WO 2010/084095PCT/EP2010/050517 METHOD FOR WAVEFIELD SEPARATION FOR
DUAL-SENSOR DATA USING KIRCHHOFF-TYPE DATUMING AND MIGRATION Field of the
Invention [00Q1]This invention relates generally to the field of geophysical prospecting. More
particularly, tgé(])ir%\(}le%ncf%(r)\g?elates to the field of wavefield separation in dugl%éI 148 ?7Description of
the Related Art [0002]In the oil and gas industry, geophysical prospecting is commonly used to aid in

the search for and ev@luation eicgulterkanean forpalensiEeophysioal prospestyrg techniques yield
knowledge of the subsurface, st e of th hich is useful for finding .and extracting valuable
mineral resources, ﬁ?Eﬁ&%f“f:@ﬁ%%%éﬂ%ﬁ%@f&%ﬁ%ﬁmﬁ Mb@gl%g@% well-known
technique of geophysical prospecting is a seismic survey. In a land-based seismic survey, a seismic
signal is generated on or near the earth's surface and then travels downward into the subsurface of the
earth. In a marine seismic survey, the seidrils! sitjthal Invaytaiso travel downward through a body of
water overlying the subsurface of the earth. Seismic energy sources are used to generate the seismic
signal which, after propagating into the earth, is at least partially reflected by subsurface seismic
reflectors. ﬁﬁ:‘?ﬁi’seisr'#;)fbg reflEetors ‘t‘i}ﬁfﬁ%ﬂ%?%ﬁ‘é‘liﬁt&f%gﬁ%tﬁfgéwgméﬁﬁé%%%at%?\@ having
different elastecpraperties:spaciicalieseund feayeveloeiiy anshsagiodlansiii-sskishilead to differences
in acoustic impedance at the interfaces, The reflected seismic energy is detected by seismic sensors
(also called seismic receivers) at or near the surface of the earth, in an overlying body of water, or at
known depths in boreholes and recordedsd0i8] Phereaselitiey sseismic data obtained in performing a
seismic survey is processed to yield information relating to the geologic structure and properties of the
subterranean formations in the area being surveyed. The processed seismic data is processed for
display and #8sis f heteihiar Hadridabon eorksittet enedtisdtrarpaatorationgidie goal of
sr?ismig da@d@@@f&ﬁim&isaﬁ@_e@%g@&iﬁﬁnzéfheuaeaﬁaﬂ@dﬁataﬁfamgﬁh i@@ﬁgg@@ﬁ;alaﬁr?@%gmg reg;rdinfg
the subterranean formations in order t eguately image the geologic subsurface. In r to identi
i DA A & DBl To L

locations in'TF& 24t A0 HL R WRE B HERSYE 4% roBsBiTy Yo i BHY pRBFSTelint SSEeLM Liations,
large sumsfoidingrey exeeipendedihie gatheringsomroee geingpang Md@ocarbon deposits such as

2010’0840%3%95 %B%?%%Qio%ﬁ-ﬁt@ r?ééﬂﬂi&&%%?i e g%alaﬁ‘%%g%&%? qf gansirycting dhe reflector
surfaces defining the su terranean eart Iayers of interest from the ecorézed seismic dataprovides an
image of tht éalgbdimagepbasigniinie o0 4 THaIhTaElof thnetFischore s tharerdisubsiidace is
produced inQfdemteRRaklewaRdnierRsaiRr dosaiact locationsivith the ghgatesiRrobabilityef having
petroleum accumulations. To verifyl‘:l presence of petroleum, a well must be drilled. Drilling wells to

detemiine WHETHEF1SBHITRYH WSl BFR BHESErRERAdONY AR BletETy B hn e ahae of
time-consurhengatthdefaking . dnerdhabreasometheed i® sgepntiruing readitosigipioveithe gracessing
and display of the seismic data as 10 produce.an image. of the structure of the Earth's subsurface
that il SO e, e e e e e S R T ora
human, to &ssésseiteiprasfaditiy thzically agieumishition dfperolcubcariseatoanpaiisulzaviogation in the

Ea_rth'; sub&fffé%;@-eEQQQS;]%B@r@&?@ea%@W@m@ WéJ&&Q%F@&W@&Q@ﬁ%@EI%&Q%' in land
seismic surveys may include explosives or vibrators. Marine seismic surveys typically employ a
submerged SEFEMRCSBLACH DR ERPBIFASHb B isEiGticdily Activetedtsgérfaraey Histsisstic
wavefield. Thegeisniesowy ¢a gengiatingsthr Wwaviiieiyl may harohsevefaltypes nelhdinga small
explosive chgrge ag()edlegtfriga elgaglr(a are, ad@?hrine ggtgr?t?eré gtzmdolIl té/(&i lly, a gun. The seismic source
gun may bé)aev\yal&ér guﬁ, a vapor gun, anc?, m%stsf)r}plca 3?, an air Sun. ypically, a marine seismic
source con§i@3iot ofte singlngeeixve elmentaibed of pesoatially adisivibatechan aypofeewat® elements.
This arranggmentis-RaisHiREye fomairguns: Cupreath: themashermmon e, of matine seismic

source. in &an air gun array, each air gun typically stores and quickly releases a different volume of
highly compPE8a@enaiin fB?rﬁ‘iﬁgk&@ﬁéﬁ%ioﬁ%ﬁnﬂﬁﬂ%‘é?‘[@@%ﬁﬁé‘% prapresteey festsmidismic
sensors typigalinineivde pastisle valecityssansatsn e ticdlachbiband SveMs BN dwalessessure
sensors, partjcularly in marine surveys. Sometimes particle displacement sensors, particle
acceleration°BHEGYSE GFSHSRTE G 401GHT BNBATS AFGTISeLrIh FARA B BRI BRI TPt eficle
velocity sensgasiiiatiiickeielooitynsftnsaroandc walker iprekguptcsensars @regecivyieonhskiown in the art
as geophones, anch yeiaRnanes. [esRerLvaly Seismi.sensors max he denloved by themselves. bu
are more commonlty ep ogled IN sensor arrays, ‘édsltlonally, pressure sensors ant partlcfe"velouty
sensors mayFive daprsyeaigetieriee Twars v sunreyareciiveatsd in paiksrorpaieswobisgatied arrays.
[0007]A particle motion sensor, such as a geophone, has directional sensitivity, whereas

1



a pressure sensor, such as a hydrophone, does not. Accordingly, the upgoing wavefielci WO
2010/084095PCT/EP2010/050517 signals detected by a geophone and hydrophone located close
together will be in priasejwwki®ihe downgoing wavefield signals will be recordedt18@xegesesout of
phase. Various techniques have been proposed for using this phase difference to reduce the spectral
notches caused by the surface reflection and, if the recordings are made_ on the seatloor, to attenuate
water borne mult ?égef%iﬁﬁﬁﬁe%&ed AP Hiteth A0S R/ MNG LGRS PHBAES 8*%0 Rone
co-located, is to hibuersudficienttspatial densitysotisenser scsa dhdtthenie dpactiveiwavefieldscret trded
by the hydrophong:- rtﬁrﬂd ﬁegpg%nrgecan be interpolated or extrapolated to produce the two wavefieleis
at the same location. [b i ]8onvehtional 3D marine seismic acquisition by towed streamer usually
results in asymni8@¥dd| spBiiainsagnpiiribeatic fold betiwdemtintinebasrdeesos sritdecdiractivles (orgnable

sampling density,is densekdp the ipline dijection (Rarallglto.thelowsdsigamershifaninthecrass-line
direction (perpendicular to the towed streamers). The asymmetry is due to a v_vlders%gaqmg between
receivers in sepdfatErelrigmiersoman b dan arcseat e ety aamil e dndiliehidSulRsEts Gan
lead to spatial alizsingief #iewamplind-datddpotine arosssinedirectionn \Whendhe:rpeaiversndréme-

deployed on the sea-bottom, the IateraPl di tatnce between adiac nt.receiv(g S is often kalr er than the
. . consumtu%ﬁ_'underta%cm L Ol“ﬁha reason hﬁlie %S a (%n }nmlng neca to 1 rove t &‘baI‘OCC?SInU
typical receiver separatioh’in a streamer. This means that spatial a.liasing can be a problem for data

acquired with thisny gésmhyeteiverscomligukition as welioTiais invention dotisiderstiata Bgufiethisith
hydrophones and, geophones-Jile.g6RRRane Ganvesord QReLLIMOLR GRIPRANERIS,AE TG Ratticle

velocity vector Common are three-component geophones which record the complete particle motion
vector. RecordinByohfy rEteerticdl eBrip Shate o s PRARIE SR GRS HIRYESMM KT RIFiFopHERe and
geophone records {ogethesiatedeienethécasdualtsesrser. data in this invention. [0009]Thus, a need
exists for a meth@%é%i wa¥ﬁtfield se artation for dual-sensor data tht more efficien}l}/ orrects for
spatial abasing. Preterably, hEPRISH S gggglmcpf%ﬁggst %%ﬁnﬁ%nﬁﬁe-%ﬁ%{%lﬁglr%naﬁn W atl-}reslcrlrsémglﬁIar
receiver separatiomgegambe takedeirtgpaccouniranitrdoes ndbreguirsseismitdyadgpintdipetapion. a

BRIEF SUMMAR Y, QF Lt EeiHPMEJ}JIJ%%[99&6%‘5%Mﬁ&‘l&'lggéﬁi&mez}&%‘é%ftwgéfﬁéigég AERAAHGN for

dual-sensor data. A first weighted integral operator is applied to dual-sensor data to extrapolate the

dual-sensor data’te"&{fifet posifsEBeoR shesesaisigchestirfedie] yeas kil esid surste i elatin e

second weighted; e eral @peratards apriedto dherextrapolated daia tasxip elpieaie £xirappiated
data to a second position, generatin Wﬁvcfield separated data. One o(i‘r:he i‘ntﬁe}%rql g)g)erato‘rs YWO 20
10/084095PCT/|‘:*E*§6%“16R)‘%65§% pi&d’tc AL BorfiihatiBn Bitng" Efisor Bl BRIEF

DESCRIPTION QfpiEkiE, DRAMNGS {001 Thedmientionednditsl advantagesmaybe faoretedisily
understood by referanaeoe {ohouing detailed desgintion ad e 2achad drawings, nieh: |

[0012]FIG. 1 is a schematic side view of a ray from the acquisition surface; [00I3]FIG. 2 is a
showing a travelgriEBlefgiaroshcrpretalpart GTrarEBmipien] SHOT re S APet st 00 £ASE T, 8% a

flowchart illustrating apneiatemogliment efdhesinentien: foswayelickiperarapenstar Auaksensar data;

short-duration impulse.

