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The present invention relates to a processing 5 nethod for Calh&iﬁ%%@gﬁ?@
| east one hydrophone- geophone sensor pair wused in offshor '

prospecting processi ng. The invention also relates to an

-of fshore seismc prospecting nethod that inplenments such processing. 10
For of fshore seismc prospecting, use is gefneral |y made of cabl es
carryi ng hydrophone sensors and towed Shlﬁs that also carry sound
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made of cables carrying hydrophone sensors and towed by
ships that also carry sound sources.

Such cables, generally referred to as "streamers"
by the person skilled in the art, cannot be used in

15 certain zones, and in particular in production zones
which are cluttered with platforms.

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

20 In these various techhiques, the recordings made
by the hydrophones must be processed 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

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

- Spectrally, ghost waves are equivalent to useful

30 data. being filtered via a notch filter which removes
frequencies from the signal that are multiples of f, =
v/(24z), where Az is the depth of the receivers and v is
the speed of sound in water (1500 meters per second
(m/s)).

35 When Az is less than 10 m, as is the case for



v/(é[err];), where [err]z is the depth of the receivers and v is t he

speed of Sound in water (1500 neters per second (ms)). 35

When [err]z is less than 10 m as is the case for

2 conventional acquisition using hydrophones carried by a . cabl e
towed by a ship, f[err] is greater than 75 Hz and said not ch
frequencies lie outside the usabl e passband.., Under such circunst ances,
t he ghost wave appears in the usable 5 passband only as attenuation, and
can be elimnated by deconvol uti on. : ver, when
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averaged to obta
10 by frequencies at which the response signal is hidden by

the ghost wave. Eliminating the  ghost wave by
deconvolution leads to a large amount of noise being added
to the results.

Recently, several techniques have been proposed in

15 which acquisition is performed by means of hydrophone and
geophone sensors disposed on the sea bottom.

In particular, US 4 486 865 discloses a seismic
acquisition method using hydrophones and geophones
distributed in pairs at the water bottom, and in which the

20 hydrophone component and the geophone component of a given
pair of sensors are 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

25 the water surface, and from which the ghost waves have

 been eliminated.

However, the hydrophone and geophone recordings
have to be calibrated before being jointly usable. A
perfect hydrophone measures the pressure and a perfect

30 geophone measures the velocity. A real hydrophone measures
the pressure as filtered by an instrumental response and a
real geophone measures the velocity as filtered an
instrumental response. By definition, a calibration
operation equalizes the instrumental responses.

35 It has been proposed by US 4 979 150 a seismic



corresponds to the up wave inmedi ately above the bottomof 25 the water
surface, and from which the ghost waves have been el i m nat ed.

However, the hydrophone and geophone recordi ngs have to be calibrated
before being jointly usable. A perfect hydrophone neasures the pressure
and a perfect 30 geophone neasures the velocity. A real hydrophone

nmeasur es the pressure as filtered by an_instrunental response and a
real geophone neasures the velocity as filtéred an i nstrunent al
response. By definition, a calibration operation equalizes the
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in US 30365 PaFEicAd@didi #f thet Hief Lasticn Csp%faﬁ%#%m off the water

bottom. It is implemented in a deterministic manner, on
the basis of calibration shots or in a statistic manner,
with the assumption that the subsoil reflectivity presents
a white autocorrelation.

15 A similar method has also been proposed in
US 5 365 492. According to this method, a calibration
scalar is applied to a geophone recording in which the
noise is previously cleared away. The geophone recording
first cleared énd calibrated is summed to that of the

20 hydrophone, which gives the desired output without the
reverberation in the water layer.

The calibration scalar is calculated by a repeated
maximizing of a varimax function of the autocorrelation of
the output signal. _

25 However, the calibration scalar as proposed in
US 5 365 492 supposes the assumption that the reflectivity
of the geology presents a whité autocorrelation.

However, this assumption, which is currently used
in tgchnic processing, is not always true.

30 “ Further, a calibration scalar is necessarily
imprecise since it does not take into account the spectral
variation of the coupling.

Further, the determination of the calibration
scalar by an iterative processing implies that such scalar

35 is much sensitive to noise and that therefore a step of



scal ar is applied to a geophone recording in which the noi se is
previously cleared away. The geophone recording first cleared and
calibrated is sunmed to that of the 20 hydrophone, which gives the desired
out put wit hout the reverberation in the water |ayer. The
calibration scalar is calculated by a repeated maxi m zi ng of a vari max
function of the autocorrelation of t he gut put signal. 25

However, the calibration scalar as proposed’in US 5 365 492 supposes
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More particularly, the invention prov1des a
processing method for calibrating at least one pair of
hydrophone-geophone sensors disposed on a water bottom and
used in seismic prospecting processing in which a sound

15 source emits a signal into the water and the sensors at
the water bottom pick up hydrophone and geophone
recordings H and G, the method being characterized in that
calibration is applied to the recordings to minimize, in a
time window beyond a theoretical extinction time, the

20 energy of a signal S which is determined as a function of
the hydrophone and geophone recordings and which
corresponds to the source signal propagated through the
layer of water to the sensor.

