AN-OFFSHORE SEI'SM C PROSPECTI NG METHOD USI NG A HYDRCPHCNE—GECEFEEE+3-Q)_
SENSOR PAI R The present invention relates to a seismc _y
prospecting nmet hod usi ng hydrophone-geophone sensors. 5 In ﬂﬂﬂghﬂﬂ?ﬁqu
seism c prospecting, it,is general . . prdactice to use cables carrying ’
hydr ophone sensors which are towed by ships that also carry sound

sour ces. Such cables, generally referred to as "streaners" by

t he person ski ANe@FFSHORE SEISMILhRROSREGEING IMETHOD IISIN® A zones, and in

particular in PRofePHONE-EHPHONE Mk paTR W th platforns.
Under such circunstances, the soundwaves emtted by the ships are

recei ved by hydroph ﬁ@%ﬁmﬁﬁﬁﬂf(i??ﬁﬂi#ﬂﬁirelatQﬁnFQNﬁ sgismic | these

various techni giespddiing aRithoiusiif Hdrophoridigyduglicith wassoiisl be
treated so_as to eI|n1n hosts fromthe S|%aals obtmﬁﬁii(mhere

"ghosts" aPe 3%%WEVE§ G PEIFRTHeEn face
geol.ogy and rebtradtehd:eattd heses webdces cn:famne.nlgat}‘qrdrommhé(lsensnm woissh bl y
to elimnate r r , Qﬁ¥q gorrespond to
multiple refl e%%él o%;%%ttd %ﬁﬁs}ﬁ ace ancf: At %h E‘%tomﬁbthe water,
maki ng recordi ngs Suchjicailas .t g@qnﬁlérypr@ferred to as Srdexeanexs" st
waves are equi ke perisonekiul1etd ifaliie g ddddd¥ b Mised NPicdrtdid er

whi ch remgves freg5FnC|es from_.the S|gnal that are multiples of f[err]

= v/ B8az) ZORRSr e BRS (10 BRF HGRHIRH AR RFQAGEIRN ZofRs wiuttered o
speed of soundwirhwplertfokn¥l neters per second (ms)).

Under such circumstances, the soundwaves emitted by
the ships are received by hydrophones placed on the sea
bottom. _

15 In these various techniques, the recordings made by
the hydrophones must be treated so as to eliminate
"ghosts" from the signals obtained (where "ghosts" are
primary waves carrying information about sub-surface
geology and reflected at the surface of the water), and

20 also possibly to eliminate reverberations, known as "“peg-
legs", which correspond to multiple reflections at the
surface and at the bottom of the water, making recordings
difficult to interpret.

Spectrally, ghost waves are equivalent to useful

25 data being filtered via a notch filter which removes

| frequencies from the signal that are multiples of f, =
v/(2Az), where Az is the depth of the receivers and v is
the speed of sound in water (1500 meters per second
(m/s)).

30 When Az is less than 10 m, as is the case for
conventional acquisition using hydrophones carried by a
cable towed by a ship, £, is greater than 75 Hz and said
notch frequencies lie outside the usable passband. Under
such circumstances, the ghost wave appears in the usable

35 passband only as attenuation, and can be eliminated by
deconvolupion.



30 = When [err]z is less than 10 m as is the case for _
conventional acquisition using hydrophones carried by a cabl e towed by
a ship, f[err] is greater than 75 Hz and said notch frequencies lie
out si de the usabl e passband. Under suZh circunstances, the ghost wave
appears in the usable 35 passband only as attenuation, and can be

el i mnated by deconvol uti on. 2
However, when hydr ofiemeyesonshen hwingpicee @ensars are hptaeed oin tthe

water, Az is tRe+ep OLHNGMALT AL he dedth oG lWah Muwrbten
flerr] = 15 Hz. The passband is H_7_(9(ﬁ;‘)‘unct uat ed bﬁ/‘pfrequenmes at which the
-t

response si gnafsi £YPiaaldderGhyn ost 1Rallé- EFPRi RaEFRPEh&Sghost wave
by deconv gluicteR ety frepuetidi®sAE Rhi®h e adipdibe sigragidels t o

the results. . Recent Ly, sever al hni s _hgye been proposed in
whi ch' acqubsi t PIAIED B FEERERSS WAYRe of IHPOHE Sk o= dRiR
sensors di sposdeconvolatiemn Qesdsnto a large dmowslr tafcwcrse Weihgl86 865

di scl oses a sei_gm cqQuli_sjat.ion met hod usi ng hydrophones and geophones
distributed i nl“:‘%?ler&s té)t tth%eq:\l/\é‘ia elﬁesb'ottom and in which t he hydrophone

conponent and the glesedtdysomsyensal dlechnizuesi havedigenprapesed in

deconvol ut ed bynhib®l hequisiRHEH QWS Iperdralcdd MA ke Ic¥ Hysiddiie a0
t he deconvol uted data is averaged to obtain an_output "which
correspond® togPﬁBhGBe\Aé\%‘sﬂﬁ%@ilﬁP&s?dal%Vé:%§%ﬂ%ﬁ’°m' of the surface

of the water, and faeampsiitdlcud/adst Usaex86 865 discloses a seismic

acquisition method using hydrophones and geophones
distributéd in pairs at the water bottom, and in which
the hydrophone component and the geophone component of a

15 given pair of sensors is deconvoluted by their
previously-determined spectral functions, and the
deconvoluted data is averaged to obtain an output which
corresponds to the up wave immediately above the bottom
of the surface of the water, and from which ghost waves

20 have been eliminated.

Neverthéless, that method cannot be used in zones of
great depth, for which the seismic passband is punctuated
by frequencies at which the response signal is hidden by
the ghost wave. Because of deconvolution, the output

25 would then be particﬁlarly noisy.
~ To solve that problem, US 4 979 150 proposes a
seismic prospecting method that also makes use of
hydrophones and geophones, in which a calibration scalar
is applied to the hydrophone component or to the geophone
30 component and the calibrated components obtained in this
way are summed.

That treatment seeks to eliminate ghost waves and
"peg-leg" type reverberation without requiring
deconvolution to be applied to the hydrophone and

35 geophone recordings. '



30 mave been eliminat ed. Nevert hel ess, that nethod cannot be
used in zones of great depth, for which the seism c passband is

punct uat ed by frequencies at which the response signal is hidden by

- the ghost wave. Because of deconvol ution, 3he output 25 would then be
particul arly noisy. To solve that problem US 4 979 150 proposes
a seism c prospecting nethod that al so nakes use of hydr ophones
and geophones, in wheyerihedkisisy,atthen resailaiing outipnitasilgred tis tawe

hydr ophone co tQr @n %ﬁﬂR%%e eXalo caly
conponent s obtrrglgggg as t?ﬁg h%r%%% %nﬁol%m te l at” t%rerggmelfl\'fI
seeks to elim Agt@ éh@?@rw§V@§§&m§ thereogég | eg" type reverberatlon
without requiring an ofigeetyeichen kbt ieePliedd Qriopode & wehawn and 35

h dj
Sever el o5e o £ha¥ enapies. the dravbaghs ofs the prior ark, methids to be

hydr ophone andmgemghmee r eadr dohgartdicedar tthat makesa it pearsifblrec ttoon
t her eof . 1ég ggbgghﬁg%ﬁtQﬁakp%§@§ %Hs%hg§%epropose a method 5

that enabl es tR&°drawbacks o rior ar t t'o be mtigated,
and in particul ar tRet thdlseend, rtb@sulm@mtgon proyideisde meddhafl fs t hat

are noi se-freegejgmic ]prosE%cttliir@ ®3¢snhe b?eﬁ%tah?sn(ﬁr Q¢ et rgﬂé’nod of

sei sm ¢ prospecting hot e feans of at [east one pai r
hydrophonéogeoBﬁbﬁe°§eH§6F9PHP§ﬁUS§QP§Pth§9R§PEF diSP°Sed at the water

bottom, in which a sound source at the surface of the
water emits a sound signal and the sensors at the water
bottom take hydrophone and geophone recordings H and G,
the method being characterized by the following various
15 steps:

* a filtered signal is determined such that:

M = Hy - Gg
with

Hp %¥(H - Hg)

20 and

Gz %(G + Gg)
where Hp and Gy correspond respectively to the recordings
H and G propagated over a go-and-return path through the
layer of water; and
25 * the data obtained in this way is processed to
deduce therefrom information about the geology of the
subsoil. .
As will be understood better on reading the
following description, it should be observed that the
30 filtering corresponding to M is filtering that is
matched, and consequently low-noise.
Advantageously,
* a signal S is determined as a function of the
hydrophone and geophone recordings H and G, where the
35 signal S corresponds to the source signal propagated
through the water layer to the sensors;



"Sotto‘ﬁl in which a sound source at the surface of the - water emts a

sound signal and the sensors at the water bott om t ake hydrophone and
geophone recordings H and G t he net hod being characterized by the
foll ow ng various 15 st eps: [e4r] a filtered signal is
determ ned such that: M= Herr] - Jerr] wth
Herr]- = (H- Herr]) 20 and Jerr] = 1/2(G+ Jerr])

where Herr] and {J érspidoisdgmedn® rhespaumoadied tin tehdimer ovididays beyondd
and G propagat iﬂeo‘éﬁéoﬁ'e Qb%ﬁdé%%iglgd}i@lt 1 Y Source ! ; Oadgté’@t er;

and 25 err] the data obtain In thi's way 1S process
deduce t her ef r SREPHEYr FRE dAYEBoPE MRteFedibFheofsenf®rs; andpsoi | .

