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~ EARTH FILTER NG EFFECTS BACKGRCUND [0001]In the oil and gas industry,

geophy3|cal prospecting is comonly used to aid in the search for and
eval uati on of subsurface earth formations. Geophysical prospecting

t echni ques of th surface structure of the earth, which
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seismc survey, a seismc signal is generated on or near the earth's
surface and then travel s downwarg-RER subsurface of the earth. In a
marine seismc survey, the seismc signal may also travel downward through
a body of water overlying the subsurface of the earth. Seismc energy
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[0002] The appropriate seismic sources for generating the seismic signal in land seismic
surveys may include explosives or vibrators. Marine seismic surveys typically employ a
submerged seismic source towed by a ship and periodically activated to generate an acoustic -
wavefield. The seismic source generating the wavefield may be of several types, including a
small explosive charge, an electric spark or arc, a marine vibrator, and, typically, a gun. The
seismic source gun may be a water gun, a vapor gun, and, most typically, an air gun.
Typically, a marine seismic source consists not of a single source element, but of a spatially-
distributed array of source elements. This arrangement is particularly true for air guns,
cﬁrrently the most common form of marine seismic source.

[0003] 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
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gradi ent sensors are used in place of or in addition to particle velocity

sensors. Particle velocity sensors and water pressure sensors are conmmonly

khown in the art as geophones and hydrophones, respectively. Seisnmic

sensors may be depl oyed by thensel ves, but are nore commonly depl oyed in

sensor arr& Addi ti ona Iy,gPressure sensors and particle notion sensors
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[ 0006] FI G ram of a systemfor acquiring seismc _data that can
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[ 0007] FI &arved dhp. aT}fﬂlcQM hagltiralifyl dFsbidicl MPardéts @?é&fmécﬁb&lmké@ﬂ& vekela met hod
for mapping the earth's geology; [0008]FIG 3 is a flowhart illustrating

an ex ar’rprlr@ SSIRIG | SHeaTRers, FOBainsEnsar to gletect the reflected wavefields initiated by the

seismic source and returning from reflective interfaces.
BRIEF DESCRIPTION OF THE DRAWINGS

[0005]  The invention and its advantages may be more easily understood by reference to
the following detailed description and the attached drawings, in which:

[0006] FIG. 1 is a diagram of a system for acquiring seismic data that can be used with
seismic data processing methods according to the invention;

[0007] FIG. 2 is a flowchart illustrating an example embodiment of a method for
mapping the earth's geology;

[0008] FIG. 3 is a flowchart illustrating an example embodiment of a method for
removing the operator representing the receiver ghost from the convolution representing the
seismic wavelet; _

[0009] FIG. 4 is a flowchart illustrating an example embodiment of a method for
removing the operator representing the source ghost from the convolution representing the
seismic wavelet;

[0010] FIG. 5 is a flowchart illustrating an example embodiment of a method for
removing the operator representing the ghost-free source response from the convolution
representing the seismic wavelet; and

[0011]  FIG. 6 is a diagram illustrating, by way of example, one of many different types



removi ng the operator representing the receiver ghost fromthe convol ution
representing the seismc wavelet; [O0Q9]FIG 4 is a flowhart illustrating
an exanpl e enbodi ment of a method for renoving the operator representing

t he source ghost fromthe convol ution representing the seism c wavel et;
[0010]FIG 5 is a flowhart illustrating an exanple enbodi nent of a nethod
-for renmpof ¢puIsE sYspasdhas cary legpsed with ispigmictietaghessssife raghasle aeavedingtogbthise from
t he conv Flﬁt{ogn representing the seismc wavelet; and [0011]FIG 6 is a
diagramillustrating, by way of exanple, one of many different types of
“conput er [eA12] endVhilaathec mvelsonusdlll b tdesibed ninc colaeetiopr withs &6 npgrefrethods
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i ntended.tp .cover. all alternatives, ifjcations nd. equi val ents that may
be i ncl ualég'd#‘fvﬁl?lﬂﬁ}eﬁgopggg glrbvfmf%eaﬁr%%?dl?ﬁh? aFg’@Qf@f’%W- by the appended

cl ai ms. DETAI LED DESCRI PTION [0013]FIG 1 is a diagram of an exenpl ary
system for acquiring seisnmc t h n sed with seismc data
processi ng net hods accordi ng@%@%ﬁﬁﬁ%ﬁll n various enbodi nents, a
single seismc sensor cable (also called a seismc streaner) or a single

ocean bottom cable are shown for sinplicity of illustration. This
i |lustr aiéoa of Flnel 1 a1dagramsofgn cyerppa sy sten fyrasquripgselspicoiaohat an be

princi pl @g&dodyith NQishiiy @fal ?x@c&EHQg | Hethlds h&%ﬁfﬁ%e% 3Be 3nehtlint alih00Rus t he
invention. [0014]In FIG 1, the seismc acegw sition systemis designated
gener al | §mBedimenss, aginglsj sgiginic sprss eqble) @lo icallediassgismuisiesmes) Prasing¢ ossa er 102

and carr b&gnf oAbl PR howrRr fls_ﬁ{é)li@i%}’ bOAubPHRon S l%ﬁrﬂl&snﬁf?dhr n€ QRBIE | on1pnd

sei sm c sensor recordl ng. seismc vessel 101 or another service vessel
(not showmeyntttowmora odearls rdemosstuatecprintcipdest ¢y thaghventien bodlys wdt mnded 402 bel ow

the surfgge J030f hgsypt er. The seismc source 104 conprises any
appropriate type of source, typically in arrays. The configuration of

seismc §014¢ e s Inl BAG ud.etthe issism@t adqnisitiod esgistero ib elesighaitati geatrinliy) anf100.neA

