embodiment, system 1200, being designed for use in seismic exploration, will
interface with one or more sources 1250, 1252 and one or more receivers 1254, 1256.
These, as previously described, are attached to streamers 1257, 1258 to which are also
attached birds 1260, 1262 that are useful to maintain positioning. As further previousiy
discussed. sources 1250, 1252 and receivers 1254, 12536 can communicate with server
1201 either through an elecirical cable that is part of streamer 1257, 1258, or via a
wireless system that can communicate via antenma 1240 and transceiver 1233
(collectively described as communications conduit 1246). To simplify this figure only
two streamers, two birds. two sources and two receivers are shown although. as described

previously, there will typically be more of each in any given system implementation.

1791 According to further embodiments, user console 1235 provides a means
for personne} to enter commands and configuration into system 1200 (e.g. wvia a
keyboard, buttons, swiiches, touch screen and/or joy stick). Display device 1226 can be
used to show: streamer 1257, 1238 position; visual representations of acquired data;
source 1250, 1252 and receiver 1254, 1256 status information: survey information; and
other information important to the seismic data acquisition process. Source and recerver
interface unit 1202 can receive the hvdrophone seismic data from receiver 1234, 1256
though streamer communication conduit 1146 (discussed abovej that can be part of
streamer 1257, 1258, as well as streamer position information from birds 1260, 1262; the
link is bi-directional so that commands can also be sent to birds 1260, 1262 10 maintain

proper streamer positioning.  Source and receiver interface unit 1102 can also

-2

communicate  bi-directionally  with sources 1250, 1252 through the streamer
communication conduit 1246 that can be part of streamer 1257, 1258, Excitation signals,
control signals. output signals and status information related o source 1256, 1252 can be

exchanged by streamer communication conduit 1146 berween system 1200 and source



11031In one example, the depth of adjacent streamers are chosen such that the deepest depth to
shallowest depth ratio is substantially near to but not exactly 3:2. 11041In one example, the
construction of the synthetic trace is performed by interpolating or extrapolating data from neighboring
receivers. 37 configuration”, Geophysical Prospecting 41, 267-287 993 and incorporated herein by
reference). [1061In one example, the de-ghosting step utilizes ghost characterization derived from
measured depth of translated receivers and theoreEicaI water surface reflection coefficient of
approximately -1 .0. 11071In a further example, the'de-ghosting step utilizes ghost characterization

12560, 1232,

[86] Bus 1204 allows a data pathway for items such as: the transfer and storage
of data that originate from either the source sensors or streamer receivers; for processor
1208 1o access stored data contained in data storage unit memory 1232; for processor
1208 1o send information for visual displayv to display 1126; or for the user to send
commands to sysiem operating programs/sofrware 1236 that might reside in either the

processor 1208 or the source and receiver interface unit 1202,

[81] System 1200 can, for exampic, be used to implement any of the de-
ghosting methods described above according to an embodiment. Hardware. firmware,
software or a combination thereof may be used to perform the various steps and
operations described herein. According to an embodiment, software 1236 for carrying
out the above discussed steps can be stored and distributed on multi-media storage
devices such as devices 1216, 1218, 1220, 1224, 1234, and/or 1237 (described above) or
other form of media capable of portably storing information (e.g.. universal serial bus
(USB) flash drive 1224). These storage media may be inserted imto. and read by, devices
such as the CD-ROM drive 1212, disk drives 1214, 1216, among other types of software

storage devices.

182] For example. if used to implement the de-ghosting method of Figure 9.
system 1200 could be described as comprising: a source, at least a first and a second
streamer each having a plurality receivers thereon for receiving reflections associated
with a shot generated by the source. wherein the first streamer and the second streamer
are disposed at different depths relative to one another and are laterally offset relative 1o
one another, , and a processor configured to seiect a reference seismic trace from data
acquired from the first streamer; select a candidate seismic trace from data acquired from
the second streamer, the processor being further configured to process the reference

seismic trace and the candidate seismic trace, e.g., to perform NMO andior damm



determined from the autocontlation of the respective receiver traces but somewhat constrained by the
characterization derived from measured depth of translated receivers and theoretical water surface
reflection coefficient of approximately -1.0. 11081In a further example, the de-ghosting step and the
interpolating or extrapolating step includes an optimization which is facilitated by picking the peak time
delay of a temporal cross correlation of any neighbouring candidate receiver trace for de-ghosting
interpolation with the reference receiver trace to cqnstrain their alignment. 11001In a further example,
the de-ghosting step and the interpolating or extrabblating step includes time variant optimized

de-ghostingqyl\llperein each op_iépized dc-ghostin stg%as descrihed, occurs se;'%arately in short abutting

or overlapping titte FAdOWS BlEh L Hime Vahsht SpPraSch 2eddm G0 exfe R Fifdtions in both

the ghost chandcteristicsranddnethe expected structural, move-out etc variations relevant to the implicit
interpolationlextrapolation within the optimized de-ghosting. [110]In one embodiment, a method and
system for acquiring and processing marine seismic data is disclosed, including the steps of:
translating at least two sources wherein adjacent sources are vertically offset from one another, the
vertical offs€t3t least diffEreltiefoligh i iR cBrmbitations of seishiidusigharfeeifetisiedundamaged
by source-sigte;ghogtingdacaiing sgismic-Facesngahering.seiamis Baces {am;two ofmare adjacent
shot sources intg common streamer in-line receiver offset gathers; applying a normal move-out
correction afdVeratH dAftmiEorrscen o ?ﬁ@%‘ﬁﬁﬁ"éﬁ%ﬁ’i‘f‘%sﬁl"%‘é%iftiﬁﬁ‘%Wéfé?%‘i?cé%F%é@- from the
gathered traces:selesting & prexinal candidate: tkaeaiak tasesinithin thesgatheragraces;proximal to
the reference trace; Co%structi?g a synthetic trace frorp the §glectgd proximal traces); and applying the
synthetic tré%é"éﬁa*tﬁé Sail Teferéntd At Y5 Soties: 8l i8S st e TRArEATE tFAER Within
successive areavetappingtime dvintlaws (Mhemethiod & sapeateddfarthe ethergatharedtraces and
also or additional oth%&%glqé%%n streamer in-line rege{ivgr ffs&t gcoathers.. q ;ﬁ? can (E)e readily

appreciate fhe hormal move-out correction and verticar datum correction does rilo%t {ave't occur after
gathering tHeseisiic tratesadhatthe:ndimat gnove-Oiticonrestiots and nértical datino Careection is
applied prlogntgdg]%pg}r%lr\ghtﬁlg 1§1¥Qtpﬁ)t.llc 1%&%?%{5 the source/receiver offset (i.e.. varying in a

curved fashion as the source is relatively closer 1o the middle streamers than the

streamers on the crossline edges). Each streamer receives both energy associated with a

primary wave from a shot reflected from a sub-surface reflector and, a litde bit later in

tme. the same energy reflected with reverse polarity by the sea surface. Examples of the

primary wave energy and ghost energy are circled at 1304 and 1306, respectively, for

streamer number 10

{84} Turning now to Figure 14, this plot illustrates the seismic trace data of
Figure 14 after that data has been processed to perform normal moveout correction and a
vertical datum shift. This latter processing step can be seen in that all of the primary
wave energy registrations (upper line of pulses) are now substandally in line with one
another and ghost energy registrations (lower line of pulses) as compared to the
representations of those energies in Figure 13, Another characteristic of the processed
data in Figures 13 and 14. is the impact of the different streamer depths on the ghost
energy. For example, comparing the ghost energy 1400 that was recorded on streamer #3
in Figure 14 {after processing} with the ghost energy 1402 that was recorded on streamer
#6 in Figurel4, it can be see that the difference in recording time is attributable to the

difference in the streamer depths between these two streamers.



11121As can be appreciated. a -common in-line streamer offset gather can he a collection of seismic
traces that (a) belong to a common streamer gather but (b) differ slightly in source receiver offset and
azimuth content because they comprise both reference source and adjacent source received traces.
1113]in one example. the depth of adjacent sources is chosen to he d ferent half-prime numbers.
1114]in one example, the depth of adjacent sources is chosen such that the deepest depth to
shallowest depth ratio should be substantially near, {o but not exactly 3:2. 11151In one example. the
construction of the said synthetic trace is done by interpolating or extrapolating data from adjacent
source receivers. [1161In one example, the de-ghosting step comprises frequency weighted
summation using the method of Posthumus ("Deghosting using a twin streamer configuration”,
GeophysicalBProspectingr4d;r267- 2871993 antbincorporated: heteinebydeferemes)s are de-

ghosted, ¢.g.. using the de-phasing and frequency summation method described above., It
will be seen that in addition to substanually or compietely removing the hne of ghost
energy pulses which are seen in Figures 13 and 14, the primary wave energy. e.g.. 1300
on streamer #9, has a reduced amplitude which effect can be attributed to the removal of

constructive interference contribuied by the now removed ghost waves.

{86} As can be appreciated, “marine” can refer to anv body of water as, for
example, a sea, lake or river. In this context, “marine seismic data” can refer to any

seismic data acquired in a said marine environment.