Thus, the processing proposed by the invention

25 performs calibration on the assumption that the duration
of emission from the seismic source is limited. This
assumption is much more reliable than that of reflectivity
being white as 1is implied in prior art statistical
calibration methods. |

30 ' Calibration determined using the method proposed
by the invention can vary slowly with frequency in order
to correct imperfections of coupling between the geophone
and the water bottom. '

In a preferred implementation, the hydrophone

35 recordings H are filtered by an operator that adds a



10 “and i nplying no calibration shots. More particularly, the

i-nvention provides a processing nmethod for calibrating at | east one
pai r of hydr ophone- geophone sensors di sposed on a water bottom and

used in seismc prospecting processing in which a sound 15 source enmts a
signal into the water and the sensors at the water bottom pick up

hydr ophone and geophone recordings Hand G the nethod being
characterized in that calibration is applied to the recordings to
mnimze, in a ti me wi ndow beyond a theoretical extinction tine, the 20
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to correct inperfections_of coupli’ng between the geophone and the water
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5 geophone type ghgst reflection thereto, and then the geophone

recordings 18 are filter&d BPTEACBM)Fator that
hydrophone data Hz and geophone data Gg is

determined corresponding to the recordings H and G
propagated over a go-and-return path through the layer of
water;

15 - hydrophone sum data Hy and geophone difference

data G, are calculated as follows:

H}:= H + rHg

and

20 GA=G—r§R

where r is a transfer function modelising the surface of
the water,
calibration functions Cy and Cg are determined

25 to minimize, beyond a theoretical extinction time, the
energy of S: | ’
S =Cyq*Hy - Cg * Ga
where S corresponds to the source signal propagated
through the layer of water; and
30 - the hydrophone geophone data are calibrated by
convolution with the calibration functions Cy and Cg.

As will be understood on reading'the following
description, these calibration functions Cy and Cg do not



adds a hydr ophone type reflection thereto, and a calibration is sought
to provide, in a tinme window beyond 5 the theoretical extinction tine,

best equalization of the hydr ophone recordi ngs and of the geophone
recordi ngs as filtered in this way. Al so advant ageousl vy,

t he geophone recordi ngs are cal i brated agai nst the hydrophone

recordi ngs. 10 In particular: hydr ophone data HR and
geophone data GR S determ ned corresponding to the recordings H and G
pr opagat ed over o-and-return _path_ through the | ayer of wat er; 15
hydr ophone sunlﬁép “ﬁ[QPthSnHeﬁgﬁﬁhkﬁk¢XHQﬁéﬁ@hé@ter bolEPHE- GA are

calcul ated as follows: The inventiofl&15b prbvideblan loffshore seismic
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Clerr] and C([ermk doshétld be read with reference to the accompanying
10 drawings, in which:

Figure 1 is a diagram showing the various
quantities involved in the model used for the method of
the Ainvention;

Figure 2 is a summary chart showing the method

15 of the invention; and

Figures 3a to 3h show the various signals
obtained in the various steps of the method of the
invention in response to a synthetic source signal.

Figure 1 shows a sound source 1 emitting a signal
20 So 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 thickness Az.
The horizontal distance between the source 1 and the
hydrophone-geophone sensor pair 2, 3 is referenced h.

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

The geophone sensors 3 are placed vertically on
the _ bottom F and they measure the vertical speed of

30 soundwaves. They record the up soundwaves U, subtracting
therefrom the down soundwaves D.

. 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 the down waves D, as follows:

35 H=U+D (1)



6 . depend on the reflectivity of the water bottom The
i:nvention al so provides an of fshore seismc "~ prospecting nethod in

whi ch t he above processing nethod is ~inpl enented and the data obtained
inthis way is processed 5 to deduce jnformation therefrom about the
subsoi | geol ogy. O her characteristics and advant ages of the

i nvention appear further fromthe foll ow ng,descri ption. The
description is purely illustrative and non-?initing. It should be
read with reference to the acconmpanying 10 draw ngs, in which:

[err] Figure 1 is a di ar &an(8howPh§id¢ he vari ous quanti ti{éd invol ved in
t he nodel used for the t hod _of. t he i nyention; S r
Figure 2 is a summary cﬁglrteqs %\ﬂorrllg (tzﬂe‘ ;r%é’tq'\é q.'ff rgitngmlstthm impedandd fde

hod e invention; and

[err] Figures 3?h%° %Qté?ogﬁthg é@tiQHéréi Ngd Sthe de®Pi@y NGF thé Nwiber,
net hod 8f the

various steps of the Invention in response to a
synthetic sourcandi gnalis the speed of dougidr énlthbowsterpound source 1

emtting a signal 20 S[err]._ at .the r f | ayer \f her
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sea bottom F. Thealkayelo of Wat einEehds tanylewerst [&he | geophoneThs to be
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sensor pair 2, §a&%bFEF§$enced h. 25 The hydrophone sensors 2

measure pressure and ar €he surfateopifc theThayer epehalvedel sken af reflector
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down wave is equal to the up wave U, but of opposite sign.
Consequently, at the water bottom, the down wave
is written as follows: '
D = -2U + 21/2.50 | (3)

15 where Z is an operatdr corresponding to go-and-return
propagation through the layer 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 21!/2_ 1is an operator
corresponding to go propagation of sound between the

20 surface and the water bottom.

For a 1-D approximation, Z is merely a time delay

At = 2Az/v, and Zl/2_ is a time delay Az/v.
In frequency notation, 2 = e-2jnfAt where f is
frequency.
25 When 2-D and 3-D propagation effects are taken

into account, we have the following in the (w, k) domain,

with w = 2pf and k wave number:

—~—

~298z @ V1 - v2k2/w?