Isg\r/\e/inzleogcgssngigf)\%%s]ﬁiﬁﬂf; Esg 9&?‘0@589 Iirv%nlt)ddyt &e watet 103 Gnd ecgrsn%ls ea'lg%mgx{t ﬂBOE'orr]er
navigation, seismic source control, and seismic sensor recording. The seismic vessel 101 or
another service vessel (not shown) tows a seismic source 104 through the body of water 102
below the surface 105 of the water. The seismic source 104 comprises any appropriate type
of source, typically in arrays. The configuration of seismic sources 104 used is not intended
to be a limitation of the invention.
[0015] In one embodiment, the seismic vessel 101 or another service vessel (not shown)
tows a seismic streamer 106 through the body of water 102. The seismic streamer 106
comprises seismic sensors 107 at spaced apart positions along the seismic streamer 106, so
that the seismic streamer 106 containing the seismic sensors 107 is disposed in the body of
water 102. The seismic sensors 107 are typically pressure sensors, such as hydrophones. In
another embodiment, the seismic streamer 106 comprises a dual-sensor streamer, in which
the seismic sensors 107 comprise pairs of collocated pressure and particle motion sensors.
The particle motion sensors are typically particle velocity sensors, such as geophones, or
accelerometers. The seismic sensors 107 typically comprise arrays of sensors at each spaced
apart position. An alternative to having the pressure and particle motion sensors co-located is
to have sufficient spatial density of sensors so that the respective wavefields recorded by the

pressure and particle motion sensors can be interpolated or extrapolated to produce the two



tows a seismc streaner 106 through the body of water 102. The seismc
streanmer 106 conprises seismc sensors 107 at spaced apart positions al ong
the seismc streaner 106, so that the seismc streaner 106 containing the
seism c sensors 107 is disposed in the body of water 102. The seismc
sensors 1Q%ﬁqrelt%$%§$gI§F?re sure sensors, such as hydrophones. |n another
- enbodi meNt", ?ﬂégg me? 106 conprises a dual -sensor streaner, in
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be express d as the reflectivity s s of %he earth, e(t). In regllt
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where t is tinme and an asterisk "*" designates convol uti on. 8019]The

sei sni c SRAVRIPERn of therefleqtiyity ?ﬁ.’)ﬁb?f@%%ar@ DY bt sbTiBTaYeRS “(/é(/h ous responses
of the earth itself, the source, receiver and surface reflections or
ghosts. In the past, there has never been a solution to correct for all of
these responses. A need exists f@é)eegfing(r) he various responses inposed
by the acquisition systemand earth filtering effects fromthe seismc
wavel et one by one. Once the seismc wavelet, wi(t), is determned, it can
t hen be WeketpyBdinferapan steriskCOT dpsignates cony@dutiimt a, d(t). The final result is a
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wavel et, w (t) w(t, x,y,z,0,co), can be expressed as a convol ution of
operators (functions that ~ det er i ne t he signatures) representing the
recei ver ghost, gr(t) = gdt, 9,0, the source ghost, g5(t) = gs(t,0,9), the
ghost-free source systemresponse, sng(t) = sng(t,19,9), the earth filter
response, e(t) = e(t,x,y,z), and the receiver systemresponse, r(t) =
r(40,9,). Here, t is time, 0 and co are emi ssion angles, and x, y. and z
are Cartesian spatial coordinates. For sinplicity of illustration, the
operators mnll be expressed |n the tlne donaln Thus, in this enbodi nent,
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14, 1(0=(t)*(t)* sng. (t) * e (t)* r (t) The earth filter response, e(t),
represents the frequency-dependent attenuation as the acoustic wave-field
propagates through the earth. [0021] All the conponents in Equation (1)
above have an intrinsic directional response. The discussion that follows
termcan be renoved. It should be inplicitly understood
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In one embod1ment the seismic wavelet, w;(t) = wi(t, x,3,z,6,p), can be expressed
as a convolution of operators (functions that determine the signatures) representing the
receiver ghost, g-(t) = g:(,6,9), the source ghost, g,(t) = g:(t,6,0), the ghost-free source
system response, Syg(t) = sng(,0,¢), the earth filter response, e(#) = e(t,x,y,z), and the receiver
system response, #(1) = r(1,0,9,). Here, t is time, 6 and ¢ are emission angles, and x, y. and z
are Cartesian spatial coordinates. For simplicity of illustration, the operators will be
expressed in the time domain. Thus, in this embodiment, the recorded seismic wavelet is

described as follows:

(1) =8, (1)* & (1) 5 (1) k()27 (1) M

The earth filter response, e(?), represents the frequency-dependent attenuation as the acoustic
wave-field propagates through the earth.

[0021]  All the components in Equation (1) above have an intrinsic directional response.
The discussion that follows describes how each term can be removed. It should be implicitly
understood that the full directional response can also be corrected for at the same times.
[0022]  With a dual-sensor or multi-component towed streamer comprising both pressure
sensors and motion sensors, the up-going and down-going wave-fields can be separated
through scaled or weighted summation of the measured components. For example, in one
exemplary embodiment, the up-going and down-going pressure wave fields, P, and P,
respectively, can be calculated from the measured pressure wave-field P and vertical velocity

wave-field component V; and expressed in the frequency domain as follows:

R(e)= P(0)-22, )]

and



where co is rotational frequency, p is water density, and Ilc, is vertical
wavenunber, given by: k, r\. 2 -- lc; , ¢ where c is speed of sound in
wat er and kx and ky are the horizontal wavenunbers in the x (typically
inline) and y (typically cross-line) directions, respectively. [0023] Since
t he up-going pressure wave-field, P', contains no down-going reflections,
-the receiver ghost is not present in P. Hence, the effects of the receiver
ghost, gwkdrg ¢ icmmtibeal frequeued p fisarert deasitvpandl keis verticl twayenambexx pivesised i n
_Equation (1). At this stage, the follow ng seismc wavelet,w2(t), is left:
wW2(t)= gs(t)* sng(t)*e(t)*r(t).(2) OQher methods exist in the prior art for

determ ning and renoving the effect ecei ver ghost, at), fromthe
seismc wavelet, w (t). This degcei £ onkbikjo,ne met hod is not intended to

limt the invention. For exanple, I\R¢ not her exenpl ary enbodi nent, the
recei ver ghost, at), is renoved using a specially designed recei.ver system

[ 0024] By _using a seismc source in which th onponents are distributed in
dept h, (WA U5 e D80 3w pad s o AreoligRoRtoNE] RARm BT d of t he
source C@j’m@ﬂ?Iﬂﬂiﬁie)dinﬂ§1l(ﬂybiuilSQré»s@-li@lé)pihhcti@,&e@&laﬁﬂb’.e (r)rI) ZUCh a soEr ce i?] gn
"over/un oug.ce". For exanple, in xenpl .ar odi.nent, the netho
descr i baORAT PSS eoRE Heuss e Raine CPRERORo SN ESTE Biivetons

confi gur@t r@Biver FRSKNNNSG ekt B @5 PEEAe e cM&ts ofdfle reBdiver Rkt 239, cdndie be used
for over/under sources gﬁstead of streamers, as describedin the article).

Usi ng t hismoukst fieimifte wasielebar:(tt 19k cvigssed indiqyatigncd). 4 bhisotagethe fadlowinge ghost

can be cgisaiil #hetk oy, heefol | owing in the frequency domain: w()= = o0 (0)G
(0)* + 02 ((0) &R (co‘{* co IG (0)12 1&X (co)l2

s (1)= £, (1) 5 (1) (1)1 (1) ®

Other methods exist in the prior art for determining and removing the effects of the receiver
ghost, g,(1), from the seismic wavelet, w;#). This description of one method is not intended
to limit the invention. For example, in another exemplary embodiment, the receiver ghost,
gr(1), is removed using a specially designed receiver system.