1871 The receiver arrays, also termed streamers or cables, are conventionally
towed sufficiently below the sea level to avoid interference from wave noise. but shallow
enough to ensure that the most damaging of these ghost notches occurs at a high
frequency bevond the dominant seismic f{requency range. Many streamers are
conventionally towed in parallel in the in-line direction behind a shooting vessel to obiain
seismic coverage over a wide lateral extent, perpendicular in the cross-line direction, as

the vessel fransits a survey area,

|88} Conventionally, the parallel streamer array 15 towed at the same depth. In
one embodiment, alternate streamers are towed at a pair of different depths. thereby
experiencing a different recetver ghost characterisuic. This simple variant of streamer
deployment, combined with optimum tow depth selection. delivers data suited to a novel
solution for combining energy from different midpoints and depths to mutually de-ghost
in one step. Thus, a fundamental problem has been solved bv this example. which
stmultaneously resolves the fact that the shallow and deep data receiver traces are not co-

located, vet allows them to be de-ghosted 1n the process.

189] In one exampie. & method 1s presented where: alternate adjacent streamers

are translated at different depths: the recever traces are interpolated from deep streamer



39 1l 7[In one example, the de-ghosth z steputilizes ghost characterization derived from measured
depth of translated receivers and theoretical water surface reflection coefficient of approximately -1.0.
11181In a further example. the dc-ghosting step utilizes ghost characterization determined from the
autocon-elation of the respective receiver traces but somewhat constrained by the characterization
derived from measured depth of translated receivers and theoretical water surface reflection coefficient
of approximately -1.0. 1119]In a further example, th%e de-ghosting step and the interpolating or
extrapolating step includes an optimization which is facilitated by picking the peak time delay of a
temporal Cross %?r{l?lation. of an .n.eirgshgfu |ar! candidate recejver trace for de.-%rot%icnﬁ% igteerpolation

with the reféfence récéiver trate 1o constrain “é?irsgiélﬁlrcﬁ%n%n viee versa reesn
interpolated from shallow streamer data at the receiver positions of the deep streamers:
each interpolated recerver trace 15 combined with its recorded reference receiver trace to
de-ghost each of the said reference receiver races: where the interpolation comprises a
data matching of candidate receiver trace(s} from one depth for lateral interpolation to
and with the recorded reference receiver trace at another depth which is to be de-ghosted;
and where the data matching procedure preserves the ghost characteristics from the
candidate receiver trace(s) so they optimally contribute within a de-ghosting technique
which secks to maximize the speciral flatness expected of a ghost free spectrum; whereby
said reference receiver trace is substantially receiver-side de-ghosted. In this example,
the term “interpotation™ refers to the vertical shifting of the selected candidate trace. In
one example, optimized de-ghosting 1s performed by perturbing two receiver traces so
that their frequency weighted sum maximizes the Wiener entropy or spectral flatness over
a prescribed range of frequencies consistent with the likely receiver or source ghost notch

frequencies of the said two receiver traces.

964 As can be appreciated. “adjacent streamers” can be approximately parailel
cables. each containing a plurality of arrays of receivers separated by a typical cross line
distance, translated through the water so that they are neighboring or lving on either side
of one and other. It is normal 1o transiate an even number of streamers in each survey
line, so a pattern of alternating adjacent streamer depths is maintained provided that
adjacent survey lines are acquired in the same direction of transiation. If translated in
opposite directions. one sub-surface line or source-streamer combination line may be
sacrificed to maintain the pattern of aliernating adjacent streamer depths. This might be
achieved by steering the marine vessel that much closer to the neighboring survey line so

there 1s one sub-surface line duplication.

{911 In a further example, the different depths are chosen to maximize the de-
vhosting potential of the different observations of the wave-field and the ghost reflections

that thev record.



1120]In a further example, the de-ghosting step and the interpolating or extrapolating step includes
time variant optimized de-ghosting wherein each optimized de-ghosting step as described, occurs
separately in short abutting or overlapping time windows. Such a time variant approach
accommodates expected variations in both the ghost characteristics and in the expected structural,
move-out etc variations relevant to the implicit interpolationlextrapolation within the optimized
de-ghosting. [121]in one set of examples, a method for acquiring and processing marine seismic data
is disclosed, including the steps of: translating at teast two streamers wherein adjacent streamers are
vertically offset from one anqther, the vertical offset at least different enough to record. combinations of
seismic signal frequenciegbau @Hfé@‘ﬂ%@r@&ﬁ?&%ﬁé‘%ﬁ%‘%ﬁﬁﬁ?’ r%rﬁsﬁ%df%ﬁ'tgglgas]t' W6 Sources
wherein adjageént seurcesarexmericaly-offfetfrordrohe another; thervertical oftsét at:leastdifferent
enough to input.combinations,of seismic signal fequencics undamaged. by, souree-side ghosting;
acquiring SeISMIE traces; then gathering seismic }traces into common cross-line receiver offset gathers;
selecting adigst:seféhencertraseifromethetcross:lineaacdives nffsetigathered traces, selecting a first
proximal C?Q%!QQJ%J&%%%E 3@?:0 %‘Within the gathered traces, 40 proximal to the first reference trace:
constructing or interpolating a first synthetic trace from the selected first proximal trace(s) at

substantially the same location and offset as that of the first reference trace; applying the first synthetic
trace and theypaid first referenqe tace o (csivergide-de.ghostdhedirst dafarence trace within

successive or overlapping time windows; gathering receiver-side de-ghosted seismic traces from two
or more adjaEehtisHEt SbteEd ime Eoim: @fféiaﬁfé’r HLE FotRivEr oSSt YatHBr& 88 etting a
second refgrengs trage fram.the ldline seceiyergathered iracasi-selecting a sagoRd preximal
candidate trace or traces within the in-line receiver gathered traces, proximal to the second reference
trace; constaEHHTEFACESEBHE synthetic trace from the selected second proximal trace(s); and applying
the second synthetic trace and the second reference trace to source-side de-ghost the second
reference tﬁ e within successive or ovgrlagp_i‘ngvti.?]e( windows; ﬁr]d }%\mtere a %ormgl move-out
correction antl vertical dafuMcBHERISH TS pphied 1 B raEEsPrior o toRdthetng Br ttrpolating the
first synthetiectitferamcipsiit toitonrstructingtheistcond syniheticitrace: §122 itm cnespxample, the
source de-ghoeting precedes (he fecelver de-ghosting. Fior example. method foracauiring and
processing marine seismic data is'disdiosed, incld ing the steps ot t gnslatlng at least two streamers
wherein adjacdnt stfeametspére verticallydoffset fronrone andtherntibeverficaldffsstat leabt different
enoudh 1o (egald eemolnalions,ClpioNe sianalfiedkencies undamaged iy fegrvaaide ghosting;
translating at' least two sources wherein adjacent sources are vertically offset from one another, the
vertical off$eraridastidifferentleropiihide mpat conbinatshysiseimi sigaadfrdgueseidsd undamaged
by source-side;ghasting;.agauiing seismicdragrssshengathering-seismic.facesfien twp.or more
adjacent shot sources into common streamer in-line receiver offset gathers; selecting a first reference
trace from e AdiETetelagalieras frattuceeivcany a firsbpitkirarcdniate r alsBf traces
within the ip-lingreceiver-aaihered tragess Roximaldie thefistseferancetrace; sonstrging a first
synthetic trace from the selected first proximal trace(s); applying the first synthetic trace and the first
reference tfdeEfo source-side de-ghost the first reference trace within successive or overlapping time
windows; gathering source-side de-ghosted seismic traces into common cross-line receiver offset
gathers; selecting a second reference trace from

[95] As can be appreciated. the phrase “optimized de-ghosting”™ or “de-
ghosting™ can refer to perturbing two receiver traces so that their frequency weighted sum
maximizes the Wiener entropy or spectral flatness over a prescribed range of frequencies
consistent with the likely recetver or source ghost notch frequencies of the two receiver
traces. “Perturb”™ can refer to causing the relative vertical alignment of two receiver
traces to be varied. Such perturbation 1s made so as to more optimally align the two
signals to compensate for small errors in their move-out, Jocal differences in geological

structure and differences in the depth of the receiver or source arising from poor