Z=e v (4)
30 '

By defining the propagated source S as follows:
S = 21/250 (3)



t herefromthe down soundwaves D. The signals H and G recorded

by thé hydrophones 2 and t he geophones 3 can be witten as functions
of the up waves U and the down waves D, as follows: 35 H=UH+
D (1)

7 G=(U- D/lferr] (2) I n
equation (2), I[err] is the acoustic inpedange of the water (l[err] =
pv, where p is the density of the water, and v is the speed of sound
in the water). 5 To sinplify the description below, it is assuned
that I[err] = 1the|§HRress iy foFeM PEREMGEHphone is to be cal i brat ed.
The surface of the waterpbetmveguike a reflector having ggyeflection

coefficient of -1 and it s a down 10 ve t he,signal, cortespondi ng
to the source S{%ﬁe?%nﬁhi?gg l“tﬂomhﬂhaﬁg s(égualgfﬁeghétﬁﬁ wg%ngWlﬁﬁt
of opposite sigmodelling equatiBGomsequently, at the water bottom the down
D=-2U+ Z[err]

wave IS itten as foll , _
(3) 15 where Z is an oﬁgrag%?-é&rregﬁgnding to go-and-returﬁ7)
propagation through the G&yerS of (MatteB)Ui.e. to a tine del®y [err]t =

2[err]z/v where v is thqzoq.ge&{hérhttﬁ,gugdcgg bbeyrittdyer of water, and

where Z[err]_is an operato

10 S = Ho — G (9)

An example of calibration processing of the

invention is described below with reference to Figure 2
15 and Figures 3a to 3h.

It will be observed that in a preferred
implementation, the hydrophones and the geophones are not
calibrated absolutely, but each geophone is calibrated’
relative to the hydrophone with which- it is associated.

20 The hydrophone is thus 1left unchanged and geophone
calibration with spectral variation is sought so as to
take into account the effects of coupling between the
geophone and the water bottom. The hydrophone is left
unchanged since it is a good reference: its coupling with

25 its medium is always excellent and it is insensitive to
its orientation. ' _ '

Calibration is performed as follows.

Figures 3a and 3b show respectively the hydrophone
recording H and the geophone recording G. To make the

30 invention more understandable, the recording H is marked
to show the primary reflection PR that contains the useful
signal and also the ghost and multiple peg-leg type
reflections RMF.

The hydrophone and geophone data Hg and Gg

35 (Figures 3c, 3d) propagated over a go-and-return path in



corFesponding to go propagation of sound between the 20 surface and the

wat er’ bottom For a 1-D approximation, Zis nmerely a tinme
del ay [err]t = 2[err]z/v, and Z[err]_is a tinme delay [err]z/v.
In frequency notation, Z = e-2j[err]f[err]t where f is frequency. 25
When 2-D and 3-D propagation effects are taken I nto account, we have
the following in the ([err], k) donain, g Wth [err] = 2pf and k wave
nunber : Z = Jerr] (4) 30
By defining the propagated source S as follo =Z
(%) J the aﬁgr of water are calculatgd as fo%}&y%mpreSSIOLe;glsg
becones: D g, & -zZU (6) (10) putting
(6) into (1) and (2), gives the follow ng nDdellln? equati ons:
5 H=S+ (1 - GZ)TJZG (7) —-S+(1
U wh@h using a ofRN3AHEHY{dhaP G PEx Whiallih,
5 equations (10) and (1l1) are written as follows:
Hp (t) = H (t - 24z) (12)
\I
Gr (t) = G (t - 24z) (13)
10 v

Thereafter, the following magnitudes are
calculated: hydrophone sum Hy (Figure 3e) and geophone

difference G, (Figure 3f):

H2= H + Hp (14)

15 2
GA= G - QR (15)

2

which makes it possible to write equation (9) giving the
20 propagated source S, in the following form:
S = Hy - Gy (16)
The true propagated seismic source Sirye 1S zero

after a certain amount of time. For each source position
and receiver position, it is possible to calculate the
25 start time Tg of the seismic source:

Ts = (Az2 + h2)1/2/v,
and-gts extinction time Tg = T¢ + ATy, where ATslis the
duration of the source. S¢rue mMust be zero beyond the
extinction time Tg.

30 Also, the propagation operator Z which corresponds
to go-and-return propagation through the layer of water

is merely an approximate operator. In the equation



0 . = [err] (9) An exanpl e of calibration
processi ng of the I nvention is described below wth reference to Figure
2 15 and Figures 3a to 3h. It will be observed that in a
preferred i npl ement ati on, the hydrophones and the geophones are not

cal i-brated absol utely, but each geophone is calibrated relative to the
hydrophone with which it is associated. 20 ;Jhe hydrophone is thus Ileft
unchanged and geophone calibration mﬁt% spectral variation is sought
so as to take into _account the_effects of coupling betmeen t he

geophone and t hé? wat & BBt7¥6hH - Tilllelh?dPBBﬁSﬁém%lpéf £S5 beifift ddRdvBifBe

it is a good refcﬁfmcsa:s i £OHphing thdd Whves t sropajare | snadvaysection
excellent and it i.nse SItI its orientation.
551 blig vert

Calibration is ﬁgpfoﬁﬁe& 25 t1Gal Fi gures 3a and 3b show
respecti vel y the hydr ophitinies approxdmadiiing ks avall 1deorggopho e cegteaidi agné.
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over a go-and- re urn pa
with increasing horizontal distance h of the trace.