As will be understoedthet HaraObbtedtiedd ifh&his waho P Wrtibedhng it i on, it
shoul d be gbserved that the 3Q filteri correspondi ng to is filtering
Shat 1s C 8°°ragifien thraiiarson.cha e sauety oF the Suladil neous! v,

[err] a signal tBerefdemer m ned as a function of the hydr ophone and
geophone recordi ngs qun . Sj g

source signal p:rlopaBgf%gg?bet rl%uté%%r%ét\ﬁa €r @gy%&%&%ﬁggﬁ%ﬁé%
4 also low-noise.

Other characteristics and advantages of the
10 invention appear further from the following description.
The description is purely illustrative and non-limiting.
It should be read with reference to the accompanying
drawings, in which:
* Figure 1 is a diagram showing the various
15 quantities involved in the model used for the method of
the invention:
* Figure 2 is a summary chart showing one possible
implementation of the method of the invention:;
* Figures 3a td 30 show the various signals obtained
20 in the various steps of the method of the invention in
response to a pulse source signal; and
* Figures 4a and 4b show a possible implementation
of the method of the invention.

25 GENERAL DESCRIPTION
Figure 1 shows a sound source 1 emitting a signal S

at the surface of a layer of water E, together with
hydrophone sensors 2 and geophone sensors 3 disposed on
the sea bottom F. The layer of water E has a thickness

30 Az. The horizontal distance between the sensors 2 and 3
and the source 1 is referenced h.

The hydrophone sensors 2 measure pressure and are
isotropic. They record the sum of up soundwaves U and
down soundwaves D.

35 The signals H and G recorded by the hydrophones 2
and the geophones 3 can be written as functions of the up

waves U and of the down waves D, as follows:



"[?err]‘isai d signal Sis truncated in a time w ndow beyond t he

theoretical extinction tinme of the source propagated t hrough the | ayer
of water to the sensors; and [err] the data obtained in this way
is processed to 5 deduce information abous the geol ogy of the subsoil

t herefrom Because of this truncating, the propagated source is
‘al so | ow noi se. Ot her characteristics and advant ages of the 10

i nventi on appear fult FreU fr®n the foll owi ng description. Theg 1)
description is purely. IUust I’D6)t/ ve and non-limting. It shoqlﬂ be read
with reference to the accorrpan in draw ngs, in which: rrj

Figure 1 is a diagr &M saswtien K@g)\»arllooi&@ the EGQHFF%PeEmPﬁ@@PQGdOIfntbﬁe

model used foryhhereihod §v, wheréhﬁ! i@vas@l@&xsny of thel®atérfi gHaev?2
i's a summary chart shovm n% one possih i npl ement ati on of t he met hod

of the inv@ntidf; the speed of,sound dlﬁ‘ré%‘eSé’att@rS‘o show t he various signals
obt ai ned 20 i n t h&nvaheotaxt dedowf, Tieisehbpsladizédetonignwith the

response to_a gghﬁgpﬁgugg p%lﬁg%kidW%ig:callbrat leﬂg%g%&%§lﬂa %ﬂd 4b

show a possi bl he et hod of t I nventi on.
GENERAL DESCRI PTI ONThe surfacefiofuthe] watens behavesd 1dder @erpféﬂqtqmg a

signal S[err] havingt at Befiechdcn Q:foe‘ffll@ipe‘hto‘cot"‘mleranﬁ iHOGRIAE T \dwh

hydr ophone _sensors and -.geophone sensors 3 di sposed o t he sea bottom
F. The |a}8r oWaygt &P thrasignali cexaesronding, to the I$6’i’-’1r£-'t?ntsak Whichnce

bet ween the seasahswavands3equal ard thee wpowase U, dutclr opppsilte
The hydrophone sensors 2 measure pressure and are | sotropic. They

record the sunfof™ dp soundwaves U and down soundwaves D. 35 The
signal s H and G r ecCodeeginenttiiy, hyadr dhleo mated bottoandtﬂieedgmmphmwes i% can

be written as {pReLbANS SO BwWR
15 D = -ZU + Z3S, - (3)
where Z is an operator corresponding to go-and-return
propagation through the iayer of water, i.e. to a time
delay At = 2Az/v where v is the speed of sound in the
layer of water, and where Z% is an operator corresponding
20 to the go propagatidn of sound between the surface and
the bottom of the water.
For a 1D approximation, Z is merely a time delay At
= 2Az/v, and 7% is a time delay Az/v.
In frequency notation, Z = e %At
25 | When 2D and 3D propagation effects are taken into
account, we have the following in the (®w, k) domain, with
® = 2nf where f is the frequency of the signal, and k
wave number:

30 7 - e—ZjAz g Jy1 - vik*/wf : (4)
By defining the propagated source S as follows:
s = z%s, -
the expression for D becomes:
35 D=S - ZU ' (5)

and putting (5) into (1) and (2) gives the following
modelling equation: '



Waves*U and of the down waves D, as follows:

5 H=U+D _ (1)

G=(U- D/lIJerr] (2) I n equation
(2), IJerr] is the acoustic inpedance of tée water, I[err] = pv, where
pis the density of the water, and v 5 is the speed of sound in the water.
In the text below, I[err] is nornmalized to 1, wth the geophone bei ng
previously calibrat#d=t 8 neddureZQU- D, - The surface of (e water
behaves |ike a reflgctorLg 4 (1hqvighg a reflection coefficient of () and it
adds a down 10 wave to the signal corresponding to the source é[err],

whi ch down wavEcpsegygaitive fheaBpbRa¥EibteRit of opposite si gn.
Consequently, at thg wakgn hoghem- the downewave is written (@
follows: 1 D=-7ZU + Zerr] Sl err .. (3)
where Z is>an operaf8F ESFPe?B%ﬁ&FhB P %BgaﬁﬁyfgfuPHd eaChpRﬂﬁiihAAM?f

t hrough t he | agepadlr w#t eensore, tic dst ppssible del spléulatdArhe where v i s

the speed of sUPd LR t8Ge m, of WAL OLIURIETeoRNdNE! & ZRHTL 18)RPy,
oper at or- correspondi ng fo thé go propagaiion of sbund between’the
surface and andt hgsbertdncsiophsimet & .= Ts + ATs, wherg ADsapprihemati on,

Zis nmerely a gipBt96ha%bfAthe sourceél §.rlz/v, and Z[err] is a tine delay
Azl v. _ I'n frequency notation, Z = eLFrr]. 25 When 2D and 3D
propagatlbﬂ ef f ect sTHRetrYRcRTPRAgated source must be zero beyond the

extinction time Tg. The source S as calculated by

equation (8) has two types of error compared with an

ideal source: firstly it contains random noise coming

from random noises affecting the hydrophone and geophone

15 data; and secondly the propagation operator Z used is not

necessarily exact.

If the hydrophone and geophone data are properly
calibrated, it is possible for the source S as estimated
by (8) to be truncated beyond the extinction time of the

20 propagated source and in the zone in which the
propagation operator is wvalid. This zeroing of the
random noise has the effect of reducing random noise at
the output U.

On the basis of the data H and G, it is also

25 possible to calculate the auxiliary output M:

M= %(1 - 2)H - (1 + Z2)G (9)

Equations (6) and (7) show that the hydrophone H
measures U as filtered by (1-Z), and that the geophone
‘measures G as filtered by (1+Z). The auxiliary output M

30 is thus matched filtering and is consequently low-noise.

By replacing H and G in (9) with the expressions
given in (6) and (7), it can be seen that M measures:

M =S - 2ZU (10)

It is thus possible to deduce U from S and M.