4! the cross-line receiver offset gathered.; selecting a second proximal candidate trace or traces within
the cross-line receiver gathered traces, proximal to the second reference trace: constructing or
interpolating a second synthetic trace from the selected second proximal trace(*) at substantially the
same location and offset as that of the second reference trace; and applying the second synthetic
trace and the second reference trace to receiver-side de-ghost the second reference trace within
successive or overlapping time windows; and where a normal move-out correction and vertical datum
correction is applied to the traces prior to construc‘ti%g or interpolating the first. synthetic trace and prior
to constructi’ng gh%tse%%gqasié\/(}nth,‘e(}i érlaged,,[,lz?alel(p pne g)t(équI%i ;he‘squigcgjsidre and (gzceiiver-side
de-ghosting Are combined. Eor é’xgrﬁplef‘a method for géqﬁiﬁnrg 5%§°&Sgces\éir%d}fﬁné’ri\ﬁtésg%ismic data is
disclosed, imctudind:threastepsiof ransiatmgratlsdst twe streamers wherein adjacent streamers are
vertically offset from one another, the vertical offset at least different enough to record combinations of
seismic signal frequencies undamaged by receiver-side ghosting; translating at least two sources
wherein adjacent sources are vertically offset from one another, the vertical offset at least different
enough to rE®rd combinatiGht 8f SERiFHiE SgnReriyaenciss T Amayedi by €ouidétsiaehosting;
3Cquri]ring S@%}@Bcfma%eﬂm gﬁéh@@%@éﬁ%@_i@ﬁﬁ_? fga%amgﬁﬁrm@@m' &8l ?mtr%pdurces; to
e-ghost each reference trace in turn contained in said gather; selecting a proximal candidate trace or
tracg(’es haviﬁﬁliﬁ’écs%’ﬁ%yréi&%ﬁ}@pﬁﬁ?ﬂB‘ércg‘éefhf}f%@’é‘ﬁf‘ébt?ﬁég’f?ghﬁsot??@fﬁq%&f@%&j et streamers
to the referepeartiace;hut.«comingefra asdifferemtegourcentharathatofthe wiareneadrage;aconstructing
a synthetic trace from fhe selected candidate frace or trace S;\S‘H lying the synthetic trace and the
reference trace 8[§(?nmauI%glr‘?eméﬁégﬁlﬁée&ﬁrc\é-s%er%%ucf Tetéver-side g—gho%tsﬁwen‘ree refice trace within
successive eroverdappigigsméneindons: {t24Heaidrecexample sthi¢eceivarcderghbstingistep
comprises frgquencyqwighied summatianusina. g metod of Fosthumys (Reghasting ysing a twin

streamer c&ﬁ?lguratlon-;" eophysical Prospecting 8 a corporated herein by

reference). htohes exdmplairtheidogivsidecghosting steg.comprisesifrequentywelgimedidth

bevond the typical limits of a conventional setsmic survey.

[97] In one set of examples. a method and system for acquiring and processing
marine seismic data 1s disclosed, including the steps of: translating at least two streamers
wherein adjacent streamers are vertically offset from one another, the vertical offsetr at
least different enough to record combinations of seismic signal freguencies undamaged
by receiver-side ghosting; acquiring seismic traces: gathering seismic traces into common
cross-line receiver offset gathers: applving a normal move-out correction and vertical
datum correction to the gathered traces; selecting a reference trace from the gathered
traces: selecting a proximal candidate trace or fraces within the gathered traces, proximal
to the reference trace: constructing or interpolating a synthetic trace from the selected
proximal trace(s) at substantially the same location and offset as that of reference trace;
applving the synthetic trace and the said reference irace to receiver-side de-ghost the
reference trace within successive or overlapping time windows. The method is repeated
for the other gathered traces and aiso for additional other common cross-line receiver
offset gathers. 1In this example, the term “interpolation™ refers to the synthesis of the

selected proximal trace by vertical shifting of the selected proximal trace.



42 summation using the method of Posthu us ("Deghosting using a twin streamer configuration”,
Geophysical Prospecting 41, 267-287, 1993 and incorporated herein by reidrence In one example,
both the receiver and source de-ghosting steps comprise frequency weighted summation using the
method of Posthumus ("Deghosting using a twin streamer configuration”, Geophysical Prospecting 41,
267-287, 1993 and incorporated herein by reference). 11251In one example, the receiver de-ghosting
step utilizes ghost characterization derived from megasured depth of translated receivers and
theoretical water surface reflection coefficient of af)proximately -1.0. In one example, the source

de-ghosting e utiizes ghost ghargeierization derived. oM megsured.Aepn of ranslated sources

and theoretical water surface reflection’c clent of approximately -1.0. In one example, the receiver

de-ghostingistep utilizesoghiost characteiization deriveth from freasured depthroframsiated receivers
and theofe%%@!nvgﬂﬁm%@%%@&%i%dqo@m%he@m%%@W%mgei}@g and the squrce de-ghosting

step utilizes ghost characterization derived from measured depth of translated sources and theoretical
water surfaceiréfieetivmedefiicieht'sf pisroximately -1.0 11261In a further example, the receiver
de-ghosting step utilizes ghost characterization determined from the autocorrelation of the respective
receiver traces but somewhat constraine'dglqaj)( the characterization derived from measured depth of

r

translated rE&ivers and et ieatMEER S FACE YRR SFREERTCTERT S apPrEx by €470, 11271In

a further exgmple, theisacsiversde.ohasting.sten apdthednierpalatingek extrapalaling step:includes an
optimization which is facilitated by a temporal cross correlatégr_] of the two ?Ig[ als (the tirine-windowed
candidate 4B HHE RS HmREIRRHTHEA T SToRE ACK T ABE) £ BBHSTATNARKH HGRrHERE. 1 & orther
example, the,sodrceud e ghastingstepeintludesan:optinizatidmuvhich is facilitated by a temporal cross
correlation of the two signals (the time-windowed candidate trace and the time-windowed reference
trace) to constrain their alignment. In a further example, the source de-ghosting step and the receiver
de-ghosting Eiép with thetinterpbiatingwraxtrapolatimng stepcinoilides bn ad@rtical shift of the

received seismic trace to adjust it from the depth of its receiver and/or source below the
water surface to the level of the said water surface. The shift may be implemented as a

time shift with vertical interpolation or a phase shift in the temporal frequency domain.

[101] As can be appreciated. a "normal move-out correction” can be a dynamic
correction applied to recorded seismic traces 1o align their energies as if all were recorded

without any lateral offset between the source and the receiver of said sersmic traces.

102} In one example, the depth of adjacent streamers is chosen to be different

half-prime numbers.

j163] In one example, the depth of adjacent streamers are chosen such that the

deepest depth to shaliowest depth ratto 1s substantially near to but not exactly 3:2.

[104] In one example, the construction of the synthetic trace is performed by

interpolating or extrapolating data {from neighboring receivers.

[105] In one example. the de-ghosting step comprises frequency weighted

summation using the method of Posthumus (“Deghosting using a fwin streamer



optimization which is facilitated by a temporal cross correlation of the two signals (the time-windowed
candidate trace and the time-windowed reference trace) to constrain their alignment. 11281in a further
example, the receiver de-ghosting step and the interpolating or extrapolating step includes time variant
optimized de-ghosting wherein each optimized de-ghosting step as described, occurs separately in
short abutting or overlapping time windows. Such a time variant approach accommodates expected
variations in both the ghost characteristics and in expected structural, move-out etc variations
relevant to the implicit interpolation/extrapolation within the optimized de-ghosting. In a further
example, the sRulce de-ohasting Menincudes.ime varantonimized de.ghosting whereln each
optimized deé- g ostlng step [ Jeddhibed Dl separaf‘e y'in‘short abutting or overlapping time
windows. Inrddurther example, the receiver de-ghosting step with the interpolating or extrapolating
step and the source de-ghosting step includes time variant optimized de-ghosting wherein each
optimized de-ghosting step as described, occurs separately in short abutting or overlapping time
windows. 11P®iIn one eXanmple, aharmiste thejacestostreanstns afditoweathat twbadifferertticonstant
depths, illusjiated in-Figs.3RA0E4 35,3215 3229381503246 328543209132 7543286 for.an eight (8)
cable example. Cables are annotated with sequential numbering and a 's' or 'd’ to indicate shallow or
deep tow. CoReEFARIRRS WitiFd edrikrtishartieplGyment as exemplified by Fig. I. This shows a typical
disposition of source arrays and streamers of receiver arrays translated behind a towing vessel. A
multiplicity of sources and streamers is generally deployed. Two sources and eight streamers or
cables are $hBln in this BxAHPBRESTHEEBIv Rt sliaE HsBLTEN YHEsare—eaheletrs gt i ays within
the water lay@kisals® shawmin £1ss:se6ton b Rig. Zshypicallyzdyve:prmare sauicas-angtowed side

by side at the same th, five (5) metre for exan pe with two reamers towed slightly
deeper, for EXENBIE %%iﬁ) at'si %( FHata Gt T ’él%g‘&&?é‘éi %3 é‘g‘?ﬁb‘? CORRYATALGH WhTEh in

cross-sectiond-if:¢appeatschker&a W\ e provid esctata:chai asterided by twa distinct receiver ghost
periodicities and apparent spectra. In one embodiment, as shown in Fig. 3, multiple streamers are
deployed at alternate depths 44 behind the shooting vessel, so that most streamers are bounded on
either side lﬁw&streameﬁmweﬁlaha different.deépthdérebneiexasmyplespltérsireamersishase one

”e'ghbour from. (e, GHErefl, ﬁ Iring and,on ;Er%®ntQ§18Hteré¥??ﬁ%%r qof ﬁ@@ﬁ'&ax%% réb%ﬁ” ifjpg- In an

examp e Where a acent sall-lines are s Ot In the same |rect|on an even nu ero streamers
are deployedt! z@h@%@nﬁémfréémeﬁs sharepaire ohadisieb bt wirasnedsiofdifferent wepths, da-an example

where the adiacent sal-ling has,been acquired in b QRRRSIE Sheating difechigny,kpown as a swath

boundary, then adjacent streamers will have the same tow depth. As this is undesirable for the
process, adjacent but opposite shooting swaths, in one example, are reconfigured to sacrifice one

boundary lipgysp that a streamerwith an.apRosiRY tew:depth-issadjagent xEhisdmplicitly.means that
that the central line track of such swath boundary lines shouid lie one subsurface line interval closer to

the neighbduigLaath HifEn Fonifl 16btaiithariEgited SaahesineaBls eptianatBrR2£1301In one

example. twm@r&tmﬁgt@w;dapt&@@ss@aemt@d tpainienze thefitesing effectosrlowikequency data: to
maximize the signal t 0|se towing well beowthe |caII noisy sea surface, and to ensure that
armomcs ST T Y Bs e Rt B LA BB e GEcTEh BT St il U iBhvad sotamic
spectrum. Towsdepihuisanltimately imitedcbycstreéammesiegilipmenirating antkthewvaterdepth in the

rvey area,. whichever lower. : s o ,
Survey areg; \ im% fin%{?rﬁo ll%m%xtmpoiatmn within the optimized de-ghosting.