Thus, beyond the extinction time T and in the

10 zone where the source operator Z is valid, the source S
as calculated by (9) must be zero. Naturally, this is
true only if the data from the hydrophone and the
geophone is well calibrated.

This assumption is used for calibrating the

15 geophone against the hydrophone.

More particularly, the geophone is calibrated
against the hydrophone by calculating a transfer function
which, when applied to the geophone, minimizes the
estimated source energy in a time window situated

20 simultaneously beyond the source extinction time and the
validity time of the propagation operator.

This function C(t) is such that:

S(t) = Hg(t) - C(t)*Ga(t) (17)
has a minimum normalized value in the time window

25 t E([7T,Thax}, where T is a time greater than or equal to Tg
and to T;p, and where Tpax is a time shorter than the

recording time for one shot.
- For example, with the normalized value L2, this

gives the least squares system GC = H:



9 o the |l ayer of water are cal cul ated as foll ows: Herr]

propagat ed seisntecsource S[efrf] is zero ---aftef|
time. For each j$QuUrceppPsi &]@l-p,-17Nd.regeiNer, ROBlEl Lo,
calculate the 2 Hg%a??ptiﬁ% [g%r]ﬁof theAéeféﬁﬁg,sg fg 1
Tlerr] = ([err]z[err] + h[err])1/2/v, and its extinctignHt{mp [T[err]

ZH (10) Jerr] = ZG .
(11) When usi ng a one-di nensi onal approxi mation, 5 equations
(10) and (11) are witten as foll ows: Herr] (t) = H((t -
2[err]z) (12) v
Jerr] (t) = G (t - 2[err]z) 11 (13) 10
% Thereafter, the follow ng magni tudes are cal cul at ed:
hydr ophone sum HE (Fi gure 3e) and geophone difference GA (Figure 3f):
Herr] = H+ Hdrr] ' (14 __ 15
2 G erFpr1F Ga(rd-ea+rl) ... Ga(n;-p2) |[C(p1) Hy(n{y5

2 whi ch nmakes it| possiblg to wite
equation (9) gi (Gait-petlp Gymaprght ed -sdif ag-[H+1)nCl pe+ I I ||awi ng-F)ypr m
S=Herr] - rr] (18) The true

a-cerfaiin anwunt (18§

T[err] + [err]T[err], where [err]T[err] is the

10

15

20

25

30

[P1,P2] being indices corresponding to the interval
[-ti,t2], and [nm,n;] being indices corresponding to
[T;Tmax] which is solved by:

C = (GT G)-1 GT H : (19)

The minimized energy is E = HT (H - GC).

It depends on several parameteré, in particular
the depth of the water Az where the hydrophone and
geophone sensors in question are located, and said depth
can be estimated by calculating the residual energy E(Az)
for several values of Az and selecting the value that
minimizes said residual energy.

It also depends on the reflection coefficient r at
the surface of the water, which is implicitly taken above
as being equal to -1. This reflection is taken into
account by replacing Z in equations (10) and (11) with rZ.
This coefficient is calculated by selecting the
coefficient which minimizes residual energy E.

Of course, it would also be possible, by a similar
processing, to calibrate the hydrophone recordings on the
geophone recordings or to calibrate both the geophone and
the hydrophdéne recordings by minimizing, beyond a
theorical extension time, the energy of :

S =Cyq * Hx - Cg * G,

where Cy and Cg are calibration functions, this minimizing

being conducted with some constraints which are to
eliminate the trivial solution (Cy = Cg = 0).

The calibration of the geophone recordings on the

it ig.pos ible to



dufation_of the source. S[err] nust be zero beyond the extinction tine

T[err]. 30 Al so, the propagation operator Z which corresponds

to go-and-return propagation through the | ayer of water is nerely an
approxi mate operator. In the equation

10 Z = e[err], a 1-D approxi mation is being made which consi sts
in assum ng that waves propagate in a direghion that is close to the
vertical. Thi's approximation is valid onIy in a certain zone

5 of data. This yalid zone can he defi d for eac avalidity
Cine Trerr] bey B N BeeoraghgSoiouue fon Preteteth (Curtabl 5. " The
validity time T[err] negflse tQqthe naisedbeh calcthEé'tll ft@l&&;‘ila&@dhqre aBhal

di stance h of the trace.

h t t t
and in the 10 §B%elswﬁ@#&qﬁﬂ¥%ﬁnﬁﬁeCBB¥?inF g%y§éphnﬁy%28§8hg§ges

as cal cul at ed dytd Bndnggit)he zero. Naturally, this is true only if
the data fromthe hydraphone an? t he ﬁgop ane Mﬁ| callbraged
Thi s assunption is use ¥ or-Scafi BPaI??EFf e 98835 gglﬁ%E ?%ger

hydr ophone. function Miiogr pehei wakerl sudfleeegeopionbaks besn basseded
agai nst the hyda[t?&@ﬁ”et&yb“ea'su' age’}%e%t”ﬂﬁfr%ﬁc THEGEhE" a rfH &l ionhen
applied to the geophone mnim the

coefficient of -1. To do this, it is assumed that the

water surface acts as though it had a transfer function

10 -r(t), where r(t) is a given time medium. For this
purpose, equation (6) is replaced by:
=8 - rzu (6')
By writing the calibrated geophone data
G'(t) = C(t)*G(t), new expressions can be deduced for H,