35 As shown in Figure 2, the up wave U is calculated in
the manner described below. Figures 3a to 3c0 show the



dccount, we have the following in the ([err], k) domain, with [err] =

2[err]f where f is the frequency of the signal, and k wave nunber:

Z = [err] : By defining the propagated source S as foll ows:

S =Zerr]Serr] t he expression for ¥becomes: 35 D=S- zZU
(5) and putting (5) into (1) and (2) gives the follow ng

nodel | i ng equati on: 6

H=S + (1 - Zygrious signals obtained from theg glarious proceSsing + (1 +
Z) U steps_in this impldmBhtation of tHYSEAMGRLIGH. S can be
witten: S=(1+ Z)ﬁ - 5

; 1-24)G .. (8)

For each position antE@I§GGW@@Ian&¥§¥ﬂ?ﬁM§§t44ﬂ139 respectiygly gthow
sensors, it iStBQSh&h&%p&@rﬁa&@do&*cﬂd@%ﬁd thearg"eidp]'m}o\r/ié rf&aéﬁﬁigig afst he
sei sm c soyrce errl. = ([etr]z[err] + hl.err er . and 1ts

oxt i ncei onSt nBbFPERRR-— SroFipted G, HaATY wRAeqhans A e iede
duration of thBPsehbide ghos® and pegHled ruypepmapagatled refillexetitret dome zer o
beyond t he magthnE&&on time T[err]. The source S as cal cul ated by
equation (8) has“two fypés of error conpared with an i deal source:
firstly it containsHramdn®ndiRigurss /e, 34) fwhieh anrithei hedropherei ng
the hydrophoneaaadgeephdaee data propagated over a go-and-return path in

10 the layer of water are calculated as follows:
Hy = ZH : : (11)
Gr = 2ZG ' _ : (12)
Then the hydrophone and geophone sum and difference
paths (Figures 3e to 3h) are calculated as follows:

15 Hy = %(H + Hy) | (13)
Hy = %(H - Hy) | (14)
G: = %(G + Gg) (15)
Ga = %(G - Gg) (16)

Thereafter the source (Figure 3i) and the truncated
20 source (Figure 3j) are calculated as follows:
S = Hy - G, (17)
S: = truncated S (18)
Sy is calculated by truncating S in a time window
beyond the extinction time of the source Tg and in the
25 zone where the propagation operator Z used in (11) and
(12) is valid. This validity zone is generally defined
for each source position and receiver position by a
validity time T, beyond which the approximation is wvalid.
S; is thus calculated in this case by zeroing the S data
30 for times greater than MAX(Tg, Tp).
Thereafter the matched filtering output (Figure 3k)
is calculated:

M =Hy - Gg (19)
and then the retarded up wave (Figure 31):
35 Ug = Ji(s'r - M) ’ (20)

Finally, the up wave is calculated (Figure 3m):
U = Z-1UR (21)



15 data; and secondly the propagation operator Z used is not

necessarily exact. I f the hydrophone and geophone data are
properly calibrated, it is possible for the source S as estinated

by (8) to be truncated beyond the extincti®n tinme of the 20 pr opagat ed
source and in the zone in which the propagation operator is valid.
This zeroing of the random noi se has the effect of reducing random
noi se at t he odopdd Bpproximatiorgn  He Eadiimefdelny Rhz/H anfl Gt
is also 25 pegskabhsmed seRlardARAA AL aWd . i@ 0ty da (21) can B4 =
1/2(1 - 22H- (1 + 2)G (9) Equations (6) and

(7) show that WRAtHEH SShFPdLIWS:  neasures U as filtered by (1-2), and
that the geophone Hy(theasH(es-RAg/{)ltered by (1+Z). The @uxi)yiary

out put M3 is thys tched filtering and is consequently | noi se.
By replaci g H and gﬁ?(g)éaftﬁ %ﬁé/ggpressions givenﬁ#?ﬁ%) and (7),
)

it can be seen that UittyeasWWkés: + 2Az/v) M= S - 27U (21
(10) ' [t g4t | d 0 . As
shown in Figure 2, tiﬁetét&}% \%g\%k%l ?Isttg‘ael %%%tete&alf‘{le.@sseaitrlgneer?a%lr_?erancFesicnri bed

bel ow. Fi gur esadgditdoponoieg ﬁﬁeattenuated since it is calculated fxom

7 variods ghO0R| Ba8bisk el 560BbEREsEAtLAHEaREEACEiMEnates RUERS I N
this inplenpentation of the inventjon. "In particular, Figures 3a
and 3b redfBect PFetheshodkse, and,EnopyMphded hasol@vhfodRe ir?é’ad’e%p%e
recording as corresponds to a matched filter.

Peg-leg multiple reflections can be removed by
subsequent processing. They appear in the same manner in
the hydrophone data and in the geophone data.

15 Consequently, the resulting U outputs can be processed in
the same manner as conventional seismic data.

The down wave D is calculated by (Figure 3n):

D = ¥(S; - M) | o (22)

Peg-leg multiple reflections associated with the

20 positions of the receivers can be removed by estimating
the up wave U, immediately beneath the water.

U, is calculated fromi

Uy = (U - kD)/(1 - KD)
where k is the reflection coefficient of the bottom of

25 the water.

In practice, it is possible to calculate a water
bottom transfer function k(t) for a given time medium,
and then:

U, = U - k*D

30 where * designates the convolution operator.

The water bottom transfer function k(t) can be
calculated by minimizing the energy of U; in a given time
window.

Two cases can arise:

35 * either the water bottom reflector is isolated, in
which case a window is taken that does not contain the

reflector;



g obtained. In Figure 3a, primary reflections are marked RP whil e

ghost and peg-leg type nultiple reflections are mar ked RMF.

Herr] and Jerr] (Figures 3c, 3d) which are the hydrophone and
geophone data propagated over a go-and-retQrn path in 10 the | ayer of
water are cal culated as foll ows: Herr] = zZH

(11) G[err] = ZG (12)

Then the hydrophone‘antt gdsghthe zedlectodist runsyisg alongpihies wartiegures 3e

to 3h) are cal gybabpdaze EBB'%W%sel%o be isoliheedl theketrbm® HE@WHBbh
(13) Herr] = - Herr]

Gerr] = (G + gngrP)lar e window is taken cont@ig}ng a large 2Ty,
(G - Cierr]) reflectors. (16) Thereafter the source
#g:?g&§:3|% and thegtruifatedl%QEﬂSfo%r %r%agjélggeb%a&%%lat f%?
S[err] = truncdeedngolution of the up waves U by( tBe down wavesSDerr] is

cal cul at ed by 4biCBbLRgIob ranblya WiAdAl1L1p1DEURILEARK AL On ti e

of the source Tlerr zone agation operator Z
used in (11) ameflect pgothessuzifpge i $heawrdery E@ﬁeaﬂ§°g§ﬁér§ﬁ¥ﬁmlc

defi ned f gbugaeh source position and receiver position by a .
validity %bne T[err] beyond which the approxi mation is valid. ST is
thus cal cuFated in this case by zeroing the S data 30 - for tinmes greater

t han N%X(T[errTwGEeOR]THREE—DIMENSImhameaRoeAGAnaonabenaATbRBtering out put
(Fi gure 3k) . r

(19) bnd then FRE:EpAFEE o, o vhe HivGnELEY 1 felthivea peigy _
1/2(ST - M using two- dimensional or tpggp dlmens1onat|qaprptogﬁezup wave

Lzlgalculated £65+-946€aR8)  return propalfatiéheithbHu§h’ khe layer of water

15 (water bottom, water surface, water bottom).
For example, once all of the geophones have been
calibrated, the data is organized as a collection sharing
a common firing point by putting together all of the
seismic traces for which the position of the source is
20 the same. The water bottom wave field H(Az,t,x,y) and
G(Az,t,x,y) is thus obtained, where x and y designate
coordinates in the plane of the water bottom and where t
is the time variant.
"Deghosting", i.e. estimating up waves U and down
25 waves D immediately above the water bottom and that are
free from ghost waves.can then be performed by
considering the two- or three-dimensional nature of wave
propagation.
In the three-dimensional case, the pressure
30 H(z,w0,Kk,, ky) measured at depth z, where w = 2rnf, and k,
and k, are the Fourier variables corresponding to t, x,
and y, can thus be written as the sum of an up wave and
- of a down wave. Using the following notation:
K? = k2 + k2
35 Uo(®, Ky, Ky)
Do(w, Kk, k,) = down wave at the water surface

up wave at the water surface

p = density of the water.