(110 in one embodiment, & method and system for acquiring and processing
marine seismic data is disclosed. including the steps of: wanslating at least two sources
wherein adjacent sources are vertically offset from one another, the vertical offset at least
different enough to input combinations of seismic signal frequencies undamaged by
source-side ghosting; acquiring seismic traces; gathering seismic traces from two or more
adjacent shot sources into common streamer in-line receiver offset gathers; applying a

normal move-out correction and vertical datum correction to the gathered traces;



[131!'In one example, de-ghostimg is achieved by the well known de-phase and frequency weighted
summation method according to Posthumus (1993). This requires at least two traces: i) the target
trace to be de-ghosted and ii) a coincident candidate trace having a distinctly different ghost reflection
characteristic The alternating streamer layout as described herein and shown schematically in
isometric form Fig. 3 and in cross section in Fig,. 4 provides neighbouring traces at the same in-line
distance, in the direction perpendicular to the towing direction, with the desired distinctly different ghost
reflection characteristic. In one example, these traces are interpolated to complete the de-ghosting
trace pair. F|g\:{5t .ill(ystra}es\ Wi}fg Cross %}/mt})orlgﬂwh%r?rgngerpgllgggd(_’recqiyer traces aeﬁs%/r‘];hesized,
directly above or befow the receiver trace show‘ﬁﬁby tri‘“aﬁ’gfe s(yrlﬁlﬁéﬁéﬁé B d{’e‘zrg]](ﬁos 2d "One
consideratian, hawewveithis that itérpalatiorefropcdatasepdhated inctive  d&cerossdingsdirgction is
usually complicat %b it or.spatial. sampling, which is typically a factor of two or worse,, more
coarsely saﬁ%ﬁgﬁe}t gﬁyf“t Sﬁ%—l%e %‘lﬁr%%ﬁ% lgﬁgwcgvéle%besaf:hyﬁitﬁgﬁf niﬁ‘{g%%?nbgl}}%%g)/&t%\% %ggsence of
the target rebeived trelceitsef awhichsafteeriofmed-wiove batralsscdatumcadjistment sotsvasean
interpolation femplate inallbidkits ghest charagterisiicatd a1 Qneexample: dhe.lnigrpalation is

achieved by a form of trace matching to make the input receiver trace appear like the template
receiver traé®. OfE B Sideraa8 A PotEvETeT sthiae thiscivelmdtiraviehiésundesirable effect of making
their ghost properties similar, which would defeat the de-ghosting objective. In further example, the
trace match_inég, and hence interpolation, proceeds as a process of optimization of the de-ghosting

itself. In ond!dXample, thisS§HCHieGR By Rt A MaBH EFRIATIN CaHUURETECERE race to
maximize the\Wenerenisapiney spealial flatness efils denghastad resultiwith dhe iietarenge receiver
trace. In one example, the perturhation comprises small vertjcal. shift D rformed within short time
windows to %%mézrrggﬁféof&rcﬁfﬁ%:'@%?igﬁq§ 1éﬁfr R VETSE By 15&33% ?Z%‘iﬂﬁé?s“@‘ﬁ’téﬁ%%nﬁerturbation
the resultanheesghasiedspectrum's Wiener entropy is assessed over a range of frequencies where
ghost notches are predicted to lie. In one example, where the de-ghosting is performed in the temporal

frequency domain, the range of frequencies is similarly constrained, to minimize the cost of each
perturbatiori112]331In oné exanplepthe imetheddsremhancdabysestirmatifigereediver depth and water

surface refiegivity from fhe receiver }?a‘%e(e?ﬂa%%ii%?gc?? 15 qutg corrslation gontaing,g signature of the
ghost. These properties govern the ghost effect and, in one example, are parameters used for
application ®fghé:PostitmsastLo93) méthodnih snevekanyplenthecante: cowselaivprigeakad-trough ratio

is used as Q@%@;%A@QLQ%W&%F h %{@&f}gggy‘j{;@ I%ngga_gggyggr example, the time lag of the trough

associated with the ghost period is used in conjunction with the velocity of wave propagation within the
fluid medium to estimate the depth of receiver.

[113] in one exampie, the depth of adjacent sources is chosen to be different

half-prime numbers.

{114] In one example, the depth of adiacent sources i1s chosen such that the

deepest depth to shallowest depth ratio should be substantially near to but not exactiy 3:2.

1115] in one example, the construction of the said synthetic trace is done by

mterpolating or extrapolating data from adjacent source recetvers.

[116] in one example, the de-ghosting step comprises frequency weighted
summation using the method of Posthumus (“Deghosting using a twin streamer
configuration™, Geophvsical Prospecting 41, 267-287, 1993 and incorporated herein by

reference}.



46 11341in a further example. Fig. 6 illustrates varying the relative depth of the source array(annotated
as 611 and 612), which delivers source-Fide ghost variation. In one example, successive source
arrays are fired alternately along the translation line direction. In one example, the sources are also
separated in space laterally, so their received trace mid-points, half-way between source and receiver
are displaced both in-line and cross-line. The additional difference in depth of the sources makes
minimal difference to this lateral distribution. Howeyer the variation in source ghost character provides
the opportunity to perform source-side de-ghosting similar to the preceding embodiment. 11351In one
example. agjagpnt streamers,are depipyed, at juo, different oyt sopstantiow depihs liepnating in the
cross-line direction at deep. Shallow, eep etc. of (in alternate example) shallow, aeeﬁ, shallow. etc
depths belowrthedwiter surface:dT Wemverallivessatdsotroe and:cableceonfiglration isutiustrated

schematicallyin. Fig. 3. Fig.4 shows the alternating streamer depth deployment and. for comparison.
Fig. 2 shows a conventional tow depth configuration. 11361In one example, two discrete tow depths

are chosen to be halves of two different prime numbers so that the path difference between up-going

energy andyifgsghost reflection, fraim the airwaleiniedacs.ae Lotk g AumReIs and therefore have
a lowest common factor of one (1) distance unit. This ensures that their common ghost harmonic

frequency tEFEStEwArH tHe SRorEetPBEaifg WavBe RGPPSR therdiste Mgt SthosamsEEmporal

frequency. Ihashitohanysuehcoammennateh drequensiioutoe igh end.ehdhe.digitallysecorded
seismic spectrum allows their processed energy recombination to occur with the least damage to the

seismic spetHRTOTEBEYEHE TR TBaTaH FeC ST o NYGHSREGUercY. 1 371in one further

example, alternate streamer tow depths are selected to maximize the amplitude overlap at the notch

frequency aof each other..In a further preferred example, notch frequency combinations with a ratio
d y%ﬁ% In a turther %xamp&a, %10 'H?-&ostm swg an %he mterpnia{mu or
Fshallow : Fdeep near to = = =
extrapolating step includes an optimization which 1s facilitated by picking the peak time

delay of a temporal cross correlation of any neighbouring candidate recetver trace for de-

ghosting interpolation with the reference receiver trace o constrain their alignment.

[120} in a further example, the de-ghosting step and the interpolating or
extrapolating step includes time variant optimized de-ghosting wherein each optimized
de-ghosting step as described, occurs separately in short abutting or overlapping time
windows. Such a ume variant approach accommodates expected variations in both the
ghost characteristics and in the expected structural, move-ocut etc variations relevant to

the implicit interpolation/extrapolation within the optimized de-ghosting.