15 G, and S, by replacing equations (7) to (9), as follows:

H=S+ (1 - rz)u (7")
G=-S+ (1 +rz)u (8')
S=1+1r2H4-1-17Zg (9°)
2 2
20 Using the notation G'R = 2ZG', S is put into the
following form: '
H - G Hg + G'g
S = + r (20)
2 2
25 (H-G') and (Hg + G'gr) are thus calculated after

which r(t) is calculated so as to minimize equation (20)
for S in a given time window.
The calibration C(t) can be recalculated with the
waté; surface modelled by a transfer function -r(t). From
30 (9'), equations (14) and (15) need to be replaced as
follows:
Hs = H + rHy (147)

2



estinated, source energy in a tine w ndow situated 20 sinultaneously

beyond the source extinction tine and the validity tine of the
propagati on operator. This function C(t) is such that:

S(t) = Herr](t) - Ct)*dgerr](t) (17) has a m ni mum
normal i zed value in the tinme wwndow 25 t [err][T,T[err]], where Tis a
time greater than or equal to T[err] gnd to T[err], and where T[err]
is a tinme shorter than the recording time for one shﬁt I For
exanple, with the normalized value L2, this gives the |east squares
sys?gnlec = H Ga =G = IGr Gerr](n[err]-p[err]) (15°)
derr](nferr]-plerr]-1) ... dgerr](nferr]-p[err]) C(p[err])
Herr](n[err]) err](n ferr] p[err +1) Jerr](nferr]-plerr]) ..
Jerr](n[err]-Plerr]+1)Waep[ EAEP+Ds 1gakqylatiadr |id)1ls also possible to

calculate the propagated source S(t) from -equation (17).
= . (18) err (n erLL pkerr]) Jerr](n %ewr; p[err]-1)

(1err]€n[err p[er ained 'in this wa own  in
Herr](n[err]) Figure 3¢ erAs} d%[rerbe] ]selaseu mgomnﬁh@e:slg)m‘é cqmidisignaa tike

interval of “hk kb1t L8y, A nLf érér §¥§]1egf 09: LAY S8 tne
corresponding to
ghost and peg-leg reflections being eliminated therefrom

after reception of the source signal.
10 It is also possible to truncate the source S(t)

for wvalues t € [T,Thax}.- This truncated portion is used

for quality control purposes, in which it is checked that
it presents the least possible energy, and above all the
least possible coherent energy.

15 Naturally, it is desirable for the calibration
transfer function to be unique and to depend only on the
characteristics of the hydrophone and of the geophone. To
this end, use is made of collections of data from a common
receiver, i.e. the seismic traces corresponding to

20 different positions of the seismic source for each pair of
sensors 2 and 3 are combined, and a single calibration
function is calculated for the entire collection.

To this end, for each seismic trace of index i,
where i is the position index of the seismic source, the

25 horizontal distance of the trace h(i) and the depth of the
water at the position of receiver Az are used to calculate
the extinction time of the source Tg(i) and the validity
time T;p(i) of the 1-D approximation which consists in
repigcing the propagation operator 2 by a time delay At =

30 2az/v.

Thereafter, the estimated source energy is
minimized for all indices i and for times greater than
Tg(i) and T,p(i). This amounts to calculating the various

matrices Gj aﬁdﬂthe various second members H; of equation



[T, T[err]] which is solved by: 10 C=(GT §-1 GT H

.(19)° ' The m nim zed energy is E = Herr] (H- GO.

It depends on several paraneters, in particular t he depth of the
water [err]z where the hydrophone and geophone sensors in question
are |located, and said depth 15 can be estimted by calculating the

resi dual energy E(Az) for several vapes of [err]z and selecting the
val ue that m nim zes said residual energy It al so
depends on the refle tion, coefficient r %ce of, the water,
which is inplidiX3y ke mdvE: 28 MAX b%#(n‘g’ 'edq.}al(lt’é aﬁ! InTHnyeTHING i on

is taken into tphe s gQant by replacing Z in equations (10) and (11) with

rZ. Thi s coeff|C|e&E is ca uIated by sel ecting the coef ficient
whi ch m nini zes resi dudl2,@nér §y Of course,(24lt) woul d al so
be possible, by a simlar 25 proce55|ng, to calibrate the hydrophone
recordi ngs on the deophone tecordings or to calibrate both the

gﬁophpnelan@ obtdﬂmedhbgrsﬁhmmﬁgren@rmhﬁu&hda/amdnbylzumglnbeym@dbéCond ]
theorical exten t e eney err
- derr] * defl re]"%%éforl'% ‘-ﬁ/ learﬁja]d[betrart]loélr g ll?f‘g{qeo#rf lﬁﬁ:"lt ons,

this ninln12|ngecelverbeohgecbm@Mcted with sonme constraints which are to

elimnate the trivial golayi Qﬂe(%giﬂ)rat%ﬁr rfucPlon c(t) has beed®
calibration of the geophone recordi ngs on
12 calculated, calibrated geophone data is calculated by
10 convoluting all of the geophone traces of the common
receiver collection with C(t).

In the seismic prospecting method proposed by the
invention, this data is then processed to deduce therefrom
information about the geology of the subsoil.

15 One example of such processing is given below.

Naturally, other kinds of processing could also be
envisaged.