[0006] The appropriate types of seismic sensors typically include particle velocity
sensors, particularly in land surveys, and water pressure sensors, particularly in marine
surveys. Sometimes particle displacement sensors, particle acceleration sensors, or pressure
gradient sensors are used in place of or in addition to particle velocity sensors. Particle
velocity sensors and water pressure sensors are commonly known in the art as geophones and
hydrophones, respectively. Seismic sensors may be deployed by themselves, but are more
commonly deployed in sensor arrays. Additionally, pressure sensors and particle velocity
sensors may be deployed together in a marine survey, collocated in pairs or pairs of spatial
arrays.

[0007] A particle motion sensor, such as a geophone, has directional sensitivity, whereas

a pressure sensor, such as a hydrophone, does not. Accordingly, the upgoing wavefield



[0015]FIG. 4 is a flowchart illustrating a first embodiment of the invention for wavefield separation for
dual-sensor data; [0016]FIG, 5 is a flowchart illustrating a second embodiment of the invention for
wavefield separationdan duskeansor data; [0017]FIG. 6 is a schematic side viercofizsinglasey
corresponding to a time sample from a trace to be migated; [0018]FIG. 7 is a flowchart illustrating a
third embodiment of the invention for wavefielcl separation for dual-sensor data; [0019]While the
invention will be HEREMELSIFEBHRECBRRtH S PHETeiran eritddinsniesh i He B ersot tHat the
invention is not limited i@ tbpsew@rtlatl comindy ywihennventiandis) ftengesdonao\er mihaltervatives,
modifications, antd% Uivé‘ll%llts hat may be included within the s o%%oftthe 'nver%tion, as fjefitn d by
the appended claims. B EBDES %ﬂﬁﬁl%ﬁ'—t aﬁﬁ\? N fOr(? bﬁﬁ'ﬁeeis Vention 1§58’
method for wavefirigtddpdhationiior dukksensod, dathe ledhéifgiondngydheetissbotimentstahthe
method of the inyeptio,far SERAMLNG fesgried wayelields intg halrye-going;and. down;aging parts
are described. Wavefields are recorded with receivers disposed in a plurality of Seisniic Sstreamers,
also known as a!3f9rephensi corersisitysdoimise s@isiprtioniar ARyl erasaefinebrie the ftrritore
surface, which isghagrizental laeinithedeshease of flaiherizenialstreapiaisObadlatharizantal
sea-bottom. However, the ac uisitiotgﬁsurfagg need%?ot,be flat, as this is not a limitation of the

[

invention. At each TELEIVAF (80D OH thE BEGaRRiST 4 Face, two wavelic ds are recorded or built by

WO ZQ10/04095[1319@?20wﬁﬁﬁﬁmﬁmmﬁnom@¢m@nsmomhmmd@smdtedrwm1fjelem&m two

wavefields are tr&%fﬁﬁ%?eﬁ%ﬁlf'?ﬁ%ﬁ?ﬁ%ﬁ?ﬂ%oéﬁoﬁ%nge?&)geg(%‘ﬂ’lﬂigpdﬁ@ RRIs (hydrephane regprd)
to efld n

and the compone “the particle velocity field normal to the acquisition surfztce (gcosensor record),
again consisting @RupLbilsgsEldsdsRasIgoitly eine dTpdimdirod of ih&mvedor amploydan seaied
combination of the,twe feaprdad wauelisklsin theHnisgral @dressionsthal serarate dhe wavgfields.

[0021]Conventional methods consider only homogeneous media. In the method of the invention, the
earth model can BALE P KBS, &R BUSP R SR it APPSR 4l B rapacierBya
smooth backgroamﬁh_ rmdehwfyaimmwaeaﬂwﬁmeﬂmtjﬁgthé Mme_mml_iﬁ@ dhwawehp rapaegaﬁi@ﬂi&raddﬁ: in
accordance to the highifrequenex apprximation: isanproximation means dhat wave propagation
can be described with high accuracy by zero order ray f)heory. Al thréé embodiments explo&at e
principle of stationegiy phaseivhibhzeutbaatiediyisdlcete thieseprreittro bliquitydactor Thibenappliddtin the
wavefield separagian,i (1027l the sloypraaingrnadtsof thewayefield apdiedothe teflectiansf All

up-going events at the sea-surface. In the following, a hypothetical model where the sea-surface is
absent will be coi§iHerddsTHY HBRA-GHNGEh eIy Rl dradtBdiripriayasiap-§8iREcaRtrgy M his
corresponds to agviptahsefiaationdbiirect owr-gomspanai gy aictheracquisision sutace @athauh ary
amplitude changgs, i.e. without changes to nitude and polarization. The gnly thin ich happens
athematically 1S o e B TG v el e R et A R R =
down-going wavefilonthd Wertipal cecnipoventhet sba-sutfalee Y fidedywithabse iroreality, isladswhned tobe
filled with water spehial @ Smebrapsitiotefall medivm proneitiesahihe seagurface is assured.

[0023]The first embodiment of the method of the invention is wavefield separation using Kirchhoff-type
time domain or 8808hcy dBisatrerdthgoThiE el drnBtirheld wrirafende dutemnh deanist

common-shot regqftiscer dhatrecorded wavelipidgiteidclevelfahoug thengtoisitessuidiasahithe the
combination of the recorded waveficlds is sucq‘h that.the seg)arate int up-c?oint% and down-%oe%ng parts
T 3:) éa et-% ? S

in this datuming SI8p 1456 S8PATALRA aVSHEHS &7E tHeif AR oA gAt S BFYIHA 18

generally to any fevetqihe seistpist tofcthistdirst @mibodiment is common-shot ensembles of seismic
traces, i.e. seismic pre-stack data of separated wavefields. [0024]A pressure field p(x, to) recorded at
a point x on an cquisition surface S can be forward extrapolated in time to another point x R above the

acquisition surface us 2 the following iRtegfaPEdiididhy OF THE INVENTION

[0010]  The invention is a method for wavefield separation for dual-sensor data. A first
weighted integral operator is applied to dual-sensor data to extrapolate the dual-sensor data to
a first position above an acquisition surface, generating extrapolated data. A second
weighted integral operator is applied to the extrapolated data to extrapolate the extrapolated

data to a second position, generating wavefield separated data. One of the integral operators



WO 2010/084095PCT/EP2010/050517  -icor (x, x fidS, (I)  where i is the imaginary unit and Oi
denotes angular frequency. The traveitime along the ray connecting x and x1 is given by rex,x ) The
term Wix, ) in Equatiom (i g dssewsveighing factor, which is given by COS 8 (X, XReex/2iG0X0/050517

cox-) where ,0(x) is the density and c(x) is the speed of sound in the medium, The factor G. (X, ) in
Equation (2) takes into account amplitude changes due to geometrical spreading, FIG, | is a schematic
side view of a ray TroR iddHeesateticntinrion O ke dyrherstsstke angle measured at x between the

ray connecting points x and NY' and the unit normal vector to the acquisition surface, n(x), which
points towards xi< The equation of ion r %e‘é(:lla ressur Eﬁ%g Wi‘&é{} éhree-component particle
velocity field. The component of ther%%gﬁ%egvl% (o]8] yTiIeEP&%nogrf ﬁ‘fé q% ition surface tit, (X, co) is
derived from a three-component particle velocity field measurement by means well known in the art.

The relationship n rticl GILY fi oW | 14 neirn I e argilg)n
analogous to qugg\gfﬁl) %ﬁ?ﬂn&mﬁﬂgaﬁlﬁe%ﬁﬁg% %%%gﬁ%ﬁ% \t%e %%%igg edvégg(c%@yic%% 1 Ceetﬁ)) I

KT1( x,(h) expL--(Rex40 Rrgnegisaiied erriphenetihaidaniad with eepsmmtiskdia properties p and , an
event in the pressooa zcondiar inidhednermal sprpeRatahingRatticle Malogily seeqrd can be
e [ e e L e o R R
shot pressure record;
[0014] FIG. 3 is a flowchart illustrating general embodiment of the invention for
wavefield separation for dual-sensor data;
[0015] FIG. 4 is a flowchart illustrating a first embodiment of the invention for wavefield
separation for dual-sensor data;
[0016] FIG. 5 is a flowchart illustrating a second embodiment of the invention for
wavefield separation for dual-sensor data;
[0017]  FIG. 6 is a schematic side view of a single ray corresponding to a time sample
from a trace to be migrated;
[0018] FIG. 7 is a flowchart illustrating a third embodiment of the invention for
wavefield separation for dual-sensor data;
[0019]  While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not limited to these. On the contrary,

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

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

[0020]  The invention is a method for wavefield separation for dual-sensor data. In the
following, three embodiments of the method of the invention for separating recorded
wavefields into their up-going and down-going parts are described. Wavefields are recorded
with receivers disposed in a plurality of seismic streamers, also known as a 3D spread, or
deployed on the sea-bottom. The receivers define the acquisition surface, which is a
horizontal plane in the ideal case of flat horizontal streamers or a flat horizontal sea-bottom.
However, the acquisition surface need not be flat, as this is not a limitation of the invention.

At each receiver location on the acquisition surface, two wavefields are recorded or built by



C X. CD -rCOI COsl!) (X WO 2010/0841)95PCT/EP2010/050517 Pa. (Lon =e05H(x).1) /7 C 1
l,cosre (X)] 7.;,cal)=--ila(x,an-2,pc2 respectively, asis well known in the art. Here,
cos[61(x)] denotes the angiafetween the propagation direction of the wavefroni@asgpgsiaigshyyith that
event and the unit normal vector rt, and v co) is the recorded component of the particle velocity field
normal to the acquisition surface S Equations (4) through (7) remain valid in slightly inhomogeneous
media within the %ﬁaﬁﬁf}%‘ﬁ@élékiﬁé%ﬁ@%-fﬁ@ffd@ﬁ%@ﬁ%ﬁpmﬂﬁfm@ﬁor{hﬁtwwﬁvafmlépag:d@m@waw
behaves locally likei@dolaneiviaepands thisa, dhenvaveligidcan he separatediysipaibedreahmegium
properties ,0(x) arﬁd e % The ritﬁn(%{? '?(é}) is initizglly unknown, but will be automatically determined by
application of the IStagrAr Equatish of EJuALEIA (1§ oPEaf ALisHI M abRED HERISERR CoTAYS Froi# i small
zone (Eresnel zormisatognd tipegstagiandrjopaighidy taesstationaiydqoiiththie tatichimesoyiacecsdefined
by r (X, XxR) and th ISmi » tan t, i.e. both have the same dip, as.is s nin FIG, 2.
Conseauenty, wheh Tis Sorractlbeurvalbay o Laed et ot TR SR baeecati
(integal) over cortfibtfidfs from outside a small range around the stationary point is negligibly small.