[121] In one set of examples, a method for acquiring and processing marine
seismic data is disclosed, including the steps oft wanslating at least two streamers wherein
adjacent streamers are vertically offset from one another, the vertical offset at least
difterent enough to record combinations of seismic signal frequencies undamaged by
receiver-side ghosting; translating at least two sources wherein adjacent sources are
vertically offset from one another, the vertical offset at least different enough to mput
combinations of seismic signal frequencies undamaged by source-side ghosting;
acquiring seismic fraces; then gathering seismic traces info common cross-line receiver
offset gathers; selecting a first reference trace from the cross-line receiver offset gathered

races: selecting a first proximal candidate trace or traces within the gathered traces,



3:2 (or 1.5) are selected, so that a peak in one spectrum occurs at the same frequency as a 47 notch
in the other. In a further preferred example. notch frequency co bina further selected that have a Fshal
low to Fdeep ratio that is near to, but not exactly certain situations, the combination would not be
suitable for the higher harmonic notches as it would lead to a coincident notch at interval 2*Fshallow
and 3*Fdeep. No signal would be recorded at coincident notch frequencies. but these would not occur
if half prime numbered depths, greater than |, were selected. In this way at least one of the two tow
depths observes signal frequencies not significantly attenuated by destructive interference, such that

in combination Ao qpsilLegenay s subsiantalinaligeled by ohasting 413830 ane example, deep
tow has d|sf|nct advantages of increased signal to nois€ ratio. This aflows data acquisition %o attempt
to continue irrworsessatstatesconaitions thamweuld éstolgiable fomshaliowaowdonfigrrations. In one
example, a pajr of tqw depthsysed far,lhe 1seeiver Slteamens i, dr/2,a0d aa(Z{for.sxample, 9.5 and
14.5 metres), both half primes with second notch frequencies, in this example, of about Fshallovv-79
Hz and FdesH52M 2 s$pectivetyy antds ditiehort b2, [THesd depihdrare eadily depleyédard within

safe operatingtalgyanaasdoninmical cHHeN SRISTIG MakRe- sheamerss3Hinfuther.gxamples, other
pairs of half prime number depths are deployed shallower if the water depth were itself shallow, or

deeper if in€r&4séd1aiGhRAI T hoiSW T4t 15 dESRERF nsER& X alRpias al BT SR of the figtbeor so half
prime numbgrssgreaterdhan Liansteanstraiaad 4Q thoss-whase-Fshallows kdeen kliedig.in the range
1.4-1.6, is used %) guide selection of alternative pairs. of defl)th_ combinations. 11401In one example,

the de-ghostiRgr8ERuS BbBINER thefecbFdet Endighis (e in-Tine recaiver gathered races.

proximal fo the second reference frace; constructing a second synthetic trace from the
selected second proxamal trace(s): and applying the second synthetic trace and the second
reference trace to source-side de-ghost the second reference trace within successive or
overlapping time windows: and where & normal move-out correction and vertical datum
correction 1$ applied to the traces prior to constructing or interpolating the first synthetic

trace and prior t¢ constructing the second synthetic trace.

1122} In one example, the source de-ghosting precedes the receiver de-ghosting.
For example, 2 method for acquiring and processing marine seismic data is disclosed,
inciuding the steps of) translating at least two streamers wherein adjacent streamers are
verticallv offset from one another, the vertical offset at least different enough o record
combinations of seismic signal frequencies undamaged by receiver-side ghosting:
translating at least two sources wherein adjacent sources are vertically offset from one
another, the vertical offset at least different enough to input combinations of seismic
signal frequencies undamaged by source-side ghosting: acquiring seismic traces; then
gathering seismic traces from two or more adjacent shot sources into common streamer
in-line receiver oifset gathers: selecting a first reference trace from the in-line receiver
gathered traces; selecting a first proximal candidate trace or traces within the in-line
receiver gathered traces. proximal to the first reference trace: construcung a first
synthetic trace from the selected first proximal tracels): applving the first synthetic trace
and the first reference trace to source-side de-ghost the first reference trace within
successive or overlapping time windows; gathering source-side de-ghosted seismic traces

o common cross-line recetver offset gathers; selecting 2 second reference wace from



from the two different tow depths using the Posthumus (1993) method. However this otherwise
conventional multi-source and streamer geometry means there are no coincident midpoint traces with
different ghost characteristics recorded. To de-ghost any recorded shallow receiver trace (e.g. Fig. 5
labeled triangle 323s) we appear to need to interpolate a trace from the other recording depth data
(Fig. 5 at cross location 523d 48 below 323s). This is a classically difficult problem to solve and the
cross-line domain is poorly sampled relative to the, jn-line direction. However the interpolation is
facilitated in this case by the presence of the target trace itself which. in all hut the ghost response

difference, forms 2 iemplate.for the Interpolation.of eneray.Jrom e, Aemate towdepihecorded
wave-field. Thé ghosflresponse ifference is predictable given the receiver tow depth. Within the

cross-line offsetdomairiofra singldishotamd:chafnel in:is emﬁpi’é.E'@It?em_a@éfﬁr@f@ﬁ@rcﬁace
de-ghosting and inferpolation.is combined.as a.single.onfimization of fhe Wienen entiopyzor spectral

flatness of the e-ghosted result of itself with its immediate neighbour(s). The optimization proceeds by
perturbing theymevetout@hdiverticarihhnient shthE pighisgring carididite Mati(s)teaecommodate
dynamic sourcesreceiver offsehsifacisiand shuctmaldifferences hetwesndhamand thedarget trace. In

one example, such gross vertical differences are measured using cross-correlation peak picking
techniques FEBITE AR B TgIFSARGIFRTZ AR thE0Ti SN R RS G T BB HRIIASoIHBN and
de-ghosting,is simitaneausly-optimized. i ongexamplecthisis perfiermestimthevicinity of predictable
notch frequencies within targeted frequency hands and within time vzﬁiant windows to accommodate

time varianPBYRIUMISIT HiSvE-BUeT S ORTEUSHBS o LH61eiad g 149 11 ona BKH B ofltSr streamer
de-ghostingis,aghieveslby:exirarelating emergyfem inner streamers or. in alternate example. by
sharing traces from adjacent sail-lines shot in the same direction. Sail-lines shot in the opposite
direction are shifted the equivalent of one sub-surface bin-line nearer to the adjacent swath edge, to
sacrifice that I8)e bin-lindranchenablingl deghostimgofithe adjacent outerleallle domwibinations.

Successive salbines e Neyt.swall A sppcer asnomal sl abuting aubsytipcg ipgs. In one
example, additional opposing direction swaths have the same abutting subsurface line sacrifice done
to ensure adtentiswdityref shaliohideepishiallowidedpett strsfamer seploymentancthesdiosdline
direction. In pragiiee-.{he.de:aRsUnar auter s eamEL.ala aces s nelel aspeqitgase of
interpolation, being a short extrapolation from the most adjacent inner streamer. 49 11421In one
example, therdeslybosteer S eisnhicatace s arel processet Esrveno Haly Bt ¢ Sinifsi iEtédhce datum
with all the Q}?&%ﬁl&? %m{iﬂlﬁﬁ?m@ pandwidth wherein adjacent sources are vertically offset

from one another, the vertical offset at least different enough to record combinations of

seismic signal frequencies undamaged by source-side ghosting: acquiring seismic (races;

then gathering seismic traces from two or more adjacent shot sources: to de-ghost each

reference trace in turn contained in said gather; selecting a proximal candidate trace or

traces having the same receiver number as the reference trace from one or more adjacent

streamers to the reference trace, but coming from a different source than that of the

reference trace: constructing a synthetic trace from the selected candidate trace or traces.

applying the synthetic trace and the reference trace to simultancously source-side and

receiver-side de-ghost the reference frace within successive or overlappmg time

windows.

[124] In one example. the receiver de-ghosting step comprises frequency
weighted summation using the method of Posthumus (“Deghosting using a twin streamer
configuration™, Geophvsical Prospecting 41, 267-287, 1993 and incorporated herein by

reference). In one example, the source de-ghosting step comprises freguency weighted



[143]In one example. sources are towed at different depths to enable de- ghosting the source-side
effect. In one example. candidate traces for the combined interpolation and source-side de-ghosting
are selected from the same streamer and receiver trace as the target trace. but from adjacent sources
instead of adjacent streamers. In another example. candidate trace or traces for the combined
interpolation, source and receiver-side de-ghosting are selected from adjacent streamer or streamers,
at the same receiver trace as the target trace, and4f_gom adjacent sources. [14411t can be appreciated
in the disclosure of the methods described herein that the corresponding physical acquisition systems

nave been Inpisitheandiar.explcly depcribad Rtiner tusan beaprisaiated in fhe disglpsure of the
methods described herein that the corresponding electronics and computer hardware physical
systems forcpefferring thé esmsirigrafidoseisiiie procéssity stéfs hedersemeipiplibithrandlor explicitly

described. [1431Thus, the foregaing desgription;is presented forpurposes:of ilusirationand

description, and is not intended to limit the invention to the for)ms disclosed herein. Consequently,
variations afiEHaGificEtishs S SHMER St At With aHasabs\ & tdseHIHg S and W esaRRiHYg of the relevant
art are withigthe spisit-ef the.imvention Suchoyarationspuiliyeagily suggest themseives tgnthose skilled
in the relevant structural or mechanical an. Further, the embodiments described are also intended to
enable othe?$eRRESH & AR YURPE the invention and such or other embodiments and with various
modifications required by the particular applications or uses of the invention. 50 hod for acquiring and
receiver de-ﬁrr-,;gstingmarine seismic datag conﬂ]prising:.v a&ql({gin s{gismyic traq?ygata((gggrded from a
common shBEBY at least fio S&fsniis?StFeamers, the &t ast twio StrBamard adfAdéht to"0RE another in
the cross-lingdiractieniandivartdaly: off set-fromt ol dnoftheantheaodertical offsetattleastdifferent
enough to record combinations of seismic, sianal fregugngles which are sibstaptially.unafected by
receiver-side ‘ghosting
shosting step utilizes ghost characterization derived from measured depth of franslated
sources and theoretical water surface reflection coetficient of approximately -1.0. In one
example, the receiver de-ghosting step utilizes ghost characterization derived from
measured depth of translated receivers and theoretical water surface reflection coefficient
of approximately -1.0 and the source de-ghosting step utilizes ghost characterization
derived from measured depth of transiated sources and theoretical water surface

reflection coetficient of approximately -1.0.