After calculating the calibrated geophone data

G' = C*G (shown in Figure 3h);

20 G'R = C*Gg; and

G'a * C*Ga;
the hydrophone difference and geophone sum channels are
calculated as follows:

Hy = H = He - - (22)

25 2
G's = G’ + G'g (23)

2

Thereafter, the source and the truncated source
30 are calculated by:
S =Hy - G'y (24)

The propagated source S is then truncated into a source Sq

where:
Sp = truncated S (25)



hydr ophone recordings is however preferred (Cferr] = 1). Once

.C(t) has been cal cul ated, calibrated geophone data is calculated by

convol uti on between the geophone data and C(t). 5 It is also

possible to calculate a transfer function for the water surface that

has been assuned above to be a perfect mrror having a reflection

coefficient of -1. To do this, it is assunﬁg that the wat er surface

acts as though it had a transfer function -r(t), where r(t) is a given

time medi um For this pur pose, equation (6) is replaced by:

D=S- rzUu Thereafter the(gayched fil erlnq%Aquq q“}qygg

cal i brated geophone dat@ = 2 G @bg c(t)*qt), nem/expre53|8@§ ycan be

deduced for H 15 G and S by r&placing equations (7) to (9), as foll ows:
=s+u-r@@thawmupm¢7) =-s+ (1L +r2)U

(8") S=1+rgH-M1-12G - (9")

2 2 20 Using the notation GR =2Z2G, Sis put into the

followi ng f&rm Urp = —S—= [err] (20)(27p5

(HG) and (Herr] + G [err]& are thus calculated after which r(t) is

cal culated so as to m nimze “equation (20) for Sin a given tine

wi ndow. Thé‘ixwlilm,attilmn oGtphtcas dalawktiaxlsl ated with the

wat er surface nodell ed aﬁansfer function -r(t). Fron130(2§?'),

equations (14) and (1 nee % 0 be repl aced as fol |l ows:

Herr] = H+ rHerr] In the one-dimensional aggfodimation, 2Z-1 is an
2 10 operator corresponding to a time advance of 2az/v, i.e.
(28) can be written as follows:
U(t) = Ur(t + 2Az/v) (29)
_ The output U no longer has the receiver ghost and
it presents attenuated noise because it is calculated
15 from Sp which has low noise since it is truncated, and

from M which also has low noise since it corresponds to a
matched filter. |
D can also be deduced by replacing U in equation
(5) Dby the expression therefor (28):
20 D=Sp+ M (30)
2
In conventional manner for the person skilled in
the art, the peg-leg type secondary oscillations that
appear in the same manner in the hydrophone and geophone
25 data can be eliminated by subsequent processing.



Gerri—= G- rJerr] (15")
When C(t) is calculated, it

'| s al HI"E"H“"EJM!IL cal cul atg the propagated source S(t) from equa{ i on

(17). ource S obtained in this way is shown in Fi gure
3g. As can be seen fromthe figure, this signal is of m nimal energy,
with the primary reflections and the ggost and peg-leg reflections
being elimnated therefrom after reception of the source signal. 10

It is also pos éelf o truncate the source S(t) for values t [err]

[T, T[err]]. Thi 4 cated portion is used for quality control

pur poses, in mhlbhAlproeeshengedethaﬁ for chliprasendgsat hkebheasbnpopaibl e

energy, and abqy, drééﬁh ‘%Fééﬁ§ﬁ(£§£ﬁ?éys d&%@%&%ﬁtoﬁ“ rQX e}5Potto

Naturally, it |s esi T ration unc PoR to be
uni que and to dEpknusedl yironsehsmic pﬂﬂﬁnﬁﬁﬂmnqnﬁt@CQﬁslhé Hyd rdpheme aand

of the geopfoneoylf souﬂé@ e aU$8gha] MBHEo A Qldieg! 'a(ﬂﬁs tﬂE dahgofsom a

comon receiver e. the seismc traces correspondln 20 djfferent
positions of t s@l"@m‘ﬁa‘é%ﬁr ROFHmeRdiFkparP &yd IOP@}%OP§‘32 %?IGPQOQPe

conbi ned, and aaidigligieAld Rndl GYNthe méﬁﬂ@d%&hd@ chlrediatredelioint BRat
entire coIIectlo ch seism.c.trace of index

e o Pl iration ds,anPlded Ee Ehe toicmins EoeBinimiise Sh &
hori zontal distaime eintibe tsewend(a) thebddeiakiptéxointbion timsderthe the

position o€ r cal_cul % Xkl NGtk L.me
of the source ‘?{ ‘egfy(l i J nealv%eq”&ut%h +s Eite%egm']'f'err % ? nﬁ%&j‘_%&
apprOX|nat|on\Mﬂ@ﬁl&b@§p9h§naw and geophone recordings and which

' corresponds to the source signal propagated through the

layer of water to the sensor.

15 2/ A method according to claim 1, characterized in that
the hydrophone recordings H are filtered by an operator
that adds a geophone type ghost reflection thereto, and
then the geophone recordings G are filtered by an operator
that adds a hydrophone type reflection thereto, and in

20 that a calibration is sought to provide, in a time window
beyond the theoretical extinction time, best equalization
of the hydrophone recordings and of the geophone
recordings as filtered in this way.

25 3/ A method according to claim 1 or 2, characterized in
that the geophone recordings are calibrated against the
hydrophone recordings.