This localness offiz¢pntributienssemainsyalichwhen the wavelieldisscaled by asmeethly Maning

function. Thus, only the contributions close fo the stationary point and scaled by obliquity factors close
to the correct oblfa%‘?rfi}lf)élclta? st retuhs e dtadpaattg fﬁ?@ﬁ?’ﬁﬁéﬁ%ﬁf@%@ﬁﬁﬁ?ﬁi’s‘}lﬁ‘? a
first embodimenttef thganethochofitbetinverition therexapolaticotihe tpreaing ardiciowageing

pressure fields aQV%@giirmal corggonez[;ts of artlclgE velocity oint xi' are estimated separately

fie t
by combining Equation%r?ﬁf%ﬁt}oug%n )1§Ni1t %ﬁ?é %lr?e(I)Eoyitegﬁidr%‘%igref%‘ffélﬂnél%{%ﬁ%ftéﬁnuati F WO

2010/084095PC AEPEgHRO/@5084® that wave propagation can be described with high accuracy by zero

order ray theory. All three embodiments exploit the principle of stationary phase which
automatically selects the correct obliquity factor to be applied in the wavefield separation.
[0022]  The down-going parts of the wavefield are due to the reflection of all up-going
events at the sea-surface. In the following, a hypothetical model where the sea-surface is
absent will be considered. The down-going energy will be treated implicitly as up-going
energy. This corresponds to a virtual reflection of the down-going energy at the acquisition
surface without any amplitude changes, i.e. without changes to magnitude and polarization.
The only thing which happens mathematically is a change of sign of the vertical component
of the slowness vector associated with a down-going wavefront. The space above the sea-
surface, filled with air in reality, is assumed to be filled with water such that a smooth
transition of all medium properties at the sea-surface is assured.

[0023]  The first embodiment of the method of the invention is wavefield separation using
Kirchhoff-type time domain or frequency domain datuming. This first embodiment
extrapolates a combination of common-shot records of the recorded wavefields to a level
above the acquisition surface. The combination of the recorded wavefields is such that they
separate into up-going and down-going parts in this datuming step. The separated wavefields
are then back-propagated to the original level, generally to any level. The output of this first
embodiment is common-shot ensembles of seismic traces, i.e. seismic pre-stack data of
separated wavefields.

[0024] A pressure field p(x, ) recorded at a point x on an acquisition surface S can be

forward extrapolated in time to another point x* above the acquisition surface using the

following integral equation:

W



p(x)eix) cos[e9(x,xR v /7 (KR ,0)=  cos r-0(x p(x, oi IR) )//S, P(x)c(x) and ,(0)
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p(xR,a)); ) IPV(X,XR )p(x,a))exp[—ia)r(x,xk )}dS, (1)
s 5 !

o

where 7 is the imaginary unit and @ denotes angular frequency. The traveltime along the ray
connecting x and x" is given by 7(x,x"). The term W(x,x") in Equation (1) is a

weighting factor, which is given by

O(x, x*
Wiy =yt 2L 200)]

where p(x) 1s the density and c(x) is the speed of sound in the medium. The factor
G,(x,x") in Equation (2) takes into account amplitude changes due to geometrical
spreading. FIG. 1 is a schematic side view of a ray from the acquisition surface. 8(x,x")
denotes the angle measured at x between the ray connecting points x and x* and the unit
normal vector to the acquisition surface, n(x), which points towards x". The equation of
motion relates the pressure field with the three-component particle velocity field. The
component of the particle velocity field normal to the acquisition surface v, (x, @) is derived
from a three-component particle velocity field measurement by means well known in the art.

The relationship between pressure and particle velocity fields allows using an integral

equation analogous to Equation (1) for datuming the normal component of the particle

velocity:
v, (x", o) = é)—(ﬁ JW(X.,XR W, (x,0) exp[—- ior(x,x" )}dS . (3)
27 ¢

In a homogeneous medium with constant media properties p and ¢, an event in the pressure

record or in the normal component of the particle velocity record can be separated into its up-

going and down-going components using the following equations:

"\
3

(p()‘"a)> ‘%’EZE—“‘]VH(X’Q)) J 4 (4)

P, -
Pt cos|A(x)

[SSR



(0026]Using the well-known relationships between the frequency domain and the time domain a io)p(x,

of) ;(-)-p(x, t) nit 13? and p(x, co) exp(-itor (x,)) p(X, t(x, x)),114) the time-domain extrapolation

expressions contespolititto Equations (9) through (12) are obtained as: FESHERNEN Either the

time-domain extrapolation expressions in Equations (15) through (18) or the frequency-domain

extrapolation expressions in Equations (9) thr%%gh (12) can be used for performing this first datuming
[t

step in this first embodiment of the inVéntion= 20 ey i Jtimedip in the output is deténmined

by the chosen operator taper in the first datuming step, i.6” %‘H maximum angle O(x, xR)
considered aiong the traveltime operator. The1 mming dcig'g g then centrols the number of traces in
the aperture and the dip sampling as;the «ahglg&(&xxaR} allydeereases with increasing dajuming
distance. FIG. 2 shows a traveltime operator Gnktop of a part’6f a pressure record. At the stationary
point, the traygltime operator is tangential to the seismic event. Both have the same dip. To provide
the up-going and down-going fields at the original acquisition surface or a level near by (e.g. for
comparison with a different survey),va, I?‘?%%n:g_ émmi g +step{(?sxr§§ )i{r%(j,)usually a backward

X, 0 / Ly T i , .. 7
propagation in time. The operation pérfonning a‘léfgfpr pagatien is expressed by the adjoint fo@r% of the

above given integral Equations (9)-(12) in the frequency domain or (15)-(18) in the time domain, which
is obtained by swapping the sign of hip or the time delay function r(x,x.k ) , respectively. Thus, in the

first embodimentafithe, methanf thewnventiontherip=geingand dawn-geing.piessureficlds at a
point IX below x K are given by W) = _Lal nl 5::)7(xR ,m)exp(iortri:, x ',61,5(19) WO
2010/084095C P RLe M Gresomn of the wavefront associated with that event and the unit normal vector

n, and v, (x,o) is the recorded component of the particle velocity field normal to the
acquisition surface §. Equations (4) through (7) remain valid in slightly inhomogeneous
media within the validity range of the high-frequency approximation, in which a propagating
wave behaves locally like a plane wave, and, thus, the wavefield can be separated using the
local medium properties p(x) and c(x). The angle #(x) is initially unknown, but will be
automatically determined by application of the integral equation of Equations (1) or (3), as
the major contribution comes from a small zone (Fresnel zone) around the stationary point.
At the stationary point, the traveltime surface defined by 7(x,x") and the seismic event are

tangent, i.e. both have the same dip, as is shown in FIG. 2. Consequently, when the correct

local velocity 15 used,
cos[@(x,xk)]z cos[B(x)]. (8)

[0025]  The sum (integral) over contributions from outside a small range around the
stationary point is negligibly small. This localness of the contributions remains valid when
the wavefield is scaled by a smoothly varying function. Thus, only the contributions close to
the stationary point and scaled by obliquity factors close to the correct obliquity factor affect
the results of the corresponding integral expressions. Thus, in a first embodiment of the
method of the invention, the extrapolation of the up-going and down-going pressure fields
and normal components of particle velocity fields at point x" are estimated separately by
combining Equations (4) through (7) with Equation (1), vielding the following integral

equations:



A, a))-w(y,K ,ro)exp(i for (if ,1/4 ) )(45 in the frequency domain and by  r(i,))dS(77) in the time
domain. The corresponding equation for up-going and down-going normal components of the particle
velocity Held reX® 2YHARLEO n .- - 114: (x)1,(xR, (2r)(iari-(i "x.R )ki'S(24) |ﬁ%@??~é%@ﬁt&7 domain
and )=fPV(X X)-1,1"T (X-R "CIS 2r,at(25) and d" (26)

p””(x a))
o J.W XX )1 p(x,a))——m@f(—xl—w (x,0) exp[—z‘wr(x,x"ﬂd& ©
2 cos[@(x,xk)] e
pd” (};R , m) =
R . \ (10)
% ;W(}"XR )%LP(X“’)*%V” (x,m)Jexp[‘imr(x,xR)j)dS) ‘
v”p(xR w) =
io cosl'é)(xx ] W R (in
J-W( v, (X,0) = ——=——-" p(X, ®) exp(—iwr(xtx ))dS
T 3\ p(x)e(x) )
and
vi(xt o) =
[ 0 R 7 ‘
o J‘W( XR)E)’\V”(X ()+_L8§£(-—§X—(;ﬂp(x,(0))exp(~ia)r(x,xk))d5 (12)

f0026]  Using the well-known relationships between the frequency domain and the time

domain

~

io p(x,0) < — p(x.1) 13)
ot

and
p(x, @) exp(~ior(x, x" ) < p(x,1—1(x,x")), (14)

the time-domain extrapolation expressions corresponding to Equations (9) through (12) are

obtained as:

Pt =

~f . \ (15
“f”’m o) Pt = rx =Ty oty fas,

2 \ 005(9 (x,x" )J )



in the time domain. For i1l = x in Equations (19) through (26), the output is given at the original
acquisition surface S. Again, either the time-domain extrapolation expressions in Equations (21)-(22)
and (25)-(26) or Y G4 Ey-domain extrapolation expressions in EquatioRS TEFHPORERE (23)-(24)
can be used for performing this second &turning step in this first embodiment of the invention. WO
2010/084095PCI/EY2Q %,O?O_gl? [0028]FIGS. 3---5 and 7 show flowcharts illustrating embodiments
of the invention for wabefieid >séparation for dual-sensor data. FIG. 3 is a flowchart illustrating a
general embodiment of the vention; FIGS. 4-5 and 7. are flowcharts further illustrating more(16)
particular embodiments ‘g,r;utfé’ (if’i\fi—:'pr?t'_lbﬁ §(&éséfi(i§eﬂzi}% | iQ%Q'Oﬁ)r g dnd @‘dﬁégj Vs and sections
that illustrate aspects of the invention as'described in the roJvc?nérts in FIGS. 3S and’'7. [0029]FIG. 3 is
a flowchart illustrating anembodiment of the invention for \vavefielci separation for dual-sensor data.
At block 30, a first weighted integral operator is applied to du gé:sengh data to extrapolate theél?r
dual-sensor data to a first pesition aldove the acquisition s6 Lgenerating extrapolated dat&. The
first weighted integral opera o/;[}éa}‘nﬁ)w_ gxdfiﬁqrti}‘ time- 1 { i