8 - In 1D approximation, . Zis a tinme delay 2Az/v, and Z[err]

is a tine advance 2[err]z/v, i.e. (11), (12) and (21) can be witten
as follows: Herr](t) = Ht - 2[err]z/v)

(11') 5 Gerr](t) = gt - 2[err]z/iQ (12")
Ut) = Yerr](t + 2[err]z/v) (21") At the
out put U the ghost wave is elimnated and in addition noise is

attenuat ed since it Iits isalpogidled tHor emite: ST which has | ow noi se because
truncation elimnates nuch 10 of the noise, and from M whi ch has | ow

noi se because it corresponds to a matched filter Peg- | eg
mul tiple reflections can em)ved EX’ sub (ﬁ'{/éh)(ﬁproc‘éé‘s(ﬂg They
appear in the sane HE Fn & *n ) = hifd‘r}&r?ﬁone data and in the geophone

data. 15 sConsequently, the resulting U outpwje (e QL pr af&3ged i (R3)

t he same manner as conventional sebDg(ckddtde The down wave D is
cal cul ated by (Figu N e

(22) Peg-ﬁgg%% £ SlqélaFel ec Jin(')éry's%gls%[sg?’l“aet e(?Miv%tjtve % the

posi tions of tNelped&yyyestoan odo dhey spage eoruiali dprivatives @f vave
Uerr] |rmed|a eb¥sheaealt h the water. : Uerr] is calculated from
Uerr] = D/(1 - where k is the reflection coefficient of
the botto of 25 theavvater In practice, it is possible to
calculate a water _go t G t®ansf er function k(t) for a given 44k

medi um and then: ‘Uerr] = U- k*D 30 . where * designates
the convol uti on opefat particular, for the vertical component z:
v, op
15 p = - — : (25)
at 0z

A geophone measures the velocity ~-V,, i.e. the
negative of the vertical velocity, and the hydrophone

measures pressure p. Thus:

20 - 2G oH
ot 0z
i.e. by replacing H with its expression (23):
G(z,w, ks, Ky)
25 jz(w/v){I = vKjw?

= (J1 - Vzkz/wz/PV)[Uo(w,kx.ky)-e

30 ~ Do(®, ks, Kyde

-jz(ow/v){1 - vik‘/w?
(27)

A wave whose propagation direction is at an angle 0
to the vertical is defined in the (w,Kk,,k,) domain by k

wsinb/v. Thus: _
35 Y1 - v/ = cosB (28)
Also, the impedance of the water is I, = pv.

Finally, the up and down waves at the water bottom,
at depth z = Az are written U and D. This gives:

jAz(w/v){1 - vki/w?
U, (o,k k)e (29)

-jAz(w/v){1 - vk?/w?
Do(m,kx,ky)e . (30)

40 U((D,kx,ky)

D(w,k_ k)



The wdter bottom transfer function k(t) can be cal cul ated by
mnimzing the energy of Uerr] in a given tine w ndow. Two
cases can arise: 35 [err] either the water bottomreflector is

i solated, in whi ch case a window is tbken that does not contain the
refl ector; 9 or else
t he reflectors runni ng al ong the water bottom are too close to be

i sol at ed t her eflr 8RA Pnaghime@sured afsdhe Watgr RAdOm ithami@atifitai ning a
| ar ge nunber of H kel ecpors. 5 Peg-leg nmultiple refl ggdipns can
al so be renoved by deconvol ution of the up waves U by the down waves
iﬁlect

D. Thi s operatlaﬁ [ QITDVeS mul tiple reflections that 4
at the surface of tﬁ Per”, nd also the seisnmc source. 1d°
OR THREE- DPMENSI ONAPCBROPAGATI ON OPERATORS | npl enent ati on of the
invention is descri Bgdcbapawing equatigpnswvd-3diremsi /%) erith equations

t hr ee-di nensi o r rs for I

the | ayer of ngt% 8?@ %b(\ﬂ/atlér 5ot tbgmse%/glt Zc?gér agleéﬂm%?e ottoé S
For exanple, okbe @PI cgset ke FbepHShEaseayd thdan necessamy BuaQEreHe dat a

i s organi zed a}éhé gebphehieOtofipdnicht by diviGAHYPtd Empll iRQIdH t?b’tdﬁﬂﬁl ng

t oget her Té sei.sm c %¥9ces for which the positio
source is~20 F?ﬁe sﬁﬁ@sur?ﬂe NGO COPRNSE e FIHSELAN ) and
written:
G = Gjp/cosb (33)

Once this compensation has been performed, equations
(1) and (2) become valid. The processing is thus
15 identical, but whereas the operator Z for go-and-return
propagation through the layer of water (bottom, surface,
bottom) is given by Z = e-2J49/v jn the 1D case, in the 2D
or 3D case it is given by the following expression in the
(w, R, ky) domain:

20 ~2jAz(w/v){1 - vk?/w? -2jAzwcosb/v
Z = e = e (34)

Equations (33) and (34) are valid in the 1D, 2D, and
3D cases. In the 2D case, it is necessary to put k, = O,
i.e. k = k,, and in the 1D case, k, = k;, = 0, i.e. k = 0
25 and cosf = 1.
For a two- or three-dimensional operator Z, it is

possible to define the zone of validity of said operator
in the (w,k) domain rather than just using a validity
time Tp(i). Under such circumstances, the truncated
30 source Sy is calculated by truncating the source S for
times greater than T and by eliminating from the
truncated portion the zone of the (w,k) domain in which
the operator Z is wvalid.
An implementation in the (w,k. k,;) domain is
35 described below:
1) For each position of the seismic source, the data
"H(t,x,y) and G(t,x,y) corresponding to recordings
performed by the hydrophone and geophone receivers at



'é(Az,t’,x,y) I's thus obtained, where x and y designate - coordinates in

the plane of the water bottom and where t Is the tinme variant.
"Deghosting”, i.e. estimating up waves U and down 25 waves D imredi ately
above the water bottom and that are fLée from ghost waves can then be
perfornmed by considering the two- or three-di nensional nature of wave
pr opagati on. In the three-di nensi onal case, the pressure 30

H(z, [err], k[ er Posii[tdians (#easlrey the geper Lotknn g gellectedrr]f, and
k[err] anddge’itdr.are the Fourier variables corresponding to t, x,

and y, can thus be witten as the sumof_ an up wave, and f.a down
wave. Using the fol “OwWThp fRUWEieH transform (% x,%) = Igf”er’ﬁ‘}ﬁﬂ) Kf®rr] 35
Uerr]([err, k| perdfddmed.]) = up wave at the water surface

Dlerr] § Lo Kler 1] Y Saescet¥ Vs dife HndWid sl A P =
is posible to Wil tev?kiép?)] < 0 in the Foussiemrtxansfienn dr(®,knkE,dheftine
- derivative of hk%,x’y). ,
4) Evanescent waves are removed from the Fourier
transform g(w, k., k;) of G(t,x,y), and the propagating
10 waves are divided by J1 - viki/w.
5) The steps of the 1D case are performed, with the
propagation operator Z being given by (29).

The propagation operator Z can also be applied in
the (w,x,y) domain or in the (t,x,y) domain. This makes
15 it possible to process the case where the water bottom is
arbitrary without it being necessary to assume that it is
plane and horizontal.
The person skilled in the art will recognize in the
operator S =-Z%So an operafion known as "datuming" which
20 calculates the recording S of a wave at the water bottom
on the basis of the recording S, made at the surface of
the water of said wave which is assumed to be a down
‘wave. This operation consists in extrapolating a field
from one surface to another and it can be performed, in
25 particular, by the Kirchhoff method. The datuming
operation D = ZU must be understood as being two
calculations in succession: calculating the water surface
recording U, from the up wave recording U made at the
water bottom, followed by calculating the water bottom
30 recording D from a down wave having U, as its surface

recording.

HYDROPHONE AND GEOPHONE NOISE POWER RATIO
The text below relates to the case where hydrophone

35 noise is not of the same power as geophone noise.
It can be assumed that the hydrophone and geophone

components are contaminated by additive noise of spectral



Vel oci'ty vector V to the space partial derivatives of pressure p: 10

[err] (24) In particular, for the
vertical conponent z: [err] 15

(25) A geophone neasures the velok3ty -Vz, i.e. the negative
of the verti cal velocity, and the hydrophone measures pressure p. Thus:
20 [err] e. by replacing Hwith its expression (23): G

(z,[err], k[errpOWEFeﬂEPFlZQGS Va(firamd Co(F). It is assumed \that the

propagation di 0 at I ] r fined
in the ([err], EEE&P] ﬂnggrr W?NG(%bi fo _the h%%%ﬁeﬁé% ﬂé‘l’?\%ﬁ 35

[err] —-cos[erﬂ}V1ded y the geophone neggp power a?NQ§9h1:<?QW%%§hﬂéb of

the water is |kabtth.= pe. estlmate fthagl atithe itp iangodemmleyveprat the:
wat er bott Thi

Ulerr], KperrP ai?f’@?r] Polube 1B PRRFI BP0, pril BFrppepk ppts Bior By
D([err], k[ err] tkpmesr T}( £) BF e€AZ({ ¥t | h(K[)ED Yy kperefpehding to the (30)
arrival of the signal so that only noise is present. The
index i corresponds to the successive positions of the
~ source. '
.10 In the method described above, it has been
implicitly assumed that A(f) = 1, i.e. that the
hydrophone component contains the same amount of noise as
the geophone component. Unfortunately, the geophone
component is quite often noisier than the hydrophone
15 component, in other words A(f) < 1.
A(f) can be used so as to ensure that the output
from the processing has as little noise as possible.
When account is taken of noise in the hydrophone and
geophone_cbmponents, equations (6) and (7) become:
20 H (1 - Z)U + Ny = TR(E)U(£) + Nuy(£f) (35)
G = (1 + Z)U + Ng = To(£)U(E) + Ne(£) (36)

where Ny and H; designate the noise in H and G in the time

domain, and Nyg(f) and Ng(f) represent the same noise in
the frequency domain.