[0024] By using a seismic source in which the components are distributed in depth, the
source ghost can be removed through a weighted summation of the source components
distributed in depth. One example of such a source is an “over/under source". For example,
in one exemplary embodiment, the method described in, Posthumus, B. [1993], "Deghosting
of twin streamer configuration", Geophysical Prospecting, vol. 41, pp. 267-286, can be used
for over/under sources (instead of streamers, as described in the article). Using the
Posthumus method, the wave-field W{(w) without the source ghost can be calculated by the

following in the frequency domain:

W(w) _0/(0)G,(0) +0,(0)G, (o)
G, (o) +1G, ()

2

Here O;(w) is the recorded signal corrected for the actual actuation time of the first source
with respect to initiation of recording (time 7 = 0) in the shot record, Ox(w) is the recorded

signal corrected for the actual actuation time of the second source with respect to initiation of



Here O (w) is the recorded signal corrected for the actual actuation time
of the first source with respect to initiation of recording (tinet =0) in
t he shot record, 02(w) is the recorded signal corrected for the actual
actuation tine of the second source with respect to initiation of _

L e, .t he, shot source and conpensating for its being

recordi ng_(t = 0),0.Nn C ) ]
-cl oser tge’cg’?ﬁl@l‘(:"r(élmee’ct=2)0r)smt"51%1r§h?th@u\fcf3 r2afl. coppersatingGor ds) being elpser go ke e ghost
for the téfletbrssiair the firdB0@09, G f)t 19 8heS VUF® LhINFSL tht Hrst sB&: Ls,e@z?dﬁpisscgéjrce, and
a super scrig)t -ast erlglsk "*" designates conjugation. [0025f| n i s exanple

“enbodi mefRurceghest &3 sy se e Bt asupprscrit pigrisk {8 depiratdsiconjugations m'Sc sogzI _(:eC
may be dedo2spd inh j k. : = -5t -2di
an)(; sim Fdarzisi %ﬂk}teisgégﬁ%lg% Sﬁgdsltﬁblgp@? gcglgéré @\gg(otp ?@%’g(vf ﬁé(ﬂie)efgrgg%}sgléﬁ smc
sour ce mESHrEsEMAYSRidaBepdds the distealpakies &llods: 1's the operating depth of the
first source; d2 is the operating depth of the second source; ais the
em ssion angle of the energy propagatipn frg(r)n(t source, relative to
vertical; and 6 is the Di ra(gl(délztﬁit)t}p&@aiwl. %5] Hence, the effects of
the source ghost, gs(t), can be renoved from the/wavel et, w2(t), as
expressed jn Equation (2). At this stage, the follow ng seismc wavel et,
wa(t), i ang %mtlz}rly, the source ghost operator, gx(1), for the secowggeus)nu:scsx'rcg(me))*l@(@eﬁhcc( t)(3)
Q her megpods exist in the prior art for determning and renoving the
effects of the source ghost, at), fromthe seismc wavelet, w2(t). This
description of one nethod is not intended to limt the invention. For

exanpl e, in another exenplary y gg(e il nt_,zat Igs(_s@ rce ghost, at), is renoved
usi ng a specially designed §D(ufc 5ys drm *% c ‘j

Here, d; is the operating depth of the first source; d> is the operating depth of the second

source; a is the emission angle of the energy propagation from the source, relative to vertical;

and ¢ is the Dirac delta operator.

[0026] Hence, the effects of the source ghost, gy(%), can be removed from the wavelet,

w2(1), as expressed in Equation (2). At this stage, the following seismic wavelet, ws(1), is left;

1 (6)= 5 (0 et (). o)

Other methods exist in the prior art for determining and removing the effects of the source
ghost, gi(2), from the seismic wavelet, wy(?). This description of one method is not intended
to limit the invention. For example, in another exemplary embodiment, the source ghost,
8s(1), is removed using a specially designed source system.

[0027]  The ghost-free source signature can be determined based on methods already
known in the art. For example, in one exemplary embodiment, the so-called notional source
signatures can be calculated either from measﬁred data in the field or from simulated
responses calibrated to field measurements. Such calculations are based on the "notional”
source method as described in Ziolkowski, A., Parkes, G., Hatton, L. and Haugland, T.,
[1982], "The signature of an airgun array: Computation from near-field measurements
including interactions", Geophysics, vol. 47, p. 1413-1421. The calculations of the notional
source signatures need to take the interaction effects of the source ghost into account.

However, when calculating the far-field signature(s) from the notional source signatures, the



[ 0027] The ghost-free source signature can be determ ned based on net hods

al ready known in the art. For exanple, in one exenplary enbodi nent, the
so-cal | ed notional source signatures can be cal cul ated either from neasured
data in the field or fromsinmulated responses calibrated to field

measur e . h cal culations.a ased on the "notional" saqur met hod
-as descri %‘é% Flﬁ)lg‘%géz@kgv% 1‘?,%%\8? Hfsi'iiu‘r%ﬁdgér} %@ ,CQ%%}{OBFL OlIt_o. gfgﬁ'ﬁ tp%fj}%rffgﬁi% T.,

[ 1982], ‘igheursifgnatsouree ohemncoaiponputs e rd&yribu@nlnanﬂiﬂérbxfirﬂebm@,mhae”ﬁﬁe;d ?4(211
measurenent s ineludi,ng interactions", Ce si.cs, vol. 47, p. -1421.
The: oni eyt or dhte Shotlhdi Bfd B8 s MR E vt st Ringitig

i nt er act ks@filaefof tet useddfbr feh@ving tHeGOurgh @dst inMhOmeRtRed dhta. TRVRMAfant MaGN
calculating the far-fiel (1 s'hgnaéure(s) from the notional source signatures,
t he soufr8§S°¢1FF8§tg,ﬂatar§(°@}E °% Ao et anbpastsdon rrRpYipg e raspemie ofthe 8t i ons. To
derive t pE02BRr - ThemeasttaBRatgrk el aBths PUKIRPNDRY 8 gkBNRENENt s are

distributed at different depths, the far-field signatures for each
conponent need to be sunmed through a wei ghted sunmmation nmethod simlar to
t hat used for renoving the soufge gho t in the nmeasured data. The resultant
ghost-free source si gnatl#rszgeagi p;(g_z,e@rﬁsl,@,_b_,al_si s for renoving the
response of the source. [d 8] Fhe meagurabl e signature WO at the j th
hydrophone is given by: n p.,(t)=E\rij-tv9. p; (tu), for] =1, 2, ...,
n. Here, ry is the distance between the ith seismc source-generated air
bubbl e ahlre e 1 thendipiree dishiviee, the/il| seismis wuessizapprated airibubblo endcthe y" bet ween
the ith d;et j ; o thd i i gnat ure,
and tii ?gﬁgf%@gﬁ%ls:ar&f%%%l]gﬂ@g{a Q?ﬁeetwg?‘nftg%:?h %IP B\it%ﬁg&]{ghﬁg‘;w e\e%ks’ urce

r esponse is a¥ightyd unkapwbsigragure vadisfiy gventtye wavel et, w3(t), as expressed in
Equation (3). At this stage, the follow ng seismc wavelet, wa(t), is left:

7}1_1
L =t-—T

[0029]  Hence, the effect of the ghost-free source response, sy, (%), can be removed from

the wavelet, ws(?), as expressed in Equation (3). At this stage, the following seismic wavelet,
wy(?), is left:

wy (1) =e(t)*r (7). @

Other methods exist in the prior art for determining and removing the effects of the ghost-free
source response, Sg(2), from the seismic wavelet, ws(#). This description of one method is not
intended to limit the invention.

[0030]  After going through these steps described above, and since the main effects on the
spectrum imposed by the acquisition system have now been removed, it is now possible to
accurately estimate the earth filter response, e(). For example, in one exemplary
embodiment, assuming that the reflectivity series of the earth, e,(?), is white, then the spectra
derived from data after going through the steps above can be used directly to estimate the
earth filter response, e(?). This can be done in a time/depth and space variant manner. Once
this is estimated, the effect of the earth filtering response, e(#), can be removed from the

wavelet, wy(t), as expressed in Equation (4). At this stage, the following seismic wavelet,



wi (t)=e(t)* r(t).(4) Oher nethods exist in the prior art for determning
and renoving the effects of the ghost-free source response, sng(t), from
the seisnmc wavelet, w3(t). This description of one method is not intended
tolimt the invention. [0030] After going through these steps descri bed
above, and,si ?egﬁ{-: the main effects on the spectruminposed by the

-acqui si tlw(ﬁ{’ lgy ‘em have now been renoved, it is now possible to accurately
estimate the earth filter response, e(t). For exanple, in one exenplary
_enbodi ment, assum ng that the reflg‘gkivity series of the earth, e"(ti, IS
white, then the spectra derived fr ’aa_rtre{t)after goi ng through the s ps
above can be used directly to estimate the earth filter response, e(t).
This can bhe done.in a tipe/depth_and space vari ant nner . e this is
esti mat e@hef I‘ﬂ?[‘l@?? &4t ‘Bftg%eﬂ’éoreaétr fon %‘FP’@B‘PE r"i‘@glr@%‘ﬁ?)‘}gsntg? egf%‘itﬁ ,gpﬁ’ﬁr?a%]é r emoved
from t he fip@vedRhse, Wi tbm B8 @Mt SRSE6k, Wiy EAuhad dedétiptidn of She Mbihsd Strge, the
follow ng seismc wavelet, w5(t), is left: w5 (t) =r (t)(5 Oher :
met hods &%sneed fodiminde jvewionart for deternining and renoving the effects of
the eart pod31| t ernhs eBRANSLhe Gédpdnse (T U8 LBQvE Y SEHCrWaYAl B detdhided -and Ni S
description of one nethod is not intended to limt _the invention, [0031] The
ef fects &mavad ferexpmplseindie PoHewing sxgmupdsry sypbodiment;. vihis reanonssds §@ielyt ned and
renoved, § I p ot j i . i1Sw r esponse
oy pi caT o D B Ao D s 1ol IS e

r espons e fromienciag toestimanatssthy &G compandnt eredyrsil &% thednetd ¢igaranies aehOBTE onponent
i nt roduc . [, 0= r Qni , - i | i se
ol ose 1 o 5 WA EReR Bl Alledy Mieh HRLEEHR SRR A Bc? 200 1y
flat. At flaheAhitighhigh dpgeancy eaddhe rdsponse op dresecavertshgiem emdsi sttenuagssthem onl y

attenuates the frequenci es. cl.gse to the ui st fr ency, in copjunction
W Ch e TIROEUETED T Rt onvatyon, Pl i e dighd, ik

conver Si @onvesiod] &Cawlié® atising safplecsonaérsian 3@ eiscleteetins anmplengt & apeeifiedhi s
sanpling rate is naornally specified sych that frequencies .well ove t hose
of | nt or S¥EPEETASe 1T FPHEESTE L ROmRIE Fesedied soph Bt BERBRUE Bel FREE! ccei ver
syst em i $hok€b¥ inr&adnane fullga¢arverdd. tTherefnd, itheresfoacd biUtht @ceivet §isRat is
However, since the response of the recejver systemis known, typically .

t hr ough e DiRadhai %Qve’ﬁ“l*ﬁ@eF@gﬁéﬁi@‘ém&ngﬁeée%hé%ﬁ’ef’émﬁﬁ edfslﬁ%?serogg‘ﬁonse i f

desired, r{BfeUGReANRIABHM ASFIRAMOh LR hetdufinentsO 32 1eAidned cAObNGapdarough t he
steps descri bed above, the seismc wavelet |left is close to a perfect

spi ke. THRBY therTesprRsedf drsiredatreiieh pRothes daeonyeuiRt¥AR dth is the signal to

noi se ratrp@32]Si NGRr BbiD roldhSRLEHS: I8 riBELatRl L, FRURLRGE RhveRt ISt Blosd @t € than
| ower frequencies as the acoustic waves are propagating through the earth,

the si gnalperfectipikse Thamain lingiting fictaalin fermeef eamdwidgh kitthe penahiiqypise ratio.
frequenciges, h%tﬁlulsfr%dugﬁ(ﬁésr}ge ARG Gt t%%‘ste?%tim ft 1% @r@hueﬁé‘i@ﬂé@' #d feotitich

i ncreasi ng depth o propagat I on. er methods exist in the prior art for
det er mi niwagesarel propagatingtravigh thefehrtls tthe signal thaoise i vty pisallytdepneasangrb fhice, r (

t), f t h i sm. | et i S i Pt t [ t
| i endea N4cH PP R Bl sl b StiReSE3AHRLER O BOF TR OB, L7, 10
an exanplof pexphatbmeOtheomethodseixiboth thopriorapfomigterhmingant Iénsovirechoeffects] 0034] At

bl ock 20, ded_seismic data | t ed ol ution of
oper at or ¥ FEFRSSERDRIG Spare el 7 ¢37 SEPROLTGE - Y Sreaingl ofes i ¢

wavel et . method is not intended to limit the invention.

[0033] FIG. 2 is a flowchart illustrating an example embodiment of a method for
mapping the earth's geology.