{126} In a further example. the recetver de-ghosting step utilizes ghost
characterization determined from the autocorrelation of the respective receiver traces but
somewhat constrained by the characterization derived from measured depth of translated

receivers and theoretical water surface reflection coefficient of approximatety 1.6,

[127] In a further exampie. the recetver de-ghosting step and the interpolating or
extrapolating step includes an optimization which 1s facilitated by a temporal cross
correlation of the two signals (the time-windowed candidate trace and the time-windowed
reference trace) to constrain their alignment. In a further example, the source de-ghosting
step includes an optimization which 1s facilitated by a temporal cross correlation of the
wo signals (the tme-windowed candidate trace and the time-windowed reference trace)
to constrain their alignment. In a further example. the source de-ghosting step and the

receiver de-ghosting step with the interpolating or extrapolating step includes an



selecting a reference seismic trace from the seismic trace data from a first streamer of the at least two
streamers; selecting a candidate seismic trace from the seismic trace data from a second streamer
of the at least two streamers, the second streamer adjacent to and vertically offset from the first
streamer, the candidate seismic trace being proximal to the reference seismic trace; applying
normal move-out (NMO ) correction to the reference seismic trace. whereby an NMO target trace is
created,; applying NMO and vertical datum correction to the candidate seismic trace, whereby a
synthesized candidate trace is created; and perforining de-ghosting of the NMO target trace by:

performing frequenc Wfi ted summatjaon of the synthesized candidate trace and NMO target trace,
perturbing (R ')}ﬁfﬁggi?eehgc calﬁé?i é@éa{?ég)é‘ V\a}it'ﬁﬁrlé’é%ie{ckfrf)c? Stﬁgrﬁz?\ﬁg}?a?ge{%%ﬁa\%%,bfﬁréapg’e %E?bing step

further comprisingrshiftinig: the itimeofcthensyhthesizedrcandid até: trace with respectitorthieeNMO target
trace and repgatin%the frequency weighted summation and perturbing stet. to maximize a parameter

of the de-grafoIsPé}(AﬁC M target trace. The method of claim I. wherein the dc-ghosting step is performed

on a plurality
1128] In a further example, the receiver de-ghosting step and the interpolating or
extrapolating step includes time variant optimized de-ghosting wherein each optimized
de-ghosting step as described, occurs separately in short abutting or overlapping time
windows. Such a time variant approach accommodates expected variations in both the
ghost characteristics and 1n the expected structural. move-out eic variations relevant to
the implicit interpolation/extrapolation within the optimized de-ghosting. In a further
example, the source de-ghosting step includes time variant optimized de-ghosting
wherein each optimized de-ghosting step as described, occurs separately in short abutting
or overlapping time windows. In a further example. the receiver de-ghosting step with
the interpolating or extrapolating step and the source de-ghosting step includes tume
variant optimized de-chosting wherein each opumized de-ghosting step as described.

occurs separately in short abutting or overlapping time windows.

j129] in one example, alternate adjacent streamers are towed at two different
constant depths. illustrated in Figs. 3 and 4 as 321s, 3224, 323s, 324d, 325s, 326d, 327s,
328d for an eight (8) cable example. Cables are annotated with sequential numbering and
a's' or 'd’ to indicate shallow or deep tow. Contrast this with a conventional deployment
as exemplified by Fig. 1. This shows a typical disposition of source arrays and streamers
of recetver arrays translated behind a towing vessel. A multipbieity of sources and
streamers is generally deploved. Two sources and eight streamers or cables are shown in
this example. The conventional distribution of source and streamer arrays within the
water laver is also shown in cross-section in Fig. 2. Typically, two or more sources are
towed side by side at the same depth, five (5) metre for example, with two or more
streamers towed slightly deeper, for example, all at six (6) metre depth. This staggered
streamer configuration which in cross-section Fig. 4 appears iike a “W", provides data
characterized by two distinct receiver ghost peniodicities and apparent spectra.  In one

embodiment, as shown in Fig. 3. multiple sweamers are deployed at alternate depths



3. The method of claim | or 2, wherein the parameter is one of a Wiener entropy over a range of
frequencies an average power spectrum over a range of frequencies, or an average amplitude
spectrum over a range of frequencies. 4. The method of any one of claims | to 3, wherein the
perturbing step comprises varying a depth parameter of one or both of the synthesized candidate trace
and the NMO target trace. 5. The method of any one of claims 1 to 3. wherein the perturbing, step
further comprises perturbing, the reflectivity of botg J\IMO target trace and synthesized candidate
traces away from their theoretical value of negative one (-1). 6. The method of any one of claims 1 to
5. wherein the vertical offset is such that ¢ rdtefpnth‘ of each of the at least,two s_htir%a_mvecgs is a different
half-prime number. The metho %’f"ahﬁ’%né‘io Claims 10 Bhéerein the Vertical offset IS sUth that the at
least two streamersihave depth$ewhicteyielda deep iorshaliowrratiothat is: appreximatelythree to two.

8.A method for aequiring marine seisinic data com E’é&?lp% fowing,a firstset. of ?é{ﬁﬁé%‘?f&% ga first
depth; towing a second set of streamers at a secon 5ept which is différent than the first

example where adjacent sail-lines are shot i the same direction, and an even number of
streamers are deployed, the outer streamers share pairs of adjacent streamers of different
depths. In an example where the adjacent sail-iine has been acquired in the opposite
shooting direction, known as a swath boundary, then adjacent streamers will have the
same tow depth. As this is undesirable for the process. adjacent but opposite shooting
swaths, in one example, are reconfigured to sacrifice one boundarv line so that a streamer
with an opposing tow depth is adjacent. This implicitly means that that the central line
track of such swath boundary lines should lie one subsurface line interval closer to the

neighbouring swath than normal to obtain the desired adjacent cable depth variation.

136} in one example, two distinct tow depths are selected to munimize the
filtering effect on low frequency data: to maximize the signal to noise by towing well
below the rypically noisy sea surface, and to ensure that harmonics of the respective
notch frequencies comcide bevond the useful part of the observed seismic spectruim.
Tow depth is ulumately limited by streamer equipment rating and the water depth m the

survey area, whichever is shallower.

[131] in one example, de-ghosting is achieved by the well known de-phase and
frequency weighted summation method according to Posthumus (1993}, This requires at
least two traces: i) the target trace to be de-ghosted and i) a comcident candidate trace
having a distinctly different ghost reflection charactenistic.  The alternating streamer
layout as described herein and shown schematically i isometric form Fig. 3 and in cross
section in Fig. 4 provides neighbouring traces at the same m-line distance, in the direction
perpendicular to the towing direction, with the desired distinctly different ghost reflection
characteristic. In one example. these traces are interpolated to complete the de-ghosting
trace palr. Fig. 5 illustrates with cross symbols where interpolated receiver traces are
synthestzed, directly above or below the recerver trace (shown by triangie symbols) to be

de-ghosted. One consideration, hewever., 1s that interpoiation from data separated in the



depth; wherein the streamers in the first set of streamers are laterally offset relative to the
streamers in the second set of streamers; and acquiring the marine seismic data using both the
first and second sets of streamers. acquiring a candidate seismic-e using one of the streamers in the
second set of streamers, processing the reference seismic trace and the candidate seismic trace;
and de-ghosting the processed, reference seismic trace using thc processed, candidate seismic trace.
10.The method of claim 9, wherein the step of proggssing further comprises: applying normal
move-out (NMO) correction to the reference seismit trace, applying NMO correction to the candidate
seismic trace anl e dir &prﬁ ]y rtlcal atum, %yrrectlon fo at !east ne of th% referencl? seismic

y cgmygiica 8 pOOT § sampling, which 15 typica
trace and the canéllda & selsmic race oo p N R
a factor of two or worse, more mameﬁy samplied than the in-line direction. However,

such situation is sumplified by the presence of the target receiver trace itself which after
normal move-out and datum adjustment acts as an interpolation template in all but its

ghost characteristic.