25 Writing Ty = 1 ~-2and T =1 + Z, it is assumed that
the water surface is a perfect mirror having a reflection
coefficient -1. It is also possible to model the water
surface as being a reflector having a transfer function -
r, where r may depend on f or on £ and k. For this

30 purpose, equation (5) is replaced by:

D =S -rZU (5')
New expressions for H, G, and S are deduced

therefrom replacing equations (6) to (8):

H=58+ (1 - rzZ)u (6')
35 G=-S+ (1 + xrZ)U : (7')
S = %(1 + r2)H - %¥(1 - rZ)G (8")

Equations (35) and (36) remain valié)but with



H and“G as nmeasured at the water bottomthen satisfy: H=U+D

(31) [err] =U- D (32) 5

By conparing equations (31) and (32) with equations (1) and (2), it
can be seen that to reduce the 2D case or 14 the 3D case to the 1D case,
It IS necessary to correct t he geophone conponent by dividing its
anplitude by cos[err]. 10 For a nmeasured geophone conponent G3D, this can
be wittenTa = 1 - rZ a@ad T er A] AcaH.err] (33)

Once this conpensat bﬂﬂt.‘ﬂﬁ?ni‘@?”18ﬁ&£0iﬁeﬂag%%ﬁ&h?”%o calc(xl)at.a..ﬁ h(2)

becone valid. The process 'S entica wher eas
operator Z forlﬁﬁeﬁﬁﬁdiéFﬁrWagnltﬁﬂﬁﬁagat|%n'ﬁhroﬁgﬁh?ﬁ%ngayﬁ? of wat er

(bottom surfaﬁ@llowmaoékgﬁbsssoﬂsv@@ph}aclng ekpireksibnishg 180 arsq,16)t the
: gD case I%ﬁa Agh_g ty )t he foll ow ng expression i rzlt3 (3
(M/k[err] [err]) d I N Z = e[err] = e[err] (34)

Equati ons (33) and H34 XfeHvallHyg in the 1D, 2D, and 3D(adsags. In the
2D case, it is necegsar put [err] = 0, k = k[enkl,y and in the
1D case, k[err] = k[&rr Y%{fb ¢1GL3 0 25 and cos[err] ? f])

For a two- or threeGdlﬂEh@GOﬂaﬂ%dperator Z, it is possi K& 'o defi ne

the zone of validityofgsakdumBar #hak r = hntbheimb8hlel, khedomain rat her
than just_using a_validit
10 explanatlon but the procedure is the same for arbitrary

r..
U(£f) can be calculated by the maximum likelihood
method by assuming that the noise Ny(f) and Ng(f) is

Gaussian. This reduces to minimizing the following for

15 all f:
[Na(£) ]2 [Ng(£) |2
E = + (37)
V( £) Vo(£)
which makes it posible to obtain the following equation:
20 - Te(£)YH(E) + A(£)T(E)G(E)
u(f) = : _ (38)
ITH(f)l.z + A(f)ch(f)lz
Where the notation =~ is used herein to designate

the complex conjugate. .

25 Ty and Tg; can be replaced by their expressions (1-Z)
and (1+Z). In 2D and 3D propagation, Ty and T; thus
depend on £ and on k. It is also possible to estimate
hydrophone and geophone noise powers that depend on f and
k, Vu(f,kK) and Ve(£,k), in which case A(f,k) =

30 Vu(£,k)/Ve(£,k) also depends on f and k.

Using the notation A for either A(f) or A(f,k),
equation (38) becomes:

(1 - Z)H + A(1 + Z)G
U = - — —  (39)
35 1+ |Z2|2-2-Z +A(A+ |2|2+ 2+ Z)

As before, Uz is defined as being equal to ZU. From

(39), Uz can be written:
-1
Uz = — [%(]|2]%-Z)H-%A(|2]|%+2)G]
40 (Aa+1)(1+]|2|2) + %(A-1)(Z+2Z)




time Tp(i). Under such circunstances, the truncated 30 source ST is

cal cul ated by truncating the source S for tinmes greater than T[err] and
by elimnating fromthe truncated portion the zone of the ([err], k)
domain in which the operator Z is validd An inmplenmentation in
the ([err],k[err],k[err]) domain is 35 described bel ow 1) For
each position of the seismc source, the data Ht, x,y) and Gl¢agy Y)
correspondi ng to recordings per f or med by the hxdrophone and geophone
receivers at In a 1D appr031mati°n 1. positions
(X,y) on the water lﬁ@fé@.@ﬂﬁax‘: Yo 1s aﬂslg%ﬂ% .in 2D and 32) The
Fouri er transfornr(t X, [err ( r err] K rwg%ﬁrs erformed. 5
3) Evanescent R&PES §F§ ent ‘wa eHQﬁI§§§4%/ﬁQ§9]) <0

in the Fousier abba:ns:ftor(raﬂe( kmvre]s k{herﬁ ladd &0 [De dound irH(that ygortion

4) Evanescent v ar, ed fromthe Fourier t for ¢
g(lerr], k[err] W% g:?‘ﬁ] )(%’dfke)G((i/ {%r@jt%te%ropgga{?r\gzl vvai\?ess%]rsémlc :

di vided by [er p}:ocess:mg, ev@)ne'ﬁuerm opmvesf aﬂes oﬂbmsmmsﬁerm Mgy Wi t h
t he pr opa | ﬁ%ﬁ?

propagati on opgr%%t g:rB lﬁt qh%uglgaéé%pl e ﬁ r%hoﬂ err , y ) onai n

or in the (t, xcywn@aﬁmh$ uemngrﬁﬂqap¥gyes|qoqxﬁaﬁ4ﬂn?kky densas O¥ Hhe ase

where thejpat ebebebhoeudlaled irAfdhd Y, Wndd\QHidH SR bt Ferfs@iibed Gin

assume that | tgl Seate::' detar}s. %eci'eq?{.l Z%‘rgralthe geophone component, this
operation can be performed simultaneously with division
by cosf. Thus, |2|? = 1 applies in all cases, which makes
it possible to write:

15 -1
Ug = : [%(1-Z)H - %A(1+Z)G] (41)
A+1+%(A-1)(2+Z) '

We define filtering F(f) or F(f,k) as follows:
= (A + 1) + (A - 1)z (42)
20 If A =1, then F = 1.
Expression (41) for Uy can be written as follows

using Re(F) = %(F+F) = real portion of F:

-1 .
Ug = —~———— [%(1-Z)H - %A(1+Z)G] (43)
25 2Re(F)

In the 1D case, 2Re(F) = [A(f)+1)] + [A(f)-1]cos2wfAt.
So the output M is defined by:
= %(1-Z)H - %A(1+Z)G (44)
Equation (43) means that M = -2Re(F)ZU if the source
30 is =zero.
Taking the source into consideration, and replacing
H and G in (44) by the expressions (6) and (7) therefor,
the following is obtained:
M = FS - 2Re(F)ZU (45)
35 The filtering FS is a weighted sum of the source S
go-and-return propagated through the layer of water.
If the signal-to-noise ratio of the hydrophone and
of the geophone are the same at each frequency, then A =



‘The pérson skilled in the art will recognize in the operator S =
Z[err]S[err] an operation known as "datum ng" which 20 cal cul ates the
recording S of -a wave at the water bottom on the basis of the
recording S[err] nmade at the surface of 16 the water of said wave which

I s assuned to be a down wave. This operation consists in extrapol ating
a field fromone surface to another and it can be perfornmed, in 25
particul ar, bylthsoKFrehhof andeehudtionse(4d4dupndg(45) regucetiton D = ZU
must be undersé&ggtgangetPg LW8 (10).calculations in succession:

calculating the water sur fécording Uerr] fromthe up wave
recordi ng U nade at the wat er bottom followed by calculating the

wat er botton13ﬂMpLEmgnTﬂtmgND froma down wave having Uerr] as its surface
recordi ng. HYDR

HUNE
text bel owrel ates 1B Fhe Pask ﬂﬁ@?ﬁagK»%ﬁﬁhﬁﬁgrgnglﬁOPQ% Fguﬁ&tthlthe

sane power as @ﬂophnnehmohsehe three-diméhsdéenahbenataraedft vavet he

by diophone aNdpPEBRERRSon 15 SANBRNERLS BbAsEALEATLBR! Y LxBHiPiEl KE OIS
densities V[ erptr¢tgsahngCralibratred| data aompriégeshihet lﬁellowmgatst@pﬁ(f) =

Verr] (f)/V] eras;(ii1eét£aeeay%0993{1@eaouaeaﬂawzb di vi ded by the
geophone noi se power at each frequéncy known. To estimte this

ratio, itl®s possiblé, Fpgreagh P@§éﬁ$?§ °Fotﬁ§eth§mh9dF8Bﬁ8ﬁe da&3geophone

data prior to corresponding to different receiver positions is put

together (collection for each firing point).