[0034] At block 20, recorded seismic data is represented as a convolution of operators
representing a reflectivity series of the earth and a seismic wavelet.

[0035] At block 21, the operator representing the seismic wavelet is represented as a

convolution of operators representing a receiver ghost, a source ghost, a ghost-free source



[ 0035] At bl ock 21, the operator representing the seismc wavelet is
represented as a convolution of operators representing a receiver ghost, a
source ghost, a ghost-free source response, an earth filter response, and
a receiver systen1response [0036]At bl ock 22 t he operator representing

t he recei ver ghost enoved fromthe convol ution

f
- 1 epr esentG™S ?{beagalﬁitf:ﬁ rgsr\%§;911 2 rF‘ff’“’ﬁf g'éi?erESpOf‘ﬁ%?] At bl ock 23, the

oper at or [0086Y eSANblotlY 22heneS Bptir6r EpSéntihg ahe béRBAr 2host Srone B¢ R1f fsom t he
convolution re esentl ngﬂt he seism ¢ wavel et in block 22. [0038] At bl ock

24, the BpeviEm the soveRen Frpresenting feseismicavelstipdlock dhponse from bl ock 21

i s renmov 3'7]"OnAttm&l@BnM@oBEﬂa@Fre?%érﬁﬁgﬂ{e'sﬂﬁlrc& BigosE 88 Bldek YRYEkAbvddn bl ock
23. [0039] At” bl ock 25, the opera representi ngst he earth filter response

from bl ofkm e cpquhém\maeswtmmthemélsmwwm indlockddr esenting the seisnic
wavel et m:’@# ocks Bbek 14 gﬂ’:oaﬁat& | kse e tﬁé"ghogpﬁée%ogfce E&B6RS Gk K18kt he

seismc is removed fromthe convol Uti on representing the recorded
seismc tﬂal@aermqve@fromkh@@nvqlﬂlmrhﬂﬁ@tllg thessezsnfi¢ waxeheiin blpek2dst rat i ng an

exanp! e RERef! RMLIA! 28 LA Bre LRV Yalil RARELRHQI P BOBSENES NG L e
recei ver-ghost fromt é co ution representing th he seismc wavel et. FIG
3 f urt herendesicirénhthe canvphutioh caprasénting ¢herseisinmdvavaleFin@lock 24.
[0040] At block 26, the operator representing the seismic wavelet is removed from the
convolution representing the recorded seismic data in block 20.
[0041] FIG. 3 is a flowchart illustrating an example embodiment of a method for
removing the operator representing the receiver ghost from the convolution representing the
seismic wavelet. FIG. 3 further describes a portion of the method in FIG. 2.
[0042] At block 30, pressure and vertical velocity components of the seismic wavelet are
measured.
[0043] At block 31, up-going and down-going wavefields are separated using a weighted
summation of the measured pressure and vertical velocity components from block 30.
[0044] FIG. 4 is a flowchart illustrating an example embodiment of a method for
removing the operator representing the source ghost from the convolution representing the
seismic wavelet. FIG. 4 further describes a portion of the method in FIG. 2.
[0045] At block 40, a seismic source with source components distributed in depth is used
to record the seismic wavelet.
[0046] At block 41, a weighted summation is applied to the source components
distributed in depth from block 40.
[0047] FIG. 5 is a flowchart illustrating an example embodiment of a method for
removing the operator representing the ghost-free source response from the convolution
representing the seismic wavelet. FIG. 5 further describes a portion of the method in FIG. 2.
[0048] At block 50, notional source signatures are determined for the source components
used to record the seismic wavelet; and
[0049] At block 51, a far-field signature is determined from a weighted summation of the
notional source signatures from block 50.
[0050] The seismic data obtained in performing a seismic survey, representative of

earth’s subsurface, are processed to yield information relating to the geologic structure and

10



[ 0042] At bl ock 30, pressure and vertical velocity conponents of the seismc
wavel et are neasured. [0043] At bl ock 31, up-going and down-goi ng wavefi el ds
are separated using a weighted sumati on of the neasured pressure and
vertical velocity conponents from block 30. [0044]FIG 4 is a flowhart

il lustrating .an anpl e enbodi ment .of a pethod for renoyi t he operat or
B S e A R i Ot E 8
wavel et . séiirtic déa bl pro@ksel €5 Widphe an@ aystsi A@Pohtidl Medro®EvAGohidnt ol Gese? .
[ 0045] At hl ock 40, a seismic source with source conmponents distributed in

"depth i s SHSEENER TPERaspEs- 1 e sal SriFismifedpin Ripcestippipdp AXTaST BRIR therseisiiGuei ght ed
summat i OQath s aRRhi Bfbri@idnhe kibfé%e&a@ﬂﬁﬂ?ﬂﬁé‘%&téta%&dnl forh&@nd th drRf B from
bl ock 40. [0047]FIG 5 is a flowhart i Iustratln&ban exanpl e enmbodi nent of

a et hod afegpately iggeh éher erolagise pubsface.e Jr et onigentie lepatdans -in e caBis ce
response o{yick RefeOR¥R! itk 'ﬁ%aﬁiﬁtﬁrﬁs BRdihd BettdMis Rl ELGH MR VIGIE kumE bS5
further describes a portion of the nmethod in FIG 2. [0048]" At Dbl ock 50,
not i onal moe ¥e expegdt nrzetheringe pryetseing and dntempreting scisnpiadate. dbarpoeesaes used to

et or m e PRana MRS BRI, P ah il e S e o ee From
bl ock 50 recpigdedisthie deti provideschatimaghofathaedrth m geptlf or timeg Aaprerequistiecfosur vey,
: gféte?ﬁgtd?%‘i"t%ﬁé 8% g@}?g)glrérs g?s:j' Eeg%{»igqg a d%ﬁ-r&%&%@%ﬁﬂi& fnagh Srdnd QAL T ON
subsurface.
[0051] The image of the structure of the earth’s subsurface is produced in order to enable
an interpreter to select locations with the greatest probability of having petroleum
accumulations. To verify the presence of petroleum, a well must be drilled. Drilling wells to
determine whether petroleum deposits are present or not, is an extremely expensive and time-
consuming undertaking. For that reason, there is a continuing need to improve the processing
and display of the seismic data, so as to produce an image of the structure of the earth’s
subsurface that will improve the ability of an interpreter, whether the interpretation is made
by a computer or a human, to assess the probability that an accumulation of petroleum exists
at a particular location in the earth’s subsurface. The processing and display of acquired
seismic data facilitates more accurate decisions on whether and where to drill, and thereby
reduces the risk of drilling dry holes.
[0052] The invention has been discussed above as a method, for illustrative purposes
only, but can also be implemented as a system. The system of the invention is preferably
implemented by means of computers, in particular digital computers, along with other
conventional data processing equipment. Such data processing equipment, well known in the
art, will comprise any appropriate combination or network of computer processing
equipment, including, but not be limited to, hardware (processors, temporary and permanent
storage devices, and any other appropriate computer processing equipment), software
(operating systems, application programs, mathematics program libraries, and any other
appropriate software), connections (electrical, optical, wireless, or otherwise), and peripherals
(input and output devices such as keyboards, pointing devices, and scanners; display devices
such as monitors and printers; computer readable storage media such as tapes, disks, and hard

drives, and any other appropriate equipment).
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properties of the subsurface earth formations in the area being surveyed.
The processed seism c data are processed for display and anal ysis of

pot ential hydrocarbon content of these subterranean formations. The goal of
seismc data processing is to extract fromthe seismc data as nuch
information as possible re d|n the subterranean formations in order to