[132] In one example. the interpolation is achieved by a form of trace matching
to make the input receiver frace appear like the template recerver trace. One
consideration, however, 1s that this would have the undesirabie effect of making their
ghost properties similar, which would defeat the de-ghosting objective. In further
example. the trace matching, and hence interpolation, proceeds as a process of
optimization of the de-ghosting itself. In one example, this is achieved by perturbing
each interpolation candidate receiver trace to maximize the Wiener entropy or spectral
Ratness of its de-ghosted result with the reference receiver trace.  In one example, the
perturbation comprises small vertical shifts performed within short time windows ¢
compensate for ume variant structure, move-out, or datum residuals.  On each
periurbation the resultant de-ghosted spectrum's Wiener enfropy 1s assessed over a range
of frequencies where ghost notches are predicted to lie. In one exampie, where the de-
ghosting is performed in the temporal frequency domain, the range of frequencies is

similarly constrained, to minimize the cost of each perturbation.

{133} In one exampie. the method is enhanced by estimating receiver depth and
water surface reflectivity from the receiver trace data itself as its auto-correlation contains
a signature of the ghost. These properties govern the ghost effect and, in one example,
are parameters used for application of the Posthumus (1993) method. In one example,
the auto-correlation peak-to-trough ratio is used as bemng indicative of the reflectivity,
and. in further example, the ttme lag of the trough associated with the ghost period 1s
used in conjunction with the velocity of wave propagation within the fluid medium to

estimate the depth of receiver.



wherein the step of de-ghosting further comprises: performing frequency weighted summation of
the processed, reiCrence seismic trace and the processed, candidate seismic trace; perturbing
the processed candidate trace with respect to the processed, reference trace: and repeating the
frequency weighted summation and perturbing steps to generate a de-ghosted reference trace. Il. The
method of any one of claims 8 to 10, wherein the different depths are different half-prime numbers.
The method of any one of claims 8 to 10, wherein% e different depths have a deep to shallow ratio that
is approximately three to two. 13.A method for source dc-ghostinga data acquired by two shots each

received by ? % reamer, ?Oﬂ;%ﬂghﬂg:SxamS%Qgﬂ{]%&ﬁGfGl’GﬂCG seismic trace .ass CI&)teQ"\{\AI_:[gh seismic

R i . usirales varvale the relaiive de
trace data récel ed by a Sr%reamer in Conlll)eCtIO Wltll] a ﬁrsFone VO}f léﬁe two SF'IO%S; P
source arravs {annotated as 611 and 612), which debivers source-side ghost varnation. In

one example, successive source amravs are fired alternately slong the translation line
direction. In one example, the sources are also separated in space laterally, so their
recerved frace mmd-points, half-way between source and receiver are displaced both in-
line and cross-line. The additional difference in depth of the sources makes minimal
difference to this lateral distribution. However the variation in source ghost character
provides the opportunity fo perform scurce-side de-ghosting similar 1o the preceding

embodiment.

[135] In one example. adjacent streamers are deployed at two different but
constant tow depths alternating in the cross-line direction at deep, shallow. deep etc, or
(in alternate example) shallow, deep, shallow. etc depths below the water surface. The
overall vessel, source and cabie configuration 1s illustrated schematically in Fig. 3. Fig. 4
shows the alternating streamer depth deployment and. for comparison, Fig. 2 shows a

conventional tow depth configuration.

[136] In one example, two discrete tow depths are chosen 1o be halves of two
different prime numbers so that the path difference between up-going energy and its
ghost reflection from the air-water mterface are both prime numbers and therefore have a
lowest common factor of one (1} distance unit. This ensures that their common ghost
harmonic frequency tends toward the shortest possible wavelength and therefore highest
possible temporal frequency. The shift of any such common noich frequency to the high
end of the digitally recorded seismic spectrum allows their processed energy
recombination to occur with the least damage to the seismic spectrum, i.e. beyond the

maximum recording or Nyquist frequency.

1137] In one further example, alternate streamer tow depths are selected to
maximize the amplitude overlap at the notch frequency of each other. In a further
preferred example, notch frequency combinations with a ratio Fshallow : Fdeep near to

3:2 {or 1.5) are selected, 8¢ that a peak in one spectrum occurs at the same frequency as a



selecting a candidate seismic trace associated with seismic trace data received by the same streamer
in connection with a second one of the two shots, 53’ wherein the second shot of the at least two
shots is fired adjacent to and vertically offset from the first shot, the vertical offset being at least
different enough to input combinations of seismic signal frequencies which are substantially unaffected
by source-side ghosting, the candidate seismic trace being proximal to the reference seismic trace;
applying normal move-out (NI\40) correction to theéj;eference seismic trace, whereby an NMO target
trace is created; applying NMO and vertical datum correction to the candidate seismic trace,
whereby a synthesized candidate trace is created; and performing.de-ghosting of the NIAQ target trace
e BRI ety WOIOHEd & Ao T e A AN S FAod dnd NG
target tracefurther selpertbirbingthe:synthéesized-candidatetrace withirespestitoxthe IMO talrget trace,
the perturbiag.iem Tther, samesising.ehifing.fae e ofiite sxithesisen.candidate aegawith respect
to the NMO target trace an repeating the frequency weighted Summation and perturbing steps
to maximizea!paranbierdidtie werghosted NMO tirgetitrddehallow and 3*Fdeep. No signal

would be recorded at coincident noich frequencies, but these would not occur if half

prime numbered depths, greater than 1, were selected. In this way at least one of the two

tow depths observes signal frequencies not significantly attenpuated by destructive

interference, such that in combination any one frequency 1s substantially unaffected by

ghosting.

[138] In one example, deep tow has distinet advantages of increased signal 1o
noise ratio. This allows data acquisition to attempt to continue in worse sea state
conditions than would be tolerable for shallow tow configurations. In one example, a
pair of tow depths used for the receiver streamers is, 19/2 and 29/2 (for example, 9.5 and
i4.5 metres), both half primes with second notch frequencies, in this example, of about
Fshallow=79 Hz and Fdeep=32 Hz respectively and a ratio of 1.52, These depths are
easily deployed and within safe operating tolerances for typical current seismic marine

streamers.

{139} In further exampies, other pairs of half prime number depths are deployed
shallower if the water depth were itself shallow, or deeper if increased signal to noise
ratio is desired. In one exampie. a graph of the first 206 or so half prime numbers. greater
than 1, and constrained to those whose Fshallow:Fdeep ratio lie in the range 1.4-1.6, is

used to guide selection of alternative pairs of depth combinations.

[140f In one example, the de-ghosting process combines the recorded energies
from the two different fow depths using the Posthumus (1993) method. However this
otherwise conventional multi-source and streamer geometry means there are no
coincident midpoint traces with different ghost characteristics recorded. To de-ghost any
recorded shallow receiver wace {e.g. Fig. 5 labeled mangle 323s) we appear 1o need fo

interpolate & trace from the other recording depth data (Fig. 5 at cross location 523d



14. The method of claim 13, further comprising: sequentially actuating each of at least two seismic
sources at different depths to generate the first one of the two shots and the second one of the two
shots. respectively. 15. The method of claim 14. wherein the depths of he at least two seismic sources
are at different half-prime numbers. 16. The method of claim 14, wherein the at least two seismic
sources have a deep to shallow ratio that is approximately three to two, 17. The method of any one of
claims 13 to 16, wherein the reference seismic tra&g Is acquired using one of at least two seismic
sources actuated at first depth and the candidate seismic trace is acquired using another of the at

ieast two SeISTLe sarcen Acluated Ak aeaoRA ARt hie seernd depih Beinddlfggentlram the first
depth. 54 A'methiod Tor source de-ghosting marink seismic trace data comprising: selecting a
reference spismicstrapéedssbciated tithiséismitdraics. dderreceived by mateamer mitsrinéction with a

firet one of g IRRSLING, $MPLShresen S FIRHINA ACRNMIAAIR SN [RGH B3pqRiated M ReINMIC trace

data received by the same steamer In connection with a second one of the at’least two shots,
difference, forms a template for the interpolation of energy from the alterpate tow depth
recorded wave-field. The ghost response difference 1s predictable given the recetver tow
depth. Within the cross-line offset domain of a single shot and channel, in this example.
alternate sireamer-trace de-ghosting and interpolation is combined as a single
optimization of the “Wiener entropy” or spectral flatness of the de-ghosted result of itself
with its immediate neighbour{s}. The optimization proceeds by perturbing the move-out
and vertical alignment of the neighbouning candidate frace(s} to accommodate dynamic
source-receiver offset effects and structural differences between them and the target trace.
In one example, such gross vertical differences are measured using cross-correlation peak
picking techniques. In one example, through maximizing the Wiener entropy norm both
interpolation and de-ghosting is simultaneously optimized. In one example, this is
performed in the vicinity of predictable notch frequencies within targeted frequency
hands and within time variant windows 10 accommodate time variant residuals of move-

out, structure and ghost effects.