4/ A method according to claim 1, characterized by the -
30 following steps:
hydrophone data Hzg and geophone data Ggr is

determined corresponding to the recordings H and G
propagated over a go-and-return path through the layer of
water;

35 * hydrophone sum data Hy and geophone difference



reﬁTﬁETﬁg—the—ﬁ+epagaLLon operator z by atinme delay [err]t = 30

2[ er Thereafter, the estinated source energy is

f .
nini*#””ﬁ”"” 'Hﬂlﬂ" dices i and for times greater than TE(i) and
Tlerr(rg. 0 ¥dlints to cal culating the various matrices Jerr]

and the various second nenbers Herr] of equation

14 (18) for times T[err] [err] MAX [Jgerr] (i), T[err](i)] and in

i nverting. the system ([err]Gerr])C =Jerr]Herr]

(21) i ' obt ai n by summi ng the matrices and by
surmi ng the seciif Ga arﬁeﬁﬁgFEE?Be BN égi$4$l’e calibration function C for
each receiver collég%i ne . Once the calibration function
C(t) has been calaul ; | i brated geophone data is cal cul ated by
10 convoluting all of the g%pphone traces of the common receiver
collection with C(t). In the seismc prospecting nethod
proposed by theand I nvention, this data is then processed to deduce
therefrom g i nfor matd on gbouggt he geol ogy of the subsoil. 15

One exanpl e of such processing rs given bel ow Nat ural ly,

ot her kinds of processing coul2d al so be envi saged. After

E?gﬁ?gagL?? Eggfﬁgfébfai%?ﬁggggﬁgggrg%gﬂction modelisiS% €h&?gh£f28$“okn
the water,

- calibration functions Cy and C; are determined to
10 minimize, beyond a theoretical extinction time, the
energy of S:
S=0Cyg *Hy - Cg * Gy
where S corresponds to the source signal ‘propagated
through the layer of water; and
15 + the hydrophone geophone data are calibrated by
convolution with the calibration functions Cy and Cg.

5/ A method according to claims 3 and 4, characterized in
that Cy is chosen equal to 1.

20
6/ A method according to claim 4, characterized in that r
is chosen equal to 1.

7/ A method according to any preceding claim,
25 characterized in that physical parémeters are determined
by minimizing the energy of the signal S in a time window
beyond the theoretical extinction time.
8/ A method according to claim 6, characterized in that
30 the depth Az of the layer of water is determined by
calculating, for a plurality of values Az, the energy of
the signal S in a time window beyond its theoretical
extinction time, and by selecting the value of Dz that

minimizes said energy.



G'[err]* C*Jerr]; t he hydrophone difference and geophone sum

.channel s are cal cul ated as foll ows: Herr] = H- Herr]
22 2 Glerr] =G + GJerr]
2233 m”’mmmﬁ,lll",m 2 Thereafter, the source and the

truncated ‘solrck 30 *are calcul ated by: = Herr] - GJ[err]
(24) The propagated source S is then tﬁ%ncated |nto a source ST

wher e: S[err] = truncated S (25)

15 Thereafter the matched filtering is cal cul at ed:

M= Herr] - Glerr] (26) and the del ayed
up wave: 5 9/ na methHBeébbordﬁﬁgrio claims 4 and 7 characted?78d in

I(:lzg?lly, the °”£R”% t%ecaL%ngEer function ofU the ]WU er]surface is

determined in minimizing the energy of the signal S in a
5 time window beyond its theoretical extinction time.

10/ A method according to any preceding claim,
characterized in that it includes quality control in which
it 1is wverified that the propagated source signal S
10 determined as a function of the calibrated hydrophone and
geophone recordings contains minimal energy in a time
window beyond its theoretical extinction time. |

11/ A method according to claim 4, characterized in that
15 in order to determine the hydrophone data Hy and the

geophone data Gr, an operator 2 1is applied to the

hydrophone recordings H and to the geophone recordings G,
where the operator Z corresponds to propagation along a
go-and-return path in the layer of water, and in that, in

20 order to determine the calibration function C, energy S is
minimized both beyond its theoretical extinction time and
in the domain in which the approximation to which the
operator Z corresponds is valid.

25 12/ A method according to any preceding claim,
characterized in that for a collection of seismic traces
sharing a common receiver, a calibration function is
determined for the hydrophone-geophone pair of sensors
that-minimizes the energy of the signal S over all of the

30 seismic traces.

13/ A method of offshore seismic prospecting by means of -

at least one pair of hydrophone-geophone sensors disposed

on a water bottom, in which a sound source emits a signal
35 1into the water and the sensors at the water bottom pick up



In t -dinensi onal approximation, Z-1 is an 10 operator correspondi ng
to aheteﬂeggtgﬁEE~BTf2rérr]z/v, i.e. (28) can be witten as foll ows:
u(t) H,Hmmmmrmr]z/v) (29) The

i the recei ver ghost and it presents attenuated

out PuUl «

noi se because i"t s tal cul ated 15 fromST which has | ow noise since it
is truncated, and from M which al so pgs | ow noi se since it
corresponds to a mat ched filter. D can al so be deduced by
replacing U in equation 85) . by the expressjon therefaor (28): 20