- adequat e[4958kag ?Iﬁéhe@émb@%%"msd ipventica, cquid be deplemgntedi@stthe ysthdat i ons i n
the eart f rol eum
B b A B
“and int empthedu Igpng r:rsemb@dmtathem@mmm@élsisbeomplemn@@c?wqomgu&ehﬁrogreml ect or
surfaces I f t the
recordedStgrglﬁsl{rPn Q:grcrllg{'“gr éfg%bﬁ s e |%{hr§t})glf Iﬁgﬁ‘gg‘% OhQ tth cgl!rzgetl me. A
prerequi snogranﬁmblectnmpumeto yoenﬁtfnnahg/meuhbd éascrgué ab@s e hvamiothei snt&)dxmlnt theesol ved
seismc imm th s subsurf 051].The i ructure
of the edft rﬂlon cs? sur fégle?tgd f:l)sr AR erl rﬁa ogl e Wltﬂﬁl%gm telt Rr%éxr%}ﬁlr eter to
sel ect | stomtlionnke wietlinmt kehghe akieeprogramola hogic byerah‘le tvasausega peigranhm]nm

accumul ati ons. erlf t he e of petroleum a well nust be drilled.
Drilling oY & Be‘%’ lé"d\kﬁ 'ﬁ%‘p%ﬁ@‘f 'rol eum deposits are present or not,

i S an ex[oos4ap! yFeG peERS dl@réilmdlutsﬂram CoNsandMNgandpld edre ak infagly diffefent hpes r eason,
there is g cont i nui ng Reed to i ﬁve t he roceSS|E%w%Qd di s I%y of the

sei smi ¢ GatoPues sysientsghal copybrcse REdRic dplapresessing 8 25Prqingtodhg ¢ 1y s

subsur f agRedtbat /wc&ﬂtral p%e&y& dohe cabiddi tbms&fm}am deVERr AKELeh keydatder the
interpretation is nmad a conputer or a man, to assess fhe probability

that an S¥EGRIIVEIESH aeﬁaaeoweoﬁ g oF &frgle%&) Ehep%rpquwaﬁaes fugkercroed n t he

earth's guhaupfagchich ihe rwnﬁ&eﬁﬁl AGcRipted ipfddkAY aQbrddOidi the thveRichNthay dat a
facilitates nbre accurate deci sions on mhether and where to drill, and

t her eby Fastiac@sny 196 amuEReroT campytey Teadadleymetiy, sach asgodis Ghinsertablesnitiooh has
been di Sﬁiéﬁﬁﬁ@e ésb&ﬁﬁ aﬂﬁlté}nﬁ%ﬁ g@&nal&% dkibd @%Hh?@vhve purposes only, but can
al so be inplenente ystem The systéem o e invention is preferably
i mpl emen{@bhy ﬂrteshnslddfe mdnqst@pérﬂyt tlnmplpendungcnalrmrelmlagdettaled closppiptier of al ong
with oth re ﬁ%n%/rglgo ln%}@ ofdﬁ'hé’i 1%%?0%S§11d1n91a? %Hﬁlgﬂgﬁptchang Qno%%cgu 0%1?&5 sing
equi pren nown 1 n the art, w I'se any pria & Conbi nat i on
or net V\oakermdnves)mlnﬁchsclqsecbﬂﬂxdlmngtse:qmb@medﬁ in accmdamh wn@h thbdisclnmrelme limted

O A5 BEGEE RSl LS SE LA TIER A5 SER 1 200

syst ens, naqombam:ad limit thds S@pa s the rm\teln&dsmt Retherp tegkap® dfi the &iverdn 1a|tml bany ot her
appropri te s.of r conng ons g ectrical, optical, wreless, or

ot herwi s ?t”@ﬂ %@; & FRRF % hﬁﬁﬁm TSHEBEE Yevi ces such as keyboards,

poi nting devi ces, and scanners; display devices such as nonitors and
printers; conputer readable storage nedia such as tapes, disks, and hard
drives, and any other appropriate equipnent). [0053]1n another enbodi nent,
the invention could be inplenented as the nethod descri bed above,
specifically carried out using a programuable conputer to performthe

nmet hod. | n another enbodi ment, the invention could be inplenented as a
conputer programstored in a conputer readable nedium w th the program
having | ogi c operable to cause a programmabl e conputer to performthe

met hod descri bed above. In another enbodi nent, the invention could be

i npl enented as a conputer readable mediumw th a conputer program stored on
the nedium such that the program has | ogic operable to cause a
progranmmabl e conputer to performthe nmethod descri bed above. [0054]FIG 6
is a diagramillustrating, by way of exanple, one of many different types
of conputer systens that can be used with seismc data processi ng net hods
according to the invention. A central processor 60 is coupled to user input
devi ces, such as a keyboard 61 (wired or wireless) and a nouse 62 (wred or
W reless). The processor 60 is further coupled to a display, such as a
nonitor 63. A conputer program according to the invention may resi de on any
of a nunber of conputer readable nmedia, such as a disk 64 insertable into a
di sk drive 65 or on an internal or external hard drive (not shown).