Vs : DX IS (% X .
» e appfi et e-space Q_Qljna(ﬁ or the )freq Ncy-space
domain. [0030]At block 31, a second weighted integral operator, is applied to the extfapolated data
from block 30atalextrapolate the extrapolated data to a second position, generating wavefield

separated data, wherein opne.of the integral operators is applied to a scaled combination of the dual

sensor data, The secé’héxwé[ibﬁted integral operator can be aﬁ@p;lied in the time-space domain or the

frequency-space domaing [0031]FIG.144$ a flowchart jllustrati s,:fi’mﬁ embodiment of the invengion for
wavefield separation forgual’dénsoriat ‘.’n[@O‘EZIA’fvBl&éﬁml’éﬁdﬂé%i‘éé) fidhual-sensor
data are acquired at an acduisition surface below a sea surface.gf‘gg)BB]At block 41, a first position level
is selected above the acquisition surface from block 40. [0034]At block 42, the dual sensor data are
extrapolated from the acquisjtion surface from block 40 to the first position level from block 41, by
applying a firsrtewgfﬂﬁfgﬁ ir%lgb?%Iﬂb?)é’i%?bc}%aénsg}éﬁré@oé%?ﬁ%iﬁ’é‘ffB??IBPStﬁ% BMANSEALAr HEEL #8m block
40, generatingl &xtraol dtedaupsgdingiand owntgaipgptataonEhe figabneigtitethiniggrabpperator can be
applied in the {i y )3l he frequency-space domain. [003 block 43, a second position
level is selectgécig&?(k)?g%ﬁg%? ‘bqo%f%ﬁt%%}g c%%Slg tlﬁpe%ésrifddfﬁta %l%%%]%?ﬁglr)%&erfggéwg?h block 40, the
sea surface fid\¥&lock 4e, wrdpypothaesositichdevalthatigasafed by selebpsfp086]Ablepk 44, the

extrapolated up:goind AR flows; soing, Aala oM. Rlocl 42 are exjrapgiated fam e, sl position level

from block 41 to the second position level from block 43, by applying a second weig integral
operator, genepamﬁqg.wﬁh@ﬂ@m@epaﬁaw@e then controls the number of traces in the aperture and the

dip sampling as the angle #(x,x") generally decreases with increasing datuming distance.
FIG. 2 shows a traveltime operator on top of a part of a pressure record. At the stationary
point, the traveltime operator is tangential to the seismic event. Both have the same dip. To
provide the up-going and down-going fields at the original acquisition surface or a level near
by (e.g. for comparison with a different survey), a second datuming step is required, usually a
backward propagation in time. The operation performing back-propagation is expressed by
the adjoint form of the above given integral Equations (9)(12) in the frequency domain or
(15)~(18) in the time domain, which is obtained by swapping the sign of i@ or the time delay

function 7(x,x"), respectively. Thus, in the first embodiment of the method of the invention,

the up-going and down-going pressure fields at a point X below x“ are given by

y o 0
pl{}. (Xﬂa)) E -

- W55 p7 (6", o) explior(Tx") s (19)
LT ¢ ‘

and



data. The second weighted integral operator can be applied in the time-space domain or the WO
2010/084095PCPEP2010/050517 frequency-space domain. [0037]The second embodiment of the
method of the inViéhtian/i84favefield separation using vector-weighted Kirchhoffaype datsming. The
second embodiment uses only one recorded wavefield in the first damming stop, either the
hydrophone record or the geophone record, In this datuming step, the recorded wavefield is
appropriately scaled. The sam@r@@m)e@lwgi@ﬁaldjsgﬂtwﬁgghg\;jmgm(mgs@jing. Then, botpppgcords
are back-propagated to the original acquisiﬁ@ri surface. The ratio between the scaled record and the
unsealed record yields an estimate of the obliquity factor needed for wavefield separation. One of the
hydrophone or geophone records is scaled by the obliquity factor estimate and then added to or
subtracted froft(4sTappropTisiayhendthier record to yield up-going or down-going fields, respectively.
The obliquity factor estimate is an amplitude weighted average of obliquity factors associated with
several crossing events at a particular time sample and is given as a function of space and time. The
output of this second embodimen})fiqgag@;n,g&ayﬁglq)@g%gra@gq cormonyshot ensembles of seismic
traces. [0038]In this second embodiment, ord§f dne of thé’recorded wavefields is used in the first
damming sm%&orresponding to Equations (9)-(12) or (15)-(18). in the following discussion, the method
is described in terms of the pressure field for illustrative purposes only. The invention is not restricted
by this choice of field. The first datuming step i rformeéd with.a two=co ent vector of addjtional
weight functions and creates a tmfé-cqgi??pzoﬁé%tj/%iﬁo?%%@tp it pf‘résr )lj‘r}éiﬁ)gﬁ%g. The vector of 91) ight
functions is given by: w,(x,,,_-(cos[0(x,,,R)},07(27) [0039]Using the vector of weight functions from
Equation (27), the output vector of pressure fields is given by: 1" t) Uwf(xI-pix,(-r(x,AR))dS, "fft (28)
where p,txR,ijigesimates dheibyonampeneiindeeiofgulithss . ik RR2) s Qown-going normal

2010/084095PCDEP291(%/(?150517 [QO OlE@CI} of:.the two components of this vector of pressure fields
o com ensd)tl%%egtbcl eosxﬁy 1edrﬁ%: L
pi (icin Equation IS datu ack 1o the original acquisition surface, yielding a component of a
second vector of pressure fields. These two second datuming equations are given by:
up —~ ia} . -~ ’}I " ] 5 e 3
V(X 0) = ~ JW(XR, v (x*, w) exp{za)r(x,);R ) S (23)
and
v (X, ) = -—% jW{xR K xt o) exp(z‘mr('i,xR )}:/S (24)

s

in the frequency domain and

1 4
VIP(X ) = —— (R D) — v (xM (R x M ) S 25
7 (%,1) 2@! "R ( (%, x")) (25)
and

dn ro> ~____1___ RO a dn ;R ~ _R
VIR, = > SjW@ T (4 (R 50))dS (26)

in the time domain. For X = x in Equations (19) through (26), the output is given at the
original acquisition surface §'. Again, either the time-domain extrapolation expressions in
Equations (21)~22) and (25)~(26) or the frequency-domain extrapolation expressions in
Equations (19)~20) and (23)~24) can be used for performing this second datuming step in

this first embodiment of the invention.



[00413The ratio of the two pressure fields determined in Equations (30) and (Ti) yields the obliquity
factor as a function of space and time: cos[e(x,ha. (I" 4) _P,(x,t) (32) [0042]For stability reasons and

to avoid division by ggeMigiups (X,0 in the denominator in Equation (32), it is agvariageaLs o build
the envelope of the two pressure fields prior to the division. Thus, in another embodiment of the

invention, the obliquity factor is given by: cos O( - env 17: (x,t)1 - env[,r,7 (xi)] (33) The term cosO(x,t)i
is used instead ofWWRFD (x, HI€eH theS alplig ity FactomichEguihionst (823 mbol{B8) ttoofefhectnthvatiom for

amplitude Weight@qv%ﬁ@r@%pgtali@g{vwad@@@%@/ faglorsdp.copsidered infhe m%tl}]@%ﬂaf'i%l@&dim-

This procedure provides the obliquity factor that will be used in this second embodiment of the method

of the invention. $O02dimAY CAdBOIMFEEBroddfg evdntadt’adsartienditime ghen pld dmiparietar
position will illustraie dhis: presess afiiaking mweighied average of iliqtlity fastorsiinmere-defails The

two pressure feds flom, E94eioNS.(20) 20d (S ahiRinee ater e o SamINg FPS: FIEY'Y”
5and 7.
[0028] FIG. 3 is a flowchart illustrating an embodiment of the invention for wavefield
separation for dual-sensor data. At block 30, a first weighted integral operator is applied to
dual-sensor data to extrapolate the dual-sensor data to a first position above the acquisition
surface, generating extrapolated data. The first weighted integral operator can be applied in
the time-space domain or the frequency-space domain.
[00630] At block 31, a second weighted integral operator, is applied to the extrapolated
data from block 30 to extrapolate the extrapolated data to a second position, generating
wavefield separated data, wherein one of the integral operators is applied to a scaled
combination of the dual sensor data. The second weighted integral operator can be applied in
the time-space domain or the frequency-space domain.
[0031] FIG. 4 is a flowchart illustrating a first embodiment of the invention for wavefield
separation for dual-sensor data.
[0032] At block 40, common-shot records of dual-sensor data are acquired at an
acquisition surface below a sea surface.
[0033] At block 41, a first position level is selected above the acquisition surface from
block 40.
[0034] At block 42, the dual sensor data are extrapolated from the acquisition surface
from block 40 to the first position level from block 41, by applying a first weighted integral
operator to a scaled combination of the dual-sensor data from block 40, generating
extrapolated up-going and down-going data. The first weighted integral operator can be
applied in the time-space domain or the frequency-space domain.
[0635] At block 43, a second position level is selected. The second position level can be
the original acquisition surface from block 40, the sea surface from block 40, or any other
position level that 1s useful to select,
[0036] At block 44, the extrapolated up-going and down-going data from block 42 are
extrapolated from the first position level from block 41 to the second position level from
block 43, by applying a second weighted integral operator, generating wavefield separated

data. The second weighted integral operator can be applied in the time-space domain or the

11



WO 2010/084095PCT/F/P2010/050517 ,))1+ bcos{0,,(x,),:0)1+ ccosK,(' tn)](34) and p2(x,1,)-=b c(35)
where a. h, and c are the amplitudes of the three crossing events, [0044]Consequently, cosia(x0,/ 0)1=
a cos|0,(x,,,t0)[+ 8L t,,cosipet,x,, , 10) ath+c (36) which is a weightedraErxEge051ll three
obliquity factors with the amplitudes of the individual events as weights. [0045]Using the obliquity
factor from eithe 5 on2)ihe separated wavefields are then calculated using the following
equations: p(R? 1>l<) ( ElcosP(x 63% pd" (X*0 =-7;1 P t) P(XL)C(X) (x. t)