2) Evanescent waves are eliminated from the
hydrophone data.

15 3) Evanescent waves are eliminated from the geophone
data and wave amplitude is divided by cosf.

4) The rétio A of hydrophone noise power over
geophone noise power is estimated (scalar or dependent on
f or dependent on f and on k).

20 5) Using a three-dimensional propagation operator Z,
hydrophone and geophone data H; and Gr is calculated for
go-and-return propagated waves through the water layer
(water bottom, water surface, water bottom).

6) The hydrophone and geophone sum and difference

25 channels are calculated Hg, Ha, Gz, Ga.

7) The delayed source S = H; - Gy is calculated and
the trundated source S:; is obtained by zeroing the trace
of index i from the estimated source S for times greater
than T;. For each trace i, T; 2 MAX[Tg(i), Te(i)] where

30 Te(1i) = ATs + (Az(i)? + h(i)z)%/v is the extinction time of
the source, Az(i) being the depth of the water for the
receiver position of the trace and h(i) being the '
horizontal distance to the trace, i.e. the horizontal
distance between the position of the source and the

35 positions of the receivers, and where Ty (i) is the time

beyond which the approximations used in step 6) in the



fimes T[err](i) = ([err]z(i)[err] + h(i)[err])[err]/v corresponding to the

arrival of the signal so that only noise is present. The I ndex i
corresponds to the successive positions of the source. 10 In
t he met hod descri bed above, it has been 17 inplicitly assuned that A(f)
1, i.e. that the hydr ophone conponent contains the sanme anount of
noi se as t he geophone conponent. Unfortunately, the geophone

conponent is gpFepagatéannepeiratorhznarte thedpeprerdmedionsomsesed® in
other words A( é);thé-) for the dif(bhhafdbeR@ntSepetatdt b2efRtideptatale.th

out put

Wien account is tak8d dhendpte
S, equatioMs=(8) anme{ 7) becone: 20

conmponent
Tlerr](f)
Tlerr](f)

designate the noi seFin M(and ®&)in

fr

)

om1he proce55|ngp as as little noi,se as possible.

fALpten PUtBYEoNe 18 Falculagetinone

N e o0 o, ] 3

e

H=(1- 2)uayerr]

68 t+i ADZ domai n, and N err(J4#))  and

N err](f) repr n nQl BN uenc LD. 25
Witing T[err]@§S1£?E§§g%gngfe9??gzb& aszfaféﬁ?éfggsﬁﬁeﬁog g?é' t he
water surface is a perfecFSmiTrr having a reflection coefficient -1.
It is al so _possible td=ﬁﬁﬂgT—Tﬁ“Vater surface as being a r &8¢t or
havi ng a fPansfer function<Rel(F r, where r may depend on f or on f and k.
For this 30 pur pox®) Theatupowatk) U isr epllecddted as follows:D = S -rzZU

(5").

repl aci ng equations-(6)

(6') 35

and (36)

remal
15

20

25

30

35

New 6x9r§§si ons for H G and S are deduced t(qgr)efrom

b (8): _ H=S+(1-r2)U
G = TBe+opératidhUZ is go-and-return back propagatipn

nggace datuming for a wave that is assumed to be a down
wave, followed by water surface to water bottom datuming
for an up wave whose surface recording is the result of

the first calculation.

U represents the seismic data without the receiver
ghost wave.

U still contains the seismic source, the source
ghost wave, and the multiple peg-legs, but it no longer
contains that which is specific to data acquired at the
water bottom, i.e. receiver ghosting. This means that
the output U can be processed like conventional seismic
data.

It is also possible to take advantage of the
possibility of estimating the down waves D to deconvolute
the up waves U by the down waves D. This makes it
possible to remove the source with its ghost and the peg-
legs. The down wave D is written:

FS: + M
D=ST-UR= (50)
2Re(F)

Deconvolution of the up waves by the down waves can
thus be done by deconvolution of Z(FS:M) by FS:; + M, which

avoids filtering by 1/2Re(F). Under such circumstances,
steps 9) and 10) are replaced by the following steps:

Péh(%hé i;%gi of water, i.e.(%aker bottom tfYRlteds (35)
but wth



14 7 T[err] =1 - rZ and T[err] =1 + rZ Putting r[err]1

| eads in particular to calculating i nternedi ate nmagnitudes Herr],
Herr], Jerr], derr] having the fol |l owi ng expressions repl aci ng
expressions (13) to (16): 5 Herr] ¥[err](H + rHerr])

(13") Herr] ([err]H - Herr]) (14")
Jerr] [err]([err G+ Jerr]) (15")

Jerr] [err] (G - G[éhr ppd D; are calculated as follggs) It is
assumed that r = 1y, 0= s;-gpllfly bhe ¥, gxgl anation, but the procgghiye is
the sane for arbitrary U f) can be calcul ated b%*the

maxi mum | i kel i hood 10") @%W%Lﬁwn’gstﬁﬁ%c‘%%t%@% AFEPRYPHYELRg

Nerr](f) is the Giwsmws Uthivi theg¢hecdown Wavies Ding the following for 15
all f: | ich
makes it 5’05| bl e to o talfLJ‘ “‘f'ntei‘ﬁ‘ cﬁxcﬁﬁ‘ng e %fa $% WJZBY with éﬁguf?blrcegh
[err] and the receivers at Ig8)water surfacgher fhehefolbbtewing is
used herein tgq/Hggignate t he conpl ex conjugate. 25 T[err] and
T[err] can be repl aced bth hei r expres |onsoét;- Z) and (1+2). In 2D and
3D propagation, T[err] atd T[efr] thu&s*U end on f and on k. It is al so
possi bl e_to esti mafes = ydt o"ﬁT)ma ge'op‘ﬁiﬁe noi se powers th‘aﬁ Hepend
on f andl k, Vlerr](f l1<) an® V[er %{f Doj n whi ch case A(f, k) 30
Vierr](f,k)/ VEnhercb( Uokandl by aieperisss wp énml‘mb‘kn waves at tlse ngui'ﬂace

notation A fOBfEitBIée'%va'%gx). or A(f,k),

Reflectivity Rsy (Figure 30) with sources at the

water surface and receivers at the water bottom is

15 ei:pressed- with the down wave at the water surface and the
up wave at the water bottom. It can be calculated from
Rss as follows:

U Z%U, -
Rgr = = = z!5Rss : (53)
20 Do Do
This deconvolution reduces in the 1D case to
solving:
R(t)*D(t) = U(t) (54)
or in the 2D or 3D case to:
25 R(t,x)*D(t,x) = U(t,x)
t,x
or

R(t,X,Y)*D(‘t,X,Y) = U(t,X,Y)
t, %,y

30 where the dimension (1, 2 or 3) used for deconvoluting U
by D is not necessarily the same as the dimension used

for calculating U and D.



“equat’i 011-—6387_15)‘(3?6?55'—_— U=Jerr] (39) 35 As before,

Uerr] ng equal to ZU. From (39), UR can be witten:

as i) ' k.
s1Dvapproxi mation, Z =1Perr], |z|[err] =1 The

Iatter property is also true in 2D and 3D propagation if the evanescent

waves are not taken into 5 account (the waves that are to be found in that

portion opﬁﬁiMQ[err] k) domain in which 1 - v[err]k[err]/[err] < 0).

In seismc /0120 GRSEHIH, oﬁv@ézﬂ@ﬁwtpﬁm@i Q'ifﬂéhcbfé By shednd dhey

are comonly eI nat ed from_theq(ﬂydr onent

e an
Usi ng t echnt gt YRR/ e A Pl Re R Fenser EpoRedar ¢
and whi ch areamtthkamé:ecbottom meﬂtmh detsoundies@urce Fot the geophone

conponent - t hi 0 for [ ﬁﬁufl si on
by cos[errs]. #ﬁtf?cﬁ %ﬁ e]O =1 ab&'fftgés E|pn & ﬂ?eﬁgf I ch 1)'/lhlewkée"gshg&(é
possible to wal é:,helyater bottay eil'fal'}e :h;{d;q’qghone a(mi_]_)geophone "~ W define
filtering F(f)eloddiindd Hardd!d 0%he method being characterized by the

following various steps:

_ -~ * a filtered signal is determined such that:
10 M=HA"G2

with

Hya = %(H - Hg)
'and

G: = %(G + Gg)

15 where Hi; and Gy correspond respectively to the recordings
H and G propagated over a go-and-return path through the
layer of water; and

* the data obtained in this way is processed to
deduce therefrom information about the geology of the

20 subsoil.