[ 0055] It should be understood that the preceding is nerely a detailed
description of specific enbodinments of, this invention and that nunerous
changes, nodifications, and alternatives to the disclosed enbodi nents can
be made in accordance with the disclosure here without departing fromthe
scope of the invention. The precedi ng description, therefore, is not neant
tolimt the scope of the invention. Rather, the scope of the invention is
to be determined only by the appended cl ains and their equivalents. CLAIM
W claim



[C] A nethod for mapping the earth's geol ogy, conprising: using a
programmabl e conputer to performat |east the follow ng: representing
recorded seisnmic data as a convol ution of operators representing a
reflectivity series of the earth and a seismc wavel et; representing the
operator representing the seism c wavel et as a convol ution of operators
-representing a receiver ghost, a sGEf@@SQhost, a ghost-free source
response, an earth filter response, and a receiver system response;
_renoving the operator representing the receiver ghost fromthe convol ution
representing WM§é€lagwi spi c wavel et; renoving the operator representing the
source ghost fromthe convol ution representing the seismc wavel et;
renovi ng the operator representing the ghost-free source response fromthe
convol ut ileH réprethod derimrppine ¢hesreitls sz lagayveimerising:enovi ng t he oper at or
representing [ Sabkdnbldil S5 fSROASRAN LM e gRNGL UL T on representing
the seismc wavel et;” and renovi ng the operator representing the seismc
wavel et fromthe cemesehtulgiresorded peigsientaianga thmyoldaoofthpdraged spiesentdag @a. [ C2]
The net hod of clain11,K%@ghggnmkggf&gggﬁggga%&gﬂgg&&g&pr representing the
recei ver ghost fromthe conv PUtT on conmprisées: neasurirng pressure and
vertical vel ocity repespaimerhsomtatdrivepreentinyg the vasnat ehyelarad asopahdion o)

up- goi ng and down- goi n vefields.using a i ght ed summati on, of .t he
measur ed pressure and 8%%%5?”95@’% ?&‘%\ﬁ)é’%r\ggffogﬁ’ dssource St’ﬁéh%ﬁﬁ%d of
claim1l, wherein the resms REpdrkE SPREM Qlltef GRPERBNELANG th8ivEeeRkaser ghost
fromthe convol ution representing the seismc wavel et conprises: renoving
the recei ver ghost usi Fg°P%Speci ally designed receiver system [C4] The

met hod of clai m 1,reMbgReing dpbitor @ERNeRthet M€ rQBREAERE [r6RMES 8hvoRgot he
source representing the seismic wavelet;
removing the operator representing the source ghost from the convolution
representing the seismic wavelet;
removing the operator representing the ghost-free source response from the
convolution representing the seismic wavelet;
removing the operator representing the earth filter response from the
convolution representing the seismic wavelet; and

removing the operator representing the seismic wavelet from the convolution

representing the recorded seismic data.

[C2] The method of claim 1, wherein the removing the operator representing the receiver
ghost from the convolution comprises:
measuring pressure and vertical velocity components of the seismic wavelet; and
separating up-going and down-going wavefields using a weighted summation of the

measured pressure and vertical velocity wavefields.
[C3] The method of claim 1, wherein the removing the operator representing the receiver
ghost from the convolution representing the seismic wavelet comprises:

removing the receiver ghost using a specially designed receiver system.

[C4] The method of claim 1, wherein the removing the operator representing the source



ghost fromthe convolution conprises: using a seismc source with source
conponents distributed in depth to record the seism c wavel et; and applying
a weighted summation to the source conponents distributed in depth. [CS]
The nethod of claim1, wherein the renoving the operator representing the
source ghost _fromthe convolution representing the seismc wavel et

-conpri se§1:105F%%meﬁ@nwﬁéwgé@mweghost using a specially designed source
system 106] fhe sihad s%rc@h%@o&ce\g@rﬁé&{eﬂtstd?ﬁrig ?&{?)%I@ i {(])e LRE R OF
‘representing the ghost-free source response from 1 he comvol utrdn onpri ses:
det er m ni ng not i oAYFMIs 3 @velet; sidynat ures for the source components used to

record the sej s MaYShELs 1.0l far-fj l'{fj:Si nature froma
wei ght ed sum’ré)?i}on(réi aof e Sﬁrg?r%gﬂrgﬁttg{)%}lgggglp na lsﬁiles{srﬁ)u %ﬂ &B\%Syst em for
mappi ng the earth's geol ogy, conprising: nmeans for representing recorded

seismc a n i f .operators representing a.reflectivity
seri es ofégt]heﬂgaﬁtﬁ&aﬁﬁél%&sgﬁg%r%g&gvrgwg‘{”?g ﬁtéeg?%r %rreﬁ’rgsﬁ?té%ge{q? iYY<t he
oper at or ghaspirgs trtcomyliution repedssuting tiwavshet wasleeconméat ut i on of operators

representing receiver ghost, a sourc host, a ghost-free source
response, an rg%?‘ﬁﬁg {ThF Is?ué‘% eI FSNHE & SPesRyY esﬂ%‘@@?%‘% S¥f€¥em r esponse; neans
for renmoving the operator representing the receiver ghost fromthe

convol ut j representi.ng. the sei.smc wavel et; means for renoving the

oper at or k?@prﬁ@é?%oﬁé’ff’ﬁ@ Lovhesdn g senovinethe ppreieigRRiStentingthe Bkgskeent i ng
t he sei sgiueceerpeilse fromTBadmvblatiod &MpYisddg the operator representing the
ghost-free source. respagnse fromthe convolution representing the seismc
wavel et; nea t%wlnﬁé%waﬁéoqr%ﬁ%&reétf@? the SpHresseEmoAgts wed éareeprdfthd t er
response from thesgGamyQlaiit©md epresenting the seismc wavel et; and neans

for renmoving the operator representing the seismc wavelet fromthe
convol uti on rdpreaEgts fefieldsignawes e asedighi¢dcsuaation of the notional source

signatures.

[C7] A system for mapping the earth's geology, comprising:

means for representing recorded seismic data as a convolution of operators
representing a reflectivity series of the earth and a seismic wavelet;

means for representing the operator representing the seismic wavelet as a convolution
of operators representing a receiver ghost, a source ghost, a ghost-free source
response, an earth filter response, and a receiver system response;

means for removing the operator representing the receiver ghost from the convolution
representing the seismic wavelet;

means for removing the operator representing the source ghost from the convolution
representing the seismic wavelet;

means for removing the operator representing the ghost-free source response from the
convolution representing the seismic wavelet;

means for removing the operator representing the earth filter response from the
convolution representing the seismic wavelet; and

means for removing the operator representing the seismic wavelet from the

convolution representing the recorded seismic data.