The second embodiment of the method of the invention is wavefield separation
using Vector-welghted Kirchhoff-type datuming. The second embodiment uses only one
recorded wavefield in the first datuming step, either the hydrophone record or the geophone
record. In this datuming step, the recorded wavefield is appropriately scaled. The same
recorded wavefield is datumed without the scaling. Then, both records are back-propagated
to the original acquisition surface. The ratio between the scaled record and the unscaled
record yields an estimate of the obliquity factor needed for wavefield separation. One of the
hydrophone or geophone records is scaled by the obliquity factor estimate and then added to
or subtracted from (as appropriate) the other record to yield up-going or down-going fields,
respectively. The obliquity factor estimate is an amplitude weighted average of obliquity
factors associated with several crossing events at a particular time sample and is given as a
function of space and time. The output of this second embodiment is, again, wavefield
separated common-shot ensembles of seismic traces,

[0038]  Inthis second embodiment, only one of the recorded wavefields is used in the first
datuming step corresponding to Equations (9)—(12) or (15)~(18). In the following discussion,
the method is described in terms of the pressure field for illustrative purposes only. The
invention is not restricted by this choice of field. The first datuming step is performed with a
two-component vector of additional weight functions and creates a two-component vector of

output pressure fields. The vector of weight functions is given by:

w,(x) = (cos[@(xyxR)},l)T. (27)

[0038]  Using the vector of weight functions from Equation (27), the output vector of

pressure fields is given by:
R 1 R g a R
p(x" 0= — [ x")w ()= plx.r - r(x.x")dS (28)
27 ; ot

where p,(x",f) designates the two-component vector :

p(x".1) = (pl"‘(xR,r),pl(x“,tﬁT. (29)



COSIP (X,).1 cosi9(x.t)1 pt.x,t) p(x)c(x) and LcLosii)(x. t)] "Ir'(xt) =v" x, tj +Ligx, t) ;p(x)c(x)"
[0046]FIG. 5 is a flowchart illustrating the second embodiment of LbLionfor C wren wavefield
separation for di4l-3EA88Hdata. [0047]At block 50, common-shot records o Pduidirsengordata are
acquired at an acquisition surface below a sea surface, [0048]At block 51 a first position level above

the acquisitio grf ce from block 50 is selected, [0049]At block 52 one selected field of the dual
sensor data fpgﬁw gﬁck%ﬁ@\ﬂ?@“ﬁ@f@‘f@@@@@@lﬂ FIEpSEobBGSLye ficlds p,(x7.¢) in Equation

(29) 1s datumed back to the original acquisition surface, yielding a component of a second

vector of pressure fields. These two second datuming equations are given by:

P = - | (5 x) 2 T ux®)ds (30)
- 27 ot
and
py(xf) = - [0 x™) 2 p (xR 14+ 70, xS 31)
) 2 ot

“rs

{0041]  The ratio of the two pressure fields determined in Equations (30) and (31) yields

the obliquity factor as a function of space and time:

cos[é(x,[)]: % (32)

[0042]  For stability reasons and to avoid division by zero when p,(x,/)=0 in the
denominator in Equation (32), it is advantageous to build the envelope of the two pressure
fields prior to the division. Thus, in another embodiment of the invention, the obliquity

factor is given by:

envg—p;(x,z)j

cos L@(x,t)}: env{pz(x,z‘)] .

(33)

The term coslé(x,t)J is used instead of cos[@(x,z’)] for the obliquity factor in Equations (32)
and (33) to reflect that an amplitude weighted average of individual obliquity factors is
considered in the case of conflicting dips. This procedure provides the obliquity factor that
will be used in this second embodiment of the method of the invention.

[0043]  The case of three crossing events at a particular time sample and particular
position will illustrate this process of taking a weighted average of obliquity factors in more
detail. The two pressure fields from Equations (30) and (31), obtained after the two datuming

steps, are then given by
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extrapolated from the acquisition surface from block 50 to the first position level from block 52, by
applying a first weighted integral operator to a scaled two-component vector of the one selected field,
generating extrapiatsd/ewoscomponent data. The first weighted integat operatoreanbeapplied in the
time-space domain or the frequency-space domain. [0050]At block 53, the extrapolated
two-component data from block 52 are extrgpolated from the first position level from block 51 to the
acquisition surface from blockfl';';@?;'olz)fy)afpibﬁﬂa@ﬁ4 hd wWelighted Mtegiadl 8peratol, generating34)
two-component field data. The second weighted integral operator can be applied in the time-space
domain or the frequency-space domain. However, if the results arc in the frequency-space domain,
then the results must be transformed to the time-Space-demaindefore the division in block 54(35)
[0051]At block 54, a first component is divided by a second component of the two- component field
data from block 53, generating an estimated obliquity factor. [0052]At block 55, the estimated obliquity
factor from blogkeB4sid ugstascalscatet indssaltdcombinations otthe dual-sensor data, generating
wavefield sepgsaied data,[QQg3l#he third embodiment of the method of the invention is essentially a
Kirchhoff- type depth migration with inherent wavefield separation. This third embodiment is similar to
the first embodiment in that the same combination of common-shot records of the recorded wavefields
is used, The recorded wavefiej%s are noty hayvemer ; axtrapalated ,tgo))?dgyg;[gpgygot;qme acquisition
surface, but migrated into th& Hép V'domain instead. The OUIPHE of thisthird embodiment is de(éﬁi
migrated volumes and/or common-image gathers (CM). [0054]The basic principle behind
Kirchhoff-type depth migration is to sum all the samples from traces within a given aperture around the
lateral output pasitiofs intovthehsdme outpuitsamplectonwhichythediecording timesgualedher traveltimes
along rays canncg\glt&gltgv% I%Olélsl’%]ee%g itions of these traces with their receiver positions through the
output location under consideratiofi. The region where the traveltime operator is tangent to the seismic
event in the pl80&tALk dEmneotitvinhias: the frrajor foart tottive Butpabaniplituce (e prinsipiencd!

stationary ph%&Qﬁé&i%@méﬁi%umﬁ%!?&éﬁmﬁﬁe%ﬁ'i@&ﬁ&b&?ﬂmﬁféaor- The travettime operator is
usually called diffraction traveltimc inaction as it describés the traveltimes of a seismic event related to

a diffraction point in depth. Therefore, this migration is sometimes also called diffraction stack
migration. The travelti me operator will be denqted by 771p(i %followi g. (0055]Kirchhoff depth
migration is expressed as a Weightedzs'ﬁfﬁ{ﬁaﬂtiggjaﬂ@n@“{ , 'p(m,tr%veltime operator: W@7)
2010/084095PCT/EP2010/050517 , s $6.7)(x ,X 3t) | (211§ &L, }1‘%3 where’ Af denotes the output depth

location (the image location) under condsiLerati% . lis the og}}pcl&)amplitule (the image), A is the
N | -

migration aperture, and TV(ics,x ""ki) 45 @weighting fac ngfor| georhetricial spreadifg)and
phase changes due to caustics. The input pre-§tack pres$ 2(§dta is given by p(xs,xci,t). An
analogous expression for the normal component of the partigle velocity field -FL, (xs, x6, t) is obtained
by replacing p(x:" , XG ,t) by voG ,1) inEquat mﬁ%);,mhé?ﬁ@%ﬁg@m‘«g is formulated using shof ( X)
and receiver (x'1 ) coordinates, for illustrative 7 poses orﬂ)(/’f)ﬂf@ choice’/of coordinates is not intended
to be a limitatign of the invention. There exist alternative formulations in different coordinate systems
and everything following from now on applies equally well to these alternative formulations.

VO f) = & v (x,0)+ @M p(x,0) . (40)
2 p(x)e(x)

[0046] FIG. 5 is a flowchart illustrating the second embodiment of the invention for
wavefield separation for dual-sensor data.

[0047] At block 50, common-shot records of dual-sensor data are acquired at an
acquisition surface below a sea surface.

[0048] At block 51 a first position level above the acquisition surface from block 50 is
selected.

[0048] At block 52 one selected field of the dual sensor data from block 50 is
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[0056]Analogous to the damming in the previous section, the Kirchhoff migration in the above stated
form is based on a high-frequency approximation. Thus, the input data can be treated as being

composed of seismiggyenisigiated to locally plane waves. Keeping the sourceyqsition fixgd;and
taking the first derivative with respect to the receiver position of' the diffraction traveltime function

provides the time dip of the traveltime operator. Using the local velocity at the receiver position, this
time dip can be usdtipoleaitiitaretthewyiivae oty KRckSAppekeificsimabigidimey domairblock

datuming approagh, i£.{heiceSIRG Ok e RMEIIENTE RNGE &afat@&r&m%%ﬁm&h&&%%&ﬂ%@n Al

with the receiver location x6 This is denoted by cos[0(xG,M)] in the following. This angle is more
directly obtained $&if{ 5y dcitg s dBmpTEARNatrb e EiTRABRBL tHaHiffr kbt dF trave e (*)‘ﬁégfé&br
Using the followingablareviationséd #eXihauiace Bordin e tiBifreduéncWeace domain.

2010/084095PC 10/ 5 10(xG,M btalned b 0057 Th etrical situation just
described is depl q% f '929 Clhk |§1aéscﬁaé)n1attlc 59 ec\(?rgﬁv %"T‘na Ghyle %%?g&%e B ?? i&ing
to a time sample from hsélstteditracd avtidhvis tolde rhigrated. &qaimgomsﬁoﬁthe finne blonkaiid, .by .
datuming procedys i DOSING toARMANT M MAKElRIR separRign Sung RN alid et migieton.

This migration is accomplished by the following integral equatlons
second Welghted integral operator can be applied in the tlme -space domain or the frequency-

space domain. However, if the results are in the frequency-space domain, then the results
must be transformed to the time-space domain before the division in block 54.

[0051] At block 54, a first component is divided by a second component of the two-
component field data from block 53, generating an estimated obliquity factor.

[0052] At block 55, the estimated obliquity factor from block 54 is used as a scaler in
scaled combinations of the dual-sensor data, generating wavefield separated data.

[0053]  The third embodiment of the method of the invention is essentially a Kirchhoff-
type depth migration with inherent wavefield separation. This third embodiment is similar to
the first embodiment in that the same combination of common-shot records of the recorded
wavefields is used. The recorded wavefields are not, however, extrapolated to a level above
the acquisition surface, but migrated into the depth domain instead. The output of this third
embodiment is depth migrated volumes and/or common-image gathers (CIG).