2/ A method according to claim 1, characterized in that:

* a signal S is determined as a function of the
hydrophone and geophone recordings H and G, where the

25 signal S corresponds to the source signal propagated
through the water layer to the sensors:;

* said signal S is truncated in a time window beyond
the theoretical extinction time of the source propagated
through the layer of water to the sensors; and

30 * the data obtained in this way 1is processed to
deduce therefrom information about the geology of the

- subsoil.

3/ A method according to claim 2, characterized in that
35 to determine the signal S, the following is calculated:
s=Hg-GA .



*2__. i (Tllllmmuﬁ_lmami“ﬂ“(i)l)z for Uerr] can E)gz\)/vr iz'?ten as H)I f\o;\sl’ thﬁgi Eg:
Re(F) = (cF+rerv]- '

s=+eal portion of F: Uerr] = Jerr]
(43) 25 In the 1D case, 2Re(F) = [A(f)ZQ)] + [A(f)-1]cos2[err]f[err]t.
So the output Mis defined by: M= [err](1-2)H - [err]A(1+2) G
(44) - Equation (43) neans that M= -2Re(F)ZU if the source 30 is
zero. whekenl: 13 oude ihvdraphrnielsun i garphansg fiffprencey
and Gin (44) Q¥thheuexptaasi:ons (6) and (7) therefor, the followng is
obt ai ned: = RS - 2Re(\F) zU ' (45) 35
The filtering FS i sh/la =we;?(gxf‘|t"é§'?"s)um- of the source S go- and-return
propagat ed thrandh the | ayer of water. I f the signal -to-noise

ratio of thge hydr op&gng @(}9 _ GR)of t he geophone are the sane at each

frequency, "then A = . _ 16 -1,
so F = 1, and equations (44) and (45) reduce to -~ equations (9) and
(10). | MPLEVRERAGE Becdrding to! B1hif PPk 8eNehalratde el §n i S

not equal to 1 L . .
. that a retarded up wave is determined by calculating:

Un=!5(s'r"M)- :
10 where S; is the truncated S signal; and in that the up
wave is determined immediately above the water bottom
from the retarded up wave calqulated in this way.

5/ A method according to any one of claims 2 to 4,
15 characterized in that the down wave immediately above the
water bottom is determined by calculating:
D = %(S; + M)
where S:; is the truncated S signal.

20 6/ A method according to any preceding claim,
characterized in that the data obtained in this way is
processed to eliminate multiple reflections of the peg-
leg type.

25 7/ A method according to claim 6, in combinafion with
claims 4 and 5, characterized in that the up wave U, is
calculated immediately beneath the bottom of the water as
follows:

U, = U - k*D

30 where * designates the convolution operation, k being a

water bottom transfer function calculated so as to

minimize the energy of U; in a given time window.

8/ A method according to claim 6, in combination with
35 claims 4 and 5, characterized in that the calculated up

wave is deconvoluted by the calculated down wave.



“and i which the three-dinensional nature of wave propagation is taken
into conmm"ﬂm“ﬂ““ npl e of "~ processing calibrated data conpri ses
the foll ' as illustrated in Figures 4a and 4b: 10 1)
For each pbsitidn 8f £he"seisnic source, -dRta corresponding to
different receiver positions is put together (collection for each
firing point). 2) Evanescent waves are elimnated fromthe

hydr ophone dat 8/ Asmethod agFOE@aﬁs@G@n@nmamagqadénﬂ icied@-ed fromthe
geophone g8Rb2adtdriawa aﬁplchtattd%hles hYdHopRbnY ahes lg@lophone data  4)
The ratio A of hydropho e Nnoi s%ﬁ%oyn\e e-‘zi’ eophone ’ig‘m se power is
estimated (scaller v We%@ﬁ(?é:ﬁ't" Y a rlrtﬁap?eaiﬂéﬁ TR on k). 20

5) Using a thréasmednsionadnpiropagptdain opeaxpatoat o Lhe hydszalmmh(ami and
geophone data ' .cula {10 r at ed
waves throggh ?E SHQ?g'frP%?graksas h(e\%anfieb'bg{’tdo%% %&Qg %tg%r% wat er
bot t on) . recorgingiec aifed pypNdsusdyd coxasished Wmdérvdrd@ﬂgf é}’f@nce 25

channel s are Cainssmhehae therebs B tcblse grel, derr]. 7) The
del ayed source cul at ed ‘and the truncated
source S[err] is obFHFﬁeﬁ ¥ zeVdk Pfg’the trace of index i fromthe

estimated souroebslhgr therra@eaaeatfebound 1hhél:lheTBe%Ftb]r o BECh wHeee £

(T% ﬁH}ZE *1o] VLIRS ELbbhentb e bhbl spiEts, Pang K5 L) e s

source,: Az(i) being the depth of the water for the rece| ver p05|t|on
of the trace apg hfi Wels) r alg di a5+t 1 - €
t he horlzontalﬂe/ A ﬁe@ﬁbﬁ abagfﬁégﬁ ? E?&%ﬂngdnc§%§%he source and the 35

positions of thher éE@P?§¢§ntaWéVﬁﬁeﬁé’eTFéﬂ-ﬂl]l(l|a)teﬂs fream tthee geocphamn® ond
whi ch the apprpgisRiings 43Rd1tAngbeR19) with! Rhe amplitude of the

15 recordings being corrected by division.

11/ A method according to any preceding claim,
characterized in that in order to determine the filtering
M, a correction is applied to the data to take account of

20 the difference between hydrophone noise power and
geophone noise power.

12/ A method according to claim 11, characterized in that
the correction is such that the determined filtered
25 signal M is as follows:
M = Hy, - AG;
where A is the ratio of hydrophone noise power over
geophone noise power.

30 13/ A method according to claim 11, characterized in that
filtering corresponding to F is determined such that:
= (A + 1) + (A - 1)2
and the retarded up wave is calculated from:

FST“M
35 Ug = —m
2Re(F)

where S; is the truncated S signal.



17 - [ O a ation operat or Z and the approxi mations used in step 3)
for theﬁM mﬂm perator are acceptabl e 8) The

|nterrre cal cul at ed: = Herr] - AQerr]
efe’FlsthefoIIovvlngzalIter F=1[err](A + 1)

+ [err](A - 1)Z (47) The retarded up wave U err]

is calculated as foll ows: Uerr] =[err] - . (48) 10

10) The up wave U is calculated as foll ows: U= [err]Uerr]

(49) 1 efalr tion

(hough the | SUF SAREIETaLEEkLAT 09, EDdusely! oharkoperpasa iinar |

for a wave tha"thFsd%LW@CPtbsb%ahCWd fro@yve, foll owed by water surface .
to water bottom datum ndgfFs, - Mr an up wave whose surface recording is the

result of 5 the fp r£t—»;a-l_c.u.l_ati on. - Urepresents the seismc data
Wi t hout the receiver 20 2ZpefF)wave. Ustill contains the seismc -
source, the source ghost wave, and the nultiple peg-legs, but it no

|l onger - contains that which is specific to data acquired at the

wat er bottom ls,éAnm:ﬁméra@:msdum@ tdhasy npreseding @baimhe output U can
be processed 'ék “.fn’x ﬁﬁéé"t& dete ﬁ’e the £ilterihg! M, 8hSO
vanta e o

possible to t 0SSl est| matl%g fhe down
waves D ti® de(RS-‘mRﬁQﬁJém s t?@%&ﬁ@va"é@st@tﬂa‘é%e eovrkee®ecomt TRf s makes

it 30 possibl@fiedeiByaat hens orsesr WhhPFads. ghost and the peg- | egs.
The down wave Dis witten: D=Serr] - YUerr] = Jerr] - (50)
16/lA method according to claim 15, in combination with
claim 3, characterized in that to determine M and/or S,
15 use is made of the following:
H; = %(H + rHR)

Hy = %(TH - Hp)
G = %(;G + Gg)
GA = %(G e I‘GR)

20 where -r is the transfer function of the water surface,
and T is the complex conjugate of r.