[C8] The system of claim 7, wherein the removing the operator representing the receiver
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[C8] The systemof claim?7, wherein the renoving the operator representing
the receiver ghost fromthe convolution conprises: means for neasuring
pressure and vertical velocity conponents of the seismc wavelet; and neans
for separating up-going and down-goi ng wavefi el ds using a wei ghted

summat i on, of .t he nmeasured pressure and vertical velocity wavefields. [C9]
- The systghﬁsbﬁmﬁ}%ﬁlcﬁ? IutipR €PBPISCE:he 1 enpvi ng t he operator representi ng t he

recei ver ghoshednt QB? trﬂ?:@sﬁﬁgvﬁ?éééﬁ& Ofhd" dRfi&aP %{?hl&g chg orafils SEF fhe "R

conprises: means for renDV|ng t he recei ver ghost us ng a speC|aYﬁ£ desi gned
‘receiver system Wadlefanphe system of claim 7, wherein the renpvi ng the

oper at or reprﬁ%?@&%{aﬁﬁmﬁ%@%@ ghﬁlﬁt d&i’vﬁ"g@hé‘dl&%Pé’lghfte{&‘é”%cxgg tdsfz

using a seismc source wt one SETS (
record the seism @ummv@dnsif;thm@smmsshmranapmwal mejocitywedvgfidled summation to
t he source conponents distributed in depth. [Cll] The systemof claim?7,
wherein the renoving the operator representing the source ghost fromthe
convol ut [€¢H errSeSemtdf pirh Hewheie'mrthe:rerweigethe ogHi6T 1I8P8sentig M ire@ivehe sour ce

i d Cl2] Th t f claim
ghost VS Ao DR ALK B DS PG NR R oy oo, SYotem o, ol

7, where e removing Pfe ghost-free source

response fr omednefor camwoingtthomrcad wrghoss esig 1¥pacisllyf deighkal re¢dient R0t i onal
source signhatures for the source conponents used to record the seisnc

wavel et ; and
[C10] The system of claim 7, wherein the removing the operator representing the source

ghost from the convolution comprises:
using a seismic source with source components distributed in depth to record the
seismic wavelet; and
means for applying a weighted summation to the source components distributed in

depth.

[C11] The system of claim. 7, wherein the removing the operator representing the source
ghost from the convolution representing the seismic wavelet comprises:

removing the source ghost using a specially designed source system.

[C12] The system of claim 7, wherein the removing the operator representing the ghost-free
source response from the convolution comprises:
means for determining notional source signatures for the source components used to
record the seismic wavelet; and
means for determining a far-field signature from a weighted summation of the

notional source signatures.

[C13] At least one computer readable medium with a computer program stored thereon, the
program having logic operable to cause at least one programmable computer to perform a
method comprising:
representing recorded seismic data as a convolution of operators representing a
reflectivity series of the earth and a seismic wavelet;

representing the operator representing the seismic wavelet as a convolution of
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means for determining a far-field signature froma wei ghted summati on of
the notional source signatures. [Cl3] At |east one conputer readable

nedi umwi th a conputer program stored thereon, the program having | ogic
operabl e to cause at | east one programabl e conmputer to performa method

conprising: representing recorded sejsmc data as a convol ution of
- operat ors repr esefPTHYTSINEFRERE £ IFEY s8Rk BIICE Eho¥at BROSEHES SOUE s ¢

wavel et ; representdspghst A eARELMIRE MspdRE 288 8 Rlckivg s&ﬁ&n&%%&ﬁ@;c wavel et as a
~convolution of aqperators representing_ a receiver ghos , .a source ghost, a

ghost - free sdEREWNG d8p PSRRI aFPPESSFIRE f thEt EsEeive s Bbnst efromante aconellisper syst em

response; removi ngehenAPaatRmidwREREeNting the receiver ghost fromthe
convol ution representing the seismc wavel et; renoving the operator

repr esent i ng 'eMevisg uthe eopgrasent réprentinge theorsowcait ghost rfegpr etbencanmgfutidne sei smi ¢
wavel et; renoving, eRE HRA Qi SRLERENt i ng the ghost-free source response
fromthe convol ution representing the’seismc wavel et; renoving the

oper at or reprremevitg rife t dperagar tdprefsertingr theeglponfee fspwne tragpoaen fiohutthoon
representing the Egliv%mﬂg vavel et and. t he o?lgr, ator representing the seismc

. epresen he, seismic wavelet . ; ;
wavel et is renove rom t he conv@futl onrepresenting the recorded seismc

data. [Cl4] @Fhevingdieuopeoforclepiesantity thehenrthi fiitet hespomsatitinn ghet bvelptsmat or
representing the receiver convol ution conprises: neasuring

ecei ]%hos;tn.cf rq{nhghe
pressure and ver t I CEFVEE S FEMIHDSITEAPS of the seisnic wavel et; and
separ ating uphgopegtoprehreboitithgdhie N@isnay efavelbids 1SioRe Fronekghé®dolatisnmat i on of
t he measured pressure and vertical velocity wavefields. [Cl15] The medi um
of claim13, wher &HESEHEE! r&@ SPRBIGBBr at or representing the receiver
ghost fromthe convolution representing the seismc wavel et conpri ses:
removin eceiyer st__usjing a specially designed receiver system
g[éﬂ? "ll:he med\{um ofc zgm 13, whergin the r%moving th% operato(r‘:]representing the receiv%:/r
ghost from the convolution comprises:
measuring pressure and vertical velocity components of the seismic wavelet; and
separating up-going and down-going wavefields using a weighted summation of the

measured pressure and vertical velocity wavefields.

[C15] The medium of claim 13, wherein the removing the operator representing the receiver
ghost from the convolution representing the seismic wavelet comprises:

removing the receiver ghost using a specially designed receiver system.

[C16] The medium of claim 13, wherein the removing the operator representing the source
ghost from the convolution comprises:
using a seismic source with source components distributed in depth to record the
seismic wavelet; and

applying a weighted summation to the source components distributed in depth.

[C17] The medium of claim 13, wherein the removing the operator representing the source
ghost from the convolution representing the seismic wavelet comprises:

removing the source ghost using a specially designed source system.

[C18] The medium of claim 13, wherein the removing the operator representing the ghost-
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[ C16] The medi um of claim 13, wherein the renoving the operator
representing the source ghost fromthe convol ution conprises: using a
seismc source with source conponents distributed in depth to record the
seism c wavel et; and applying a wei ghted summation to the source conponents
distributed in depth. [Cl7] The medi um of claim 13, wherein the renoving
- the oper &tee pouregp@arsstiiopythe pravelglio@mPHESt from t he convol ution .
representing &J%&né[ﬁ}égsﬂatfonmmlc%gﬁa%wfoﬁ%soﬁ@éf@&h ehth BseBQYIFRBrdghOSt USi ng
~a specially designed source system [C18] The nmedium of claim 13, wherein
t he renovi ng the opismiawaveletghesenting the ghost- free source response

fromthe Convﬁétéﬁriirﬂ{ﬂgs8?M;’léﬁ@daﬁﬂ@?ﬁ&ﬁ%i@ﬂtp&‘9&&11951% ST fictioRAIGBakLsr es for

t he source conponen used to recor e Seismc wavelet; and determ ning a
far-field signatursgnatom a wei ghted summation of the notional source
si gnat ur es.
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