[0054] The basic principle behind Kirchhoff-type depth migration is to sum all the
samples from traces within a given aperture around the lateral output position into the same
output sample for which the recording time equals the traveltimes along rays connecting the
source positions of these traces with their receiver positions through the output location under
consideération. The region where the traveltime operator is tangent to the seismic event in the
pre-stack data contributes the major part to the output amplitade. The principle of stationary
phase thus automatically selects the correct obliquity factor. The traveltime operator is
usually called diffraction traveltime function as it describes the traveltimes of a seismic event
related to a diffraction point in depth. Therefore, this migration is sometimes also called

diffraction stack migration. The traveltime operator will be denoted by 7, in the following.

[0055]  Kirchhoff depth migration is expressed as a weighted summation along the

diffraction traveltime operator:
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PT7(xs, x,12at1cog /kr( (A-1)= The principle of stationary phase automatically selects the
correct scaling of the particle velocity field or the pressure field in Equations (45)-(48), as only
contributions fromoe@medi®sne around the stationary point constructively cartnilurte toothe: integration.
[0058]FIG, 7 is a flowchart illustrating an embodiment of the invention for wavefield separation for
dual-sensor data. [00591At block 70, common-shot records of dual-sensor data are acquired at an

o S LG |
1@u)=.f£;jwqxﬂx°¢wyﬁﬁfif;i3 dA, (41)
2/ A

ot t=7,(x5,x9,M)

where M denotes the output depth location (the image location) under consideration, / is
the output amplitude (the image), 4 is the migration aperture, and W (x°,x", M) is a
weighting factor accounting for geometrical spreading and phase changes due to caustics.
The input pre-stack pressure data is given by p(x*,x°,7). An analogous expression for the
normal component of the particle velocity field v, (x°,x°,1) is obtained by replacing
p(x°,x%,6) by v,(x*,x°,¢) in Equation (41). The integral above is formulated using shot

(x%) and receiver (x“) coordinates, for illustrative purposes only. The choice of coordinates
1s not intended to be a limitation of the invention. There exist alternative formulations in
different coordinate systems and everything following from now on applies equally well to
these alternative formulations,

[0056]  Analogous to the datuming in the previous section, the Kirchhoff migration in the
above stated form is based on a high-frequency approximation. Thus, the input data can be
treated as being composed of seismic events related to locally plane waves. Keeping the
source position fixed and taking the first derivative with respect to the receiver position of the
diffraction traveltime function provides the time dip of the traveltime operator. Using the

local velocity at the receiver position, this time dip can be used to calculate the equivalent to
cosl@(x, xt )J appearing in the time domain datuming approach, i.e. the cosine of the
emergence angle of the ray connecting the image location M with the receiver location x°.
This is denoted by cosl@(xG,M )J in the following. This angle is more directly obtained from

ray-tracing, a common method to calculate the diffraction traveltime operator. Using the

following abbreviations

s oty (x°,x9 M
PP 0 iy = ZElE X M) @)
o,
and
) S LG 5
PS8 58, by = Tt XM (43)

G
ox,



WO 2010/0N4095PCT/FP2010/050517 acquisition surface. [0060]At block 71, the dual-sensor data
from block 70 are migrated from the acquisition surface from block 70 into a depth domain, by applying
a weighted integval mperatorio a scaled combination of the dual-sensor datadnonr blealksiz07in the
time-space domain, generating wayefield separated data. [0061]For a practical implementation, all
integrations in tqe egnboii_ments. described above have to be replaced by discrete summations. Area
elements, whi¢h e@@)'%iébt%ﬁléf@rﬁégral expressions, are given by a multiplication of the receiver
spacings in both lateral directions for a regular LTid of receivers. In any case, including irregular
geometries, these surface elements can be calculated by means well-known to people skilled in the
art. The same applies to the weights appearing in the integral e ssions. They are also Welg own
in the art. The implementations can%)%[%zésé}?%ﬁ %&’énﬁé&diﬁlﬂ T jnf fions of Kirchhoff-type datuming
and migration schemes. [0062]It should be understood that the preceding is merely a detailed
description of specific embodiments of this invention and that numerous changes, modifications, and
alternatives teoieey flisclosed.esmhadiments.can beimaderin-accomanes withithe. disclasuireihere without
departing fromlthe scop of the irflventign. 'I'lhet %%recedin desg.ri )t{on,ttherefor , IS not me[\gnt éo limit
the scope of the Rvention. Rather “thESESpe o the itVention 18'to bé deteimmed SRy By Thé
appended cldaims ariddheir equivatentsed CLAIMSBAmMethiod forewavefield:separmaorédndualisensor
data, comprisjngiyising 3 Riggrammable.somnuler foRerdqr) the: (allowing:apphing & firstiyeighted
integral operator to dual-sensor data to extrapolate the dual-sensor data. to a first position above an
acquisition sUPFSEE10ge haratifg Erapyidted Hati LRt EiBpRAM esecond weighted integral operator to
the extrapolated data to extrapolate the extrapolated data to a second position, generating wavefield
separated data, wherein one of the integral operators is applied to a scaled combination of the dual
sensor data. The métHdd of claim 1, wherein the applying a first weighted integra.l operator comprises:

acquiring common-shot yecords of duaﬂ-gﬂz;sor data at%(a}ggui)sition surfage below a sea surfage;
X

using a programmable c;grﬂ&ﬁférxt(b%égfg; thexfol g, ity(& firstposition level ébove the
acquisition surface; and extrapolating the dual sensor data in'the! time-do 1 fomCthe acquisition
surface to the first poagig‘i?n_level, by applying a first weighted integral operator to a scaled combination
of the dual-sensor d[até, enerating extrapolated up-going and down-going data. 3.The method of

claim 2, Wherein the eleizil[iolatgng(}the gtﬁf-%ipigrtyffaﬂ%&%mg Llszgﬁgcb[))/ ]kipplying the C}‘Aollov(/i?ftﬁgj
equations in the frequengy. Edace d%ﬁg@;\p R POV K E; et ,
’ - =7, (x5,x6,
[P (M=
( s[ 6(x% M) - 47
—LJW(XS.XG,M)L@‘ vn(};S,XG,t)~ES§L5(~LZ;LZJ(XS,XQ,{) 5 dA, *7)
27 2 arL 2(xMe(x) \,_, (x5x0 M)
TEpAATAT,
and
I (M) =
\ 1 O(x° . M | 48
L j'W(XS,)(C'J‘»/f)’l‘E \f,,(XS,XG,t)-FEO—SLTSa - )] p(x*.x%.0) | d4. (45)
27 20 PO e(x™) :H__T (x5 XS M)
=Ty 2, N

The principle of stationary phase automatically selects the correct scaling of the particle
velocity field or the pressure field in Equations (45)-(48), as only contributions from a small
zone around the stationary point constructively contribute to the integration.

k [0058] FIG. 7 1s a flowchart illustrating an embodiment of the invention for wavefield
separation for dual-sensor data.

[0059] At block 7. common-shot records of dual-sensor data are acquired at an
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and
WO 2010/084095 PCT/EP2010/050517

acquisition surface.

[0060] At block 71, the dual-sensor data from block 70 are migrated from the acquisition
surface from block 70 into a depth domain, by applying a weighted integral operator to a
scaled combination of the dual-sensor data from block 70 in the time-space domain,
generating wavefield separated data.

[0061] For a practical implementation, all integrations in the embodiments described
above have to be replaced by discrete summations. Area elements, which appear inside the
integral expressions, are given by a multiplication of the receiver spacings in both lateral
directions for a regular grid of receivers. In any case, including irregular geometries, these
surface elements can be calculated by means well-known to people skilled in the art. The
same applies to the weights appearing in the integral expressions. They are also well-known
in the art. The implementations can be based on standard implementations of Kirchhoff-type
datuming and migration schemes.

[0062] It should be understood that the preceding is merely a detailed description of
specific embodiments of this invention and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made in accordance with the disclosure here
without departing from the scope of the invention. The preceding description, therefore, is
not meant to limit the scope of the invention. Rather, the scope of the invention is to be

determined only by the appended claims and their equivalents.
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;11!lcos -0(x, xR I(x,) -1 t),(x, (0)-k- s21p(x)c(x)  down-going component of pressure extrapolated to
X ,(x". w) is an up-going component of normal component of particle velocity extrapolated toixR s a

down-going component of normal component of particle velocity extrapolated to XR X is a point on an
acquisition surface S, xR is a point above the acquisition surface S, co is angular frequency, iv (_x,xlr)
is a weighting factor, p (x, co) is pressure measure%ﬁé@%" X. (0) is a normal component of partlcle_

velocity measured at x. p(x) is density. ¢ (x) is speed %md, ) is an angle between a ray connecting
x andand a unit normal vector to the acquisition surface S. and) is traveltime along the ray connecting

xand xR . 2Q A method for wavefield separation for dual-sensor data, comprising:
using a programmable computer to perform the following:

applying a first weighted integral operator to dual-sensor data to extrapolate the
dual-sensor data to a first position above an acquisition surface, generating
extrapolated data; and

applying a second weighted integral operator to the extrapolated data to
extrapolate the extrapolated data to a second position, generating
wavefield separated data,

wherein one of the integral operators is applied to a scaled combination of the

dual sensor data.

2. The method of claim 1, wherein the applying a first weighted integral operator comprises:
acquiring common-shot records of dual-sensor data at an acquisition surface below a sea
surface;
using a programmable computer to perform the following:
selecting a first position level above the acquisition surface; and
extrapolating the dual sensor data in the time-domain from the acquisition surface
to the first position level, by applying a first weighted integral operator to
a scaled combination of the dual-sensor data, generating extrapolated up-

going and down-going data.