*35 -7 Deconvol uti on of the up waves by the down waves
done by deconvolution of [err] (FSTM by [err]S[err] + M

filtering by 1/2Re(F). Under such circunstances, ste

repl aced by the foll owi ng steps: - 23 ' -
9') UYerr] and Derr] are calculated as foll ows: Uerr] = FSerr]
- MDerr] [err]S[err] + M (51) - 10")
Reflectivity Rlerr] is calcul ated b¥ BeSoHvBI| &t €ng the up waves Uerr]
with the down waves Dlerr]. 5 The reflectivity Rierr] is
reflectivity wwth the sources and the recejvers_at the water surface.
The fol | owi ng [ﬁﬁ?hﬁ@ of seismic p{gﬁp?ctlT%rqffshore by means f(52)

10 where Werrdastcord qlsat:ir b€ ﬁf@rmé&ﬁ@-g@&!ﬁhdﬁd&seﬂéoi’bedsspéséd
of the water.

ectivit err] (Fi ur W th sources at the
wat er sur fce %ot}?eec?ﬁ‘tﬁ‘e‘?sb%Yt‘?’ﬁ'e t T}’Lé ’é?( Pr Es with the
~down wave at tdierfadeross theaioeatenl énbts a sqmmhvsﬁ.gmal hendatbe sensons It -
can be cal cul at ' ] =T[err]"
(53) 20 - ‘?%I‘{tégmdteec%n@ﬁélon re&ku%es hon rﬁ)% éi[“%é
recordings H and G, the method belng characterized by the

‘following various steps:

10 * a filtered signal is determined such that:
M =Hy - G |
with
Hy = JE(H - Hg)
and
15 G: = %(G + Gg)

where Hp; and Gz correspond respectively to the recordings
H and G propagated over a go-and-return path through the
layer of water; and
* the data obtained in this way is processed to
20 deduce therefrom information about the geology of the

subsoil.

This Sheet Has Been Replace

WA i




Sol Vi'Rg: R(t)*D(t) [err] U(t) (54) or

in the 2D or 3D case to: 25 R(t,x)*D(t,x) [err] U(t, x)

t,x or R(t,x,y)*D(t,x,y) [err] U, Xx,Yy) t, X,y
30 where the dinmension (1, 2 or 3) used fZEdeconvol uting U by Dis
not necessarily the sane as the dinensi or:l d for calculating U and D.
19 CLAI V5 1/ A methpd of seismc prospecting offshore by
nmeans of at | east one pair <L drophone- &gophong sensqrs di sposed

at the water bottom inwhich a saound sq e_ 9 he e of the
water emts a sound signal and t sensors at the terfg bk tomt ake
hydr ophone and geophone r8gdrdings Hand G the rﬁod i Ing
characterized by the fol | owilhg vari ous steps: err] a
filtered signal is determ ned such that: 10 M= Herr] -G?[zerr]

Wi th HerEl = [err](H- Herr]) and err] = (G

+ err]) 15 where HR and GR correspond respectively to the, recordings
H and G propagat ed bver a go-andsrleturn path through t[be‘H G AU

Y
/
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VLﬁe#;of wat er; and [err] the data obtained in this way is

processed to deduce therefrominformation about the geol ogy of the
20 subsoi | . 2/ A nethod according to claim1, characterized in
t hat : a signal Sis deterrrinedazsfunctlon of the

hydr ophone and geophone recordings H and G ere the signal S
corresponds to the source signal propagated t hrough the water |ayer
to the sensors; [err]_said signal ﬁh&? truncated in a tine

wi ndow beyond t he theoret [ [ me of the source

pr opagat ed
[err] the data
i nformati on abo
according to cldf
S, the follown
20 wher e
di fference

and 5 g

Cal extincti

t hrough the | ay of waterfo the sensors; and 30

tained in this wayNs pr ssed to deduce therefrom

he geol ogy of the subsoi | . gﬁ

, ne the Si
is cal cul ated: S=Herr] - err]

[err] and ( err] are hydrophone sum and geophone
ata such that: Herr] =[err](H+ Herr])

rr] =Jerr](G- Jerr]) :

. — VH“Q' G F|g3b

Hr Fig.3c

T — %; 6g Fig.3d

A . Hs Fig.3e

.~ %«W H, Fig.3f

#f Jv.+4 ~ GZ F|g3g

‘r « F— ——— Jr.hl._Ar GA FlgBh
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\44ﬁ A:met hod according to claim2 or 3, characterized in that a
retarded up wave is determ ned by cal cul ati ng: Uerr] =
[err](S[err] - M 10 where S[err] is the truncated S signal; -and in that
t he up wave is determ ned i mredi ately iagve the water bottom from
the retarded up wave calculated in this ma3 5/ A nmet hod according
to any one of clains 2 to 4, 15 characterized in that the down wave
i medi ately above the wat er bottomis determ ned by cal cul ati ng:
D=(Serr] + M where S[err] is the truncated S signal. 20 6/ A
met hod accordijng to any preceding claim characterized in that the
data obtainedjin this way is processed to elimnate nmultiple
reflections off the peg- | eg type. 25 7/ A nethod according to claim
6, in conbinaffion with clains 4 and 5, characterized in that tEg&EEg
wave U err] f f th t L
as fol | ovs: Uerr] = U- k*D 30 where * designates the
convol ution operation, k being a wat er bottom transfer function
calculated solas to m nimze the energy of Uerr] in a given tine
wi ndow. 8/ A method according to claim®6, in conbination with 35
clains 4 and §, characterized in that the cal cul ated up wave i s
deconvol ut ed t he cal cul ated down wave. : ;

g s; Fig.3]

M Fig.3l<
up Fig.3l
u Fig.3m

s . YLJ'_'A —e .. p Fig3n

A . . ,L . ?‘“UR/D
' | Fig.30



~T21 -7 9/ A nethod according to any preceding claim characterized
in that the hydrophone and geophone data Herr], err] is determ ned
by applying a two- or three- di mensi onal propagati on operator to the
hydr ophone and 5 geophone recordings H acadfﬁband in that the geophone
recordings are previously corrected by di t he anpl i tude thereof
by cosO where cos[err] =[err] v being the speed of sound in
the water, [err] = 2[err]f, where f 10 is the frequency of the source, and
k is its wave nunber. 10/ A method according to claim?9
characterized in that t he evanescent waves are elimnated fromthe
geophone recordi ngs sinmultaneously with the anplitude of the 15
recordi ngs being corrected by division. 11/ A method according to
any preceding clmﬂg characterized in that ig order to determne the
filtering Rorrection is applied to the 3Pa to take account of 20
the difference between hydrophone noi se power and geophone noi se

power . 12/ +A nethod according to claim11,: characterized in that

the correction is} isuch that the deternined fl|t6[§d 25 signal Mis as

fol | ows: : H

Fliminate I — Fliminate
ayanescent evanescent waves
ves | — Divide by cos9
Y Y
H ______G
i
yA i g Z
b
1 Y \
YH \HR {16 G
1
I 1
+ + + - E o+ + - +
»
Y
Hx Ha E i Gy Gs
Estimate
A=Vy/ Vg
A

Fig.4a



.
RSN
.

M_p_c“’T-l[ err] - AGerr]
over geophone noi se power. 30

characterized in that
F=TJerr](A+ 1) + [err](

t hat :

wave is calculated from

truncated S signal

characterized in that
15/ A nethod according to any preceding claim

in that tp determ the filtering M a 10 corregtion is
ata to l?a\ke acco@er% H §

= [err]
characteriz
applied to t
sur f ace.

+
(b e e e e

O

where Ais the ratio of hydrophone noi se power
13/ A nethod according to claim 11,
filtering corresponding to F is determ ned such
- _1)Z and the retarded up
35 Ul er ré/:S[ err] where ST is the
14/ A nethod according to claim 13,
t he down wave is calculated from 5 D

of Qt t he wa

|

Truncate
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+ 0.5(A-1)Z
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|
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216/ A method accor di ng to claim15, in conbl nation with claim 3,
characterized in that to detern1nenwland/or S, 15 use i s made of the

fol | ow ng: H err] [eH](H-+rF{eH]) H err]
[err]([err]H - Herr]) Jerr] [err]([err]G + Jerr])

Gerr] =[err](G- rderr]) 20 where -r is the transfer function of the
wat er surface, and r is the conpleéaconjugate of r.

An offshore seismic prospecting method using a
hydrophone~geophone sensor pair

ABSTRACT

A method of seismic prospecting offshore by means of
at least one pair of hydrophone-geophone sensors disposed
5 ‘at the water bottom, in which a sound source at the
surface of the water emits a sound signal and the sensors
at the water bottom take hydrophone and geophone
recordings H and G, the method being characterized by the

following various steps:

10 * a filtered signal is determined such that:
M = Hy ~ G '
with
Ha = %(H - Hg)
and '
15 G: = %(G + Gg)

where Hy; and Gy correspond respectively to the recordings
H and G propagated over a go-and-return path through the
layer bf water; and -
* the data obtained in this way is processed to
20 deduce therefrom information about the geology of the

subsoil.
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