(141} In one example, outer streamer de-ghosting is achieved by extrapolatng
energy from inner streamers or, in alternate example. by sharing traces from adjacent
sail-lines shot in the same direction. Sail-lines shot in the opposite direction are shifted
the equivalent of one sub-surface bin-line nearer 1o the adjacent swath edge, to sacrifice
that one bin-line and enabling de-ghosting of the adjacent outer cable combinations.
Successive sail-lines in the new swath are spaced as normal with abutting subsurface
lines. In one example, additional opposing direction swaths have the same abutting
subsurface line sacrifice done to ensure a continuity of shallow/deep/shallow/deep eic
streamer deployment in the cross line direction. In practice. the de-ghosting of outer
streamer data traces is merely a special case of interpolation, being a short extrapolation

from the most adjacent inner streamer.



wherein the second shot of the at least two shots is fired adjacent to and vertically offset from the first
shot, the candidate seismic trace being proximal to the reference seismic trace: processing the
reference seismic trace and the candidate seismic trace; and de-ghosting the processed, reference
seismic trace using the processed, candidate seismic trace. 19. The method of claim 1the step of
processing further comprises applying normal move-out.)) correction to the reference seismic trace,
applying NMO correction to the candidate seismic/u{g;ace, and applying a vertical datum correction to at
least one of the referencec tra and the candidate seismic trace. 20. The method of claim 18 or 19,

wherein the plgp of de-dhosting fuiher comprises, baforming feguengy weighted sumagion of the
processed, ererence seismic trace an tthe processed(, candlcfate selsmic trace; perturblng the

processed, candidatestiace withvrespectiorthecprotessedhrefeibn tracdiand’ theirepeatingithe
frequency v%%irgpvy]a(ghgummation and perturbing steps to generate a de-ghosted reference trace.

[143] In one example, sources are towed at different depths to enable de-
chosting the source-side effect. In one example. candidate traces for the combined
interpolation and source-side de-ghosting are selected from the same streamer and
receiver trace as the target trace, but from adjacent sources instead of adjacent streamers.
In another example. candidate trace or traces for the combined interpolation, source and
receiver-side de-ghosting are selected from adjacent streamer or streamers, at the same

receiver trace as the target trace, and from adjacent sources.

[144] It can be appreciated in the disclosure of the methods described herein that
the corresponding physical acquisition systems have been implicitly and/or explicitly
described. Further. it can be appreciated in the disclosure of the methods described
herein that the corresponding electronics and computer hardware physical systems for
performing the sensing and seismic processing steps have been implicitly andfor

explicitly described.

{145} Thus, the foregoing description is presented for purposes of illustration
and description. and is not intended to limit the invention to the forms disclosed herein.
Consequently, variations and modifications commensurate with the above ieachings and
the teaching of the relevant art are within the spirit of the mventon. Such variatons will
readily suggest themselves to those skilled in the relevant structural or mechanical art.
Further, the embodiments described are also intended 1o enabie others skitled in the art to
utilize the invention and such or other embodiments and with various modifications

required by the particular applications or uses of the invention.



Claims
I A method for acquiring and receiver de-ghosting marine seismic data, comprising:
acquining seismic trace data recorded from a common shot by at least two
seismic streamers, the at least two streamers adjacent to one another m the cross-
line direction and vertically offset from one another. the vertical offset at least
different enough to record combinations of seismic signal frequencies which are
substantially unaffected by receiver-side ghosting:
selecting a reference seismic trace from the seismic trace data from a first
streamer of the at least two streamers:
selecting a candidate seismic trace from the seismic trace data from a
second streamer of the at least two streamers, the second streamer adjacent to and
vertically offset from the first streamer. the candidate seismic trace being
preximal 1o the reference seismic trace;
appiying normal move-out (NMO) correction to the reference seismic
trace, whereby an NMO target trace is created:
applying NMO and vertical datum correction to the candidate seismic
trace, whereby 2 svnthesized candidate trace 1s created; and
performing de-ghosting of the NMO target trace bv:
performing frequency weighted summation of the svnthesized
candidate trace and NMO target trace.
perturbing the svnthesized candidate trace with respect to the
NMO target wrace. the perturbing step further comprising shifting the
time of the synthesized candidate trace with respect to the NMO target
trace and
repeating the frequency weighted summation and perturbing steps

to maximize a parameter of the de-ghosted NMO target trace.

2. The method of claim 1, wherein the de-ghosting step 1s performed on a plurality

of ttme-variant windows.
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3. The method of claim | or 2, wherein the parameter is one of: a Wiener entropy
over a range of frequencies, an average power spectrum over a range of frequencies, or

an average amplitude spectrum over a range of {requencies.

4, The method of any one of claims 1 to 3, wherein the perturbing step comprises
varying a depth parameter of one or both of the synthesized candidate trace and the NMO
target frace.

5. The method of any one of claims | to 3, wherein the perturbing step further
comprises perturbing the reflectivity of both NMO target trace and synthesized candidate

traces away from their theoretical value of negative one (-1}.

6. The method of any one of claims 1 to 5, wherein the vertical offset is such that a
depth of each of the at Jeast two streamers is a different half-prime number.

7. The method of anv one of ¢laims 1 10 5, wherein the vertical offset is such that the
at least two streamers have depths which vield a deep to shallow ratio that 1s

approximately three 1o two.

8. A method for acquiring marine seismic data comprising:

towing a first set of streamers at a first depth;

towing a second set of streamers at a second depth which is different than the first
depth:

wherein the streamers in the first set of streamers are laterally offset relative to the
streamers m the second set of streamers; and

acquiring the marine seismic data using both the first and second sets of

streamers.

9. The method of claim 8, further comprising:
acquiring a reference seismic trace using one of the streamers in the first set of

Strearmers;
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acquiring a candidate seismic trace using one of the streamers in the second set of
SHrearmers:

nrocessing the reference seismic trace and the candidate seismic trace: and

de-ghosting the processed, reference seismic trace using the processed, candidate

$eIsmic trace.

10. The method of claim 9, wherein the step of processing further comprises:

applying normal move-out (NMO} correction to the reference seismic trace,

applving NMO correction to the candidate seismic trace, and

applying a vertical datum correction to at least one of the reference seismic trace
and the candidate seismic trace, and
wherein the step of de-ghosting further comprises:

performing frequency weighted summation of the processed, reference seismic
trace and the processed, candidate seismic trace:

perturbing the processed. candidate trace with respect to the processed, reference
trace; and

repeating the frequency weighted summation and perturbing steps o generate a

de-ghosted reference trace.

1. The method of any one of claims & 1o 10, wherein the different depths are

different half-prime numbers.

2. The method of any one of claims 8 to 10, wherein the differemt depths have a deep

1o shallow ratio that is approximately three to two.

3. A method for source de-ghosting of seismic trace data acquired by two shots each
received by a streamer, comprising:

selecting a reference seismic trace associated with seismic trace data received by a
sireamer in connection with a first one of the two shots;

selecting a candidate seismic trace associated with seismic trace data received by

the same streamer in connection with a second one of the two shots,
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wherein the second shot of the at least two shots is fired adjacent 10 and vertically
offset from the first shot, the vertical offset being at least different enough to input
combinations of seismic signal frequencies which are substantially unaffecied by source-
side ghosting, the candidate seismic trace being proximal to the reference seismic trace;
applying normal move-out (NMO) correction fo the reference seismic trace,
whereby an NMO target trace 1s created;
applying NMO and vertical datum correction to the candidate seismic trace,
whereby a synthesized candidate trace is created; and
performing de-ghosting of the NMGO 1arget trace by:
performing freguency weighted summation of the synthesized candidate
trace and NMO target trace,
perturbing the synthesized candidate trace with respect to the NMO farget
trace, the perturbing step further comprising shifting the time of the synthesized
candidate trace with respect to the NMO target trace and
repeating the frequency weighted summation and perturbing steps fo

maximize a parameter of the de-ghosted NMO target trace.

14. The method of claim 13, further comprising:
sequentially actuating each of at least two seismic sources at different depths to

generate the first one of the two shots and the second one of the two shots, respectively.

15 The method of claim 14, wherein the depths of the af least two seismic sources are

at different half-prime numbers.

16.  The method of claim 14, wherein the at least two seismic sources have a deep 1o

shallow ratio that 1s approximately three to two.

17. The method of any one of claims 13 to 16, wherein the reference seismic trace 1s
acquired using one of at least two seismic sources actuated at first depth and the
candidate seismic trace is acquired using another of the at least two seismic sources

actuated at a second depth, the second depth being different from the first depth.
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18, A method for source de-ghosting marine seismic trace data comprising:

selecting a reference seismic trace associated with seismic trace data received by a
streamer in connectiion with a first one of at least two shots;

selecting a candidate seismic trace associated with seismic trace data received by
the same streamer in connection with a second one of the at least two shots,

wherein the second shot of the at least two shots is fired adjacent to and vertically
offset {rom the first shot, the candidate seismic trace being proximal to the reference
seismic trace;

processing the reference seismie tfrace and the candidate seismic trace; and

de-ghosting the processed, reference seismic trace using the processed, candidate

seismic trace.

1o, The method of claim 18, wherein the step of processing further comprises:
applying normal move-out (NMO)} correction to the reference seismic trace,
applving NMO correction to the candidate seismic trace, and
applving a vertical datum correction to at least one of the reference seismic trace

and the candidate sersmic trace.

20. The method of claim 18 or 19, wherein the step of de-ghosting further comprises:

performing frequency weighted summation of the processed, reference seismic
trace and the processed. candidate seismic frace;

perturbing the processed, candidate trace with respect 1o the processed, reference
trace; and

repeating the frequency weighted summation and perturbing steps to generate a

de-ghosted reference trace.