3. The method of claim 2, wherein the extrapolating the dual-sensor data is accomplished by

applying the following equations in the frequency-space domain:
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4.The method of claim 2, wherein the extrapolating the dual-sensor data is accomplished by applying
the following equations in the time-space domain: ,, 1 a " fivoi,x" )(t(R px,rx.x pp(x)cfx)lz 2 at, cosr _
0,,,%,,,,.15,(X,t - r(x.x " S. L" -2 Jur' (x." ,)a 07-(x'x R) l ax)o(x) 2 at P(x't -r(x'’xR))" cos' [e(xx (=
U(X'tXR v,".1)(X-R x,xR) I'iff (X.)v (X, tXR - cosO( ")zr23tp(x) c(x) and 1 IR - 1 a F17(x, XR satp(x p(x,t

TEN 20 e

%jW(X,XR>%{P(Xa@)_MV” (x,w)}exp[—ia)f(xﬁx’{ ﬂd&

cos [Q(X,XR )j

p"”(xR,a))z
EJW/(X,XR>}“ p(x,a))%»w" (X,CI)))CXP[_Z‘C{)T(X,XR):idS>
27 2 COS[Q(X,XRH ’ )

) =

and

v (x* )=
. 1 cos| O(x,x") . R
%JW{ X )E(V"(X’ )+7[(—X)*C~Z§jp(x,a))]exp(—m)r(x,x ))ds

where p* (x”,a)) is an up-going component of pressure extrapolated to x*, p* (x’e,a)) is a
down-going component of pressure extrapolated to x*, v (x cu) is an up-going component of
normal component of particle velocity extrapolated to x", v* (x”,co) is a down-going

component of normal component of particle velocity extrapolated to x*, x is a point on an
acquisition surface S, x* is a point above the acquisition surface S, @ is angular frequency,

w (x,xR) is a weighting factor, p(x,a)) is pressure measured at x, vn(x, a)) is a normal
component of particle velocity measured at x, p(x) is density, c(x) is speed of sound,
G(x,x”) is an angle between a ray connecting x and x" and a unit normal vector to the

acquisition surface S, and r(x,x’e> is traveltime along the ray connecting x and x®.
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V' (x,t r(x,,,"")) +cos (9(x, xR where p"P (x' ,f) is an up-going component of pressure extrapolated to xR,
p!) is a down-going component of pressure extrapolated to x,(xt) is an up-going component, of. normal
component of particle velocity extrapolated to , ,t) is a down-going component of normal component of

particle velocity extrapolated to XR , x is a point on an acquisition surface S. xR is a point above the
acquisition surface 5, tis time, W (x x? )is a weighting factor, p(xst) is pressure measured at x, v. (X.,t)
is a normal component of [Jartlcle a ray connecting x and X R and a unit normal vector to the
acquisition sdrface S1<dhet g iwngetiaealdig thandytosnhe dingsrranddriris &corhelishettod of
claim 2, wheggifthe appbiingiaseaend weightashinkegralgperator comprises: using a programmable
computer to perform the following: selecting a second position level; and extrapolating the extrapolated
up-going and down-going data from the first position level to the second position level, by applying a
second weighted integraldpegrator generating wavelield separated data. 6. The method of claim 5,
wherein the extrapolati l%Lthe extrapolat;ad up-going and down-going data is accomplished by applying

the following equations Ge. M@rﬂ 2 flifixxpirorcli, x dS
)exp(m@% 5 ‘ngxs»’ M x 559

27,7, 10/R 1/03)147.X )\ { dS an Cos[é)(xp "]
CE
B p(x)c(x) B
J (p(xl (X, X ))+COS[9<X ;fﬂ v (X0 —7(X, X ))]ds

v (x" ) =

oS [Q(X,XR):]

1 Ry L O] Ryy
-2—7;!1/1/()(,)( )261[1”(1\,1 7(x,x")) e

p(x, 1 —1(x, xR))de,

and
v;/” (x",0 =
os[@(x X )1

1 Ryl O) 3 R
—2—;!%/@,;\ )2&[\”@,1 r(x,x")) + e

N
L p(x,0-(x x >>J

where p“”( * 1) is an up-going component of pressure extrapolated to x*, p""(x”,t) is a

up
7

down-going component of pressure extrapolated to x*, v (x”,z) is an up-going component of

normal component of particle velocity extrapolated to x&, v"”(x”,f) is a down-going

component of normal component of particle velocity extrapolated to x*, x is a point on an

e e R . . . oo . . .
acquisition surface S, x" is a point above the acquisition surface S, ¢ is time, W(X,XR)IS a

weighting factor, p(x,z‘) is pressure measured at x, v, (X,Z) is a normal component of particle
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Uril, 7 (I: CO) - R, XYV (XIt . (o)exp(iicoin(x x ))6/5 where p"*' (10)) is an up-going component of
pressure extrapolated to 1, pd" (ii, a)) is a down- going component of pressure extrapolated to 1,(ii,tio)
is an up-going component of normal component of particle velocity extrapolated to411' (i,cit) is a down
going component of normal component of particle velocity extrapolated to i XR is a point above an
acquisition surface S. iis a point below xR , w is angular frequency, 117( x) is a weighting factor, "Pcu)

is an up-goingEESHHBRENESE Brassafle bxtdsitted () ¥Rspajds bsamign £¢aing cErmpendhtshpressure

extrap la normal component of particle velocity extrapolated li 'JD) is an up-going component of
(xR,(D) is a dohsgBIG RBHFSASht BRhBRREINSRPIRERE &t Bﬁrﬁ%‘lél%ﬁbw%a?p%}l‘été%% S and
traveltime along the raé corépecting i and.x' . 7.The method of claim 5, wherein the extrapolating the

extrapolated UP-gBilg B d5WAY §3TRG HAE< Aedomplished by applying the following equations in

the time-space domain: 1-R (x ,x)p P(x',/ +))d,S1 . ITV 'p'trci; ,fpciS7Cj,..0,"nil' CX,0L---nr 111t
(IXR . X)" 1) (Sij +Tlge élBLQQQ%} tlaim 2, wherein the applying a second weighted integral operator
comprises:
using a programmable computer to perform the following:
selecting a second position level; and
extrapolating the extrapolated up-going and down-going data from the first
position level to the second position level, by applying a second weighted

integral operator generating wavefield separated data.

6. The method of claim 5, wherein the extrapolating the extrapolated up-going and down-

going data is accomplished by applying the following equations in the frequency-space domain:

P (X, w) = ——;—ai '[W(xjR ) (xN, 0) exp(ia)f(i',xR ))dS ,
7

N

PR 0= -2 JW(XR,R’)PJ”(XR,a))exp(ia)r(i;,xR))iS,
S

B

v (X, ) = ~% jW(xR v (xN o) exp(z'a)r (X, x" ))dS ,
N

and
dn s ZCU N dn . ~
v (R, ) = ey jW(XR,X)V“i (x* ,a))exp(za)r(x,xR))dS,
T g
where p" (i, a)) is an up-going component of pressure extrapolated to %, p” (i, a)) is a down-

going component of pressure extrapolated to %, v (ia)) 1S an up-going component of normal
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eln.,and where p'is an up-going component of pressure extrapolated top (x () is a down- going
component of pressure extrapolated to i(1,0 is an up-going component of normal componeritiof particle
velocity extrapolated to(i,t) is a down-going component of normal component of particle velocity
extrapolated tox' is a point above an acquisition surface S, i is a point below x t is time ,x5,1;) is a
weighting factor,(xiis an up- going component of pressure extrapolated to x, pcht) is a down-going
component of PFESEGPE ExhANGIatEa!6 Rusany s Bpigoing ESMpSHeROBrnEtNRIcesIYBRENE Of

particle velocjty extrapolated to x12is a down: oir)lﬁgé:orpa%)cp%nwf normal camponent of particle

{
velocity extrapolated toncx.R ) is fraveltime along the ray conhdcting KahA%E “1he bl dE Staim 1,
wherein the applyind a first weighteckintegral Qpesrahmwmmpﬂ@eﬁé@cm@giﬂg;}:qg]m%fgmgxgqgggg§ of
dual-sensor streamer data at an acquisition surface below a sea surface; using a programmable
computer to pe“’f’fbx?nc@l)eifoﬂommgzisgle@tip@lmtirzsft pesition devepabevadthe acgti it@oga)swfmgwand
extrapolating one selected field of the dual sensor data in the time-domain from the acquisition surface
to the first position fevalotsnapplying ardirst weighted integral Bpefatar to anscalediwo-eampenent
vector of the one selected field, generating extrapolated two-component data. 9. The method of claim
8, wherein th%sRfraselanmy ne saletide fisldca theduallgenstr x*. v, (x",0) is a down-going

component of normal component of particle velocity extrapolated to x®, and T(i,XR) is

traveltime along the ray connecting ¥ and x".

7. The method of claim §, wherein the extrapolating the extrapolated up-going and down-

going data is accomplished by applying the following equations in the time-space domain:

- 1 0
up X,f o W XR)fi AU LR [+ T R A
p(E 1) Zﬂj (%)= p (x4 o (Zx" S,

an g ]‘ heg 0 i g
P (R = = [ (x* )= p” ("t + 7(%,x" ))dS |
27 ot

up 1 —~ a —
wED - J.W(XR,X)-a-;v,j"(xR,t+f(x,xR))dS,
hY

and

- 1 d
vz/n X,f = W R ~ - n R [ ~ R
IR0 MJ (x ,X)alv” (x® 1+ 7(X,x" ))dS,

where p" ( i,l‘) is an up-going component of pressure extrapolated to %, p (fi,l) 1s a down-
going component of pressure extrapolated to %, v (i,l ) Is an up-going component of normal

component of particle velocity extrapolated to %, vff”(i’,t) is a down-going component of
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data is accomplished by applying the following equations in the time-space domain: where p,cxR,0
designates a two-component pressure vector : 24 p, (xR,0= (pi w(xR())/ x x is a weighting factor,(x) is
a vector of eight Mnetions given by: w, Of) = fcoskx, x X is a point on an acquisition surface 5, x is a
point above the acquisition surface S, p(xi) is pressure measured at x on the acquisition surface 8, A".

X, 'Es a first weighted pressure component at the point xi', li (x.) isa first un wighted pressure.
component art)%ﬁlggpél?ﬁ]tp&%,nb& gg;@% \é%&fé%e%@ ?é%efiaﬁf cdnriectihg %%ﬂh%ﬂvaﬁa Aithidithal

vector o the sacguisitionsupasersiandt (xix r)irilsetrawfkim? alangaran ennecting g&'a,rﬂyl iXRa 0. The
method of claim 8, wherein the applying a second weighted integral operator comprises: using a
programmableiegraptitertoperfpressthe tatiopingeextrapolatingthe |exirapplatedoiwe-companenirdata
front the first position level to the acquisition surface, by applying a'second weighted integral operator,
generating twe:somponentfield data; dividing a fiist compenient byraseeond componentyohthe of
two-component field data, generating an estimated obliquity factor; and using the estimated obliquity
factor as a scalérin schleth combinatiods of thé.dugdl{séngordatadgenerdtingonavefield sépanated
data. 11. The method of claim 10, wherein the extrapolating the extrapolated two-component data is
accomplishegcbyrapplyingrnd dsllvinsg equiationstid the Yimeushads domairr 28! alagkie XaxX"
)-"--4.("

connecting % and x*.