D= [err] hydrophone recordings H a(rg'b)geophone recordings. fwekhfonal

manner for the meish skind echanacterifed fitthdhetpegplreges ypegSeedbhdary

illati t hat .int ; int h .and.,
o onons o e (gm0 4T, HREHTRIAC Y ISR APTRTA s
16 CLAI MBmplementedl @mmnstddw g teetobdd ined therbbyt iagpabceeast bae
pai r o NI LRRONGrICRRRIBER éﬁB&PréhQ'qse%\?\i‘;#, ord %hgaé%s@gi!om
n ch a

and used in seismc prospecting processing sound sour ce
emts a signal into the water and the sensors at the water bottom pick
up hydrophone and geophone recordings Hand G the nethod being
characterized in that calibration is applied to the recordings to

mnimze, in a ti me wi ndow beyond a theoretical extinction tine, the



10 “energy of a signal S which is determned as a function of t he

hydr ophone and geophone recordi ngs and whi ch corresponds to the source
signal propagated through the | ayer of water to the sensor. 15 2/ A
met hod according to claim1, characterized in that t he hydrophone
recordings Hare filtered by an operator that adds a geophone type
ghost reflection thereto, and then the ggophone recordings G are
filtered by an operator that adds a hydrophone t; eto,

and in 20 that a calibration is sought to provide, ggBow
beyond the theorktB calT &t ffcfli on time, best equalizhtion REE .. the ¥
hydr ophone recordi ngs and of the geophone recordlngs as flltered in

this way. 25 3/ A nethod accordin al C e

that the geophone recor dt RLHE LY g’?ﬁ%ﬂ%% % kﬁ;}atﬂﬁﬁ a%%/djr"%%ﬁgngﬂe
recordi ngs. pafH Aoﬂehy@ﬂophomedgagph@nelaensdrsc@aﬁggsedlQedabyatﬁé 30
foll ow ng st

i yqro t 0 S fy GB i's
determ ned c éasop ‘h%ﬁlngat seeér}ecorgla %’a ﬁd&_%)éeglgg gat ed over a
go- and- return;xﬂhnqmr®ugﬁouné Bayéﬂeo?mlts @aﬁ@gnQQSlnto the wat ?HrBBﬁone

sumdata Herr] g geophese def kBeeR@Rer bottom pick up hydrophone and
geophone recordings H and G, the method being

characterized in that calibration is applied to the

10 recordings to minimize, in a time window beyond a
theoretical extinction time, the energy of a signal S

which is determined as a function of the hydrophone and

geophone recordings and which corresponds to the source

signal propagated through the layer of water to the

15 sensor.

This Sheet Has Been R ﬂ

ARRA



S

17 data GA are cal cul ated as foll ows: Herr] = [err]
and 5° Jerr] =[err] where r is a transfer function
nodel i sing the surface of t he water, calibration
functions CJerr] and CJerr] are determned to 10 mnim ze, beyond a -
theoretical extinction tinme, the energy of S = (derr]
Herr] - Cerr] * Jerr] where S corr S/)aﬁnds to the source signal
pr opagat ed t hrough the | ayer of water; d 15 t he
hydr ophone geophone data are c&librated by convolution with the
calibration function - ding to
clains 3 and 4, characterized i that CH s chosen eqgfial t® 1. 20
6/ A method according to clairb characterized in that r is chosen
equal to 1. 7/ A met hod atcording to any preceding claiim 25
characterized in that physical paraneters are determ ned by A¥ ni m zi ng
the energy of the gnal Sin a tinm w ndow beyond the thepretical
extinction tinme. 8/ A meh d according to claim®6, chgragterized in
that 30 the depthF[err]z of t | ayer of water is dt Han?(dl by
calculating, for a Iurallty of Walues [err]z, the en @@ Y
I Fig.1
H G
Ha(t)=H(t-2 A ziv) Gg(t)=G(t-2A z/v)
Y Y \
H HR G Gr
+ -
Gy
Y
| > C - Convolubion
~ CALCULATE
ce
C(t)
—é Eshmate of Nz
E cemmmeqied] ¢ R 2ing.
E(Az) Fig.?
Y Y J
H G’



tf%igignal Sin a tine wndow beyond its theoretical extinction tine,
-and by selecting the value of Dz that mnimzes said energy.

19 9/ A nethod according to clains 4 and 7, characterized in

that the transfer function r of the water surface is determned in
m:inim zing the energy of the signal Sin a 5 tinme w ndow beyond its
theoretical extinction tine. 10/ t hod according to any preceding
claim characterized in that it includes quality control in which

it is verified that the propagated source signal S 10 determned as a
function of the calibrated E%grophone and M geophone recordi ngs contai ns
mninmal enerjgy in atine "W ndow beyon |Es theoretical extinction tine.

11/ A method according to claN 4, charafterized in that 15 in order to
det erm ne tﬁe Eydrophone dat a HRaand

geophone data Jerr], an
operator Z lied to the hone recordings H gqd tfejh8q
geophone req ridi ngs G where t heyoperator Z corresponds to prdpagati on
al ong a go-and-return path in thée layer of water, and in that, in 20
order to detjermne the calibration function C, energy S is

§ N I— . A éFig.3b

JFM, — M.__Ji,j’bjﬁwm He Fig.3c
*,MW 6, Fig.3d

A4,w~“¢.¢~; — Hs Fﬁg113e
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e _ e & Fig.3n
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m nimzed both beyond its theoretical extinction tinefa " 1 opai n
I n which the approximation to which the oper at or EQEU%Eﬁﬁﬂhém%é

val i d. 25 12/ A nmethod according to any precg¢ding claim
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No suitable figure is suggested