8. The method of claim 1, wherein the applying a first weighted integral operator comprises:
acquiring common-shot records of dual-sensor streamer data at an acquisition surface
below a sea surface;
using a programmable computer to perform the following:
selecting a first position level above the acquisition surface; and
extrapolating one selected field of the dual sensor data in the time-domain from
the acquisition surface to the first position level, by applying a first
weighted integral operator to a scaled two-component vector of the one

selected field, generating extrapolated two-component data.

9. The method of claim 8, wherein the extrapolating one selected field of the dual sensor

data is accomplished by applying the following equations in the time-space domain:
R 4 1 R a R
py(x".0) = — [ (xx")w, (0) = p(x.r - 7(x,x"))dS
27 g ot

R :
where p,(x",/) designates a two-component pressure vector :
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p xtx,x) Orand --1-- 2 TRY (X X")-P O r (-7s- where r (x,is a second weighted presgurgggqﬂmponent
at the point x, p, (X,) is a second unweighted pressure component at the point x TV (x)é Yista .
weighting factor, x is a point on an acquisition surface 5, xR is a point above the gch|S|t|on surffice 5,
p,")(xt) is a first weighted pressure component at the point xR ,pp (is a f_irst unweighted pressure P.
component at the point x , and r ( x,xR ) traveltinie aIpng a ray connecting x and xR . 12. The meth_od
of claim ii, wherein the dividing a first conibé’heﬁtﬁgpa@ee@nld @bmb)onent is accomplished by applying
the following equation in the time-space domain: cos[o(x,0]-(x't) p,(x,t) where e( :LE:5(x, )] is an
estimated obliquity factor. 13. The method of claim 11, wherein the dividing a first component by a
second compBilent is accorighistaddoby applyih g the:folloviing gguatiaivin the-time-space domain: -
env, p, (,X,0

w,(x) = (COS[@(X,XR )],1)’[‘ ,

x is a point on an acquisition surface S, x* is a point above the acquisition surface S, p(x,z ) is
pressure measured at x on the acquisition surface S, p (x”,r)is a first weighted pressure
component at the point x*, p, ( x’e,,,f) is a first unweighted pressure component at the point x",
6<x,x’%> is an angle between a ray connecting x and x® and a unit normal vector to the

acquisition surface S, and T(X,XR) is traveltime along a ray connecting x and x"*.

10. The method of claim 8, wherein the applying a second welghted integral operator
comprises:
using a programmable computer to perform the following;
extrapolating the extrapolated two-component data from the first position level to
the acquisition surface, by applying a second weighted integral operator,
generating two-component field data;
dividing a first component by a second component of the two-component field
data, generating an estimated obliquity factor; and
using the estimated obliquity factor as a scaler in scaled combinations of the dual-

sensor data, generating wavefield separated data.

11. The method of claim 10, wherein the extrapolating the extrapolated two-component data

is accomplished by applying the following equations in the time-space domain:
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COSr e(X,01-; -env[p2(x,f)1 26 where cog& H is an estimatedquit thutor. 14.The method of cIaim_lO,
wherein the using the estimated obliquity factor as a scaler is accomplish.ed by appl¥‘i§rv1,g:s'gr!%foIIOW|ng
equations in the time-space domain: and p vi" (x. (xi) =12 2 t" firx2e(x)-iv ( x,1) ' pxt)y "

PCE L jW{x,xR )-AO—pI”’(xR,[ +7(x,x" ))dS
B 27 3 ot

and

1 R a R R
GO = —— (W (x,x7 ) — JA+T(x,x NS
Py (%,0) MJ (X — (" 2(xx)

where py(x,r) is a second weighted pressure component at the point x, p, (x,r) 1s a
second unweighted pressure component at the point x, W (x,x”)is a weighting factor, x is a
. P e R - . e ! w » .
point on an acquisition surface S, x* is a point above the acquisition surface S, p, (x ,Z)IS a

R

first weighted pressure component at the point x°, 2 (x ,z) is a first unweighted pressure

component at the point x*, and ¢ (x,x”) is traveltime along a ray connecting x and x*.

12. The method of claim 11, wherein the dividing a first component by a second component

is accomplished by applying the following equation in the time-space domain:

cos[é(x,l)}: _];%5_%

where cos[é(x,l) J is an estimated obliquity factor.

13 The method of claim 11, wherein the dividing a first component by a second component

1s accomplished by applying the following equation in the time-space domain:

env[p;' (x,t)}

cos[@(x,t}]: env[pz(x,l‘)] :
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cosp(x,t)i P(xi-?c(x)i costu(x,Oi (ixcosk(x,t)] p(x)e(x) cos[o(x..1) v "(x,0 - ,o(x)c(x) where pu." (x,1) is
an up-going component of pressure extrapolated to x p1) is a down- going component:of pressure
extrapolated to x ,(x t) is an up-going component of normal component of particle velocextrapolated to
x vl:n (x,1) is a down-going component of normal component of particle velocity extrapolated to x, X is
a point above an acquisition surface 5', p(x,t) is pressure measured at x, v, (X,t) is a normal component
of particle velocity measured at x /..)(x) is density, c(x) is speed of sound, and coskx,t).1 is an
estimated obliguity fackar:. 1§.Fhe methadiohelaimy Lderein the applying a first weighted integral
operator comprises: 27 acquiring common-shot records of dual-sensor data at an acquisition surface,
16.The method of claim 15, wherein tu applying a second weighted integral operator comprises: using
a programmabile coifiputertibopeffoiimthe, fallewinghe using the estimated obliquity factor as a scaler is

accomplished by applying the following equations in the time-space domain:

and

px)e(x)
cos_é(x,t)_

P =—| p(x,1) ~ v, (x,1)
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p‘/”(x,l) = %[p(x,l) + 'O@A)COO 1V, (X, 1)
(

cos'é(x,t)_
px)e(x)

V(%1 =

p(x,1)

3

N

o :l ! cosé(x,t')
Vi (x,1) 2{\”(x,z‘)+ i p(xJ))

where p" (x,l ) is an up-going component of pressure extrapolated to x, p* (X,l‘) is a down-

going component of pressure extrapolated to x , v,

up

(x,l) is an up-going component of normal

dn

component of particle velocity extrapolated to x, v/ (x,t) is a down-going component of

normal component of particle velocity extrapolated to x, x* is a point above an acquisition

surface S, p(x,t) 1s pressure measured at x, v, (x,l) is a normal component of particle velocity

measured at x, ,O(x) is density, c(x) is speed of sound, and cos[é(x,l)J i1s an estimated

obliquity factor.

15, The method of claim 1, wherein the applying a first weighted integral operator comprises:
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migrating the dual-sensor data from the acquisition surface into a depth domain, by applylng in the
time-space domain a weighted integral operator to a scaled combination of the dual-sensoridata,
generating wavefield separated data. The method of claim 16, whereinmigrating the dual-sensor data
is accomplished by applying the foIIowing equations: 04)- 1rl 3Mx(" )(7(x.G ) W(x ,x p(Xx x6, 02
atcos[o(x6 ,Af) =j,,x1 A 6/11)- _cor 8(1x6 41) f=f"(xs

0
acduirtng con on -shot records of dual-sensdr data at an acquisition surface,

16. The method of claim 15, wherein the applying a second weighted integral operator
comprises:
using a programmable computer to perform the following:
migrating the dual-sensor data from the acquisition surface into a depth domain,
by applying in the time-space domain a weighted integral operator to a
scaled combination of the dual-sensor data, generating wavefield

separated data.

17. The method of claim 16, wherein the migrating the dual-sensor data is accomplished by

applying the following equations:

17 (M) =
1 G G ‘
o [recxtan [mx >-—an&xixﬁ¢>} dA,
T cos[@(x ,M)} =1 (X5 %0 M)
1 (M) =
~ ( G G 3
. fW(xs,x“ﬂM 19 p(xs,xC),Z)+—---—~——~p(X Jex’) v (x%,x%, 1) dA,
o7 ] 20| cos[ 0(x°, 01)] |
=7, (x5,x0,M)
1Y (M) =
cos| O(x°, M .
—_-]-jW(xS,xG,M)l—@— vm(xs,xG,l)~~—-—-—~*-[ (,( 3 )]p(xs,x(’,l) dA,
2z 2 Ot 2(xe(x)
=1, (x5,x0, M)
and
]‘L,/“(M):
cosfPQ(XG,M
~_1~J‘W(XS,XG,M)l—(?—(v”(xs,xc',t)+-——-’—'~—G———-F~)lp(xs,x6,z) l dA,
27 - 2 tk P e (x™) J[ i
/ |I‘ZTD<XS,X(" ,M)
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Lip(xs,xc,t) p(xl)c(xG) liy!(11)- 28 where .1 (M) is an up-going amplitude of pressure at image
location Al, lid," (Al) is a downgoing amplitude of pressure at image location Al,(Al) is aniugigoing
amplitude of normal particle velocity at image location Al,(Al is a down-going amplitude of normal
particle velocity at image location Al, Al is an image location, A is a migration aperture, 14/(x5,x11,A1)
is a weighting factor accounting for geometrical spreading and phase changes due to caustics, xs is a
source location, xi(' is a receiver location, t is time, p(it5,x6,t) is pressure, v rics,x(l,t) is a normal
component ofithepalti¢le yelocity figlgyipd xhisidensity, pedsisspeathf Sowdod( 1) ise ?9%96
angle of the ray connecting the image location Al with the receiver location , and c is diffraction
traveltime operatogo@ amplitude of pressure at image location M, A (M ) is an up-going amplitude of

normal particle velocity at image location M, % (/M ) is a down-going amplitude of normal
particle velocity at image location M, M is an image location, 4 is a migration aperture,
W(x*,x%, M) is a weighting factor accounting for geometrical spreading and phase changes due
to caustics, x° is a source location, x° is a receiver location, ¢ is time, p(x°,x%.,¢) is pressure,
v,(x*,x%.1) is a normal component of the particle velocity field, p(x“) is density, c(x”) is

speed of sound, Q(XG M ) 1s emergence angle of the ray connecting the image location M with

. . . G N G . or . .
the receiver location x™, and 7, (x X M ) is diffraction traveltime operator.
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