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AN OFFSHORE SEISMIC PROSPECTING METHOD USING A
HYDROPHONE-GEOPHONE SENSOR PAIR

The present invention relates to a seismic
prospecting method using hydrophone-geophone sensors.

In offshore seismic prospecting, it is general
practice to use cables carrying hydrophone sensors which
are 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 certain
zones, and in particular in production zones'cluttered
with platforms.

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

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
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
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)).

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
passband only as attenuation, and can be eliminated by
deconvolupion.
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However, when hydrophone sensors are placed on the
bottom of the water, Az is the depth of the water, which
is typically 50 m, so £, = 15 Hz. The passband is
punctuated 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 technigues have been proposed in
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
distributéd in pairs at the water bottom, and in which
the hydrophone component and the geophone component of a
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
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
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
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

geophone recordings.
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Nevertheless, the resulting output signal is as
noisy as the hYdrophone and geophone recordings, since it
is a linear function thereof.

An object of the invention is to propose a method
that enables the drawbacks of the prior art methods to be
mitigated, and if particular that makes it possible to
provide recordings that are noise-free.

To this end, the invention provides a method of
éeismic prospecting offshore by means of at least one
pair of hydrophone-geophone sensors disposed 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:

* a filtered signal is determined such that:

M = Hy - Gg
with

Hp %¥(H - Hg)

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

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

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

Because of this truncating, the propagated source is
also low-noise. |

Other characteristics and advantages of the
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
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
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.

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
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.

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:
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H=U+D (1)
G = (U - D)/I, (2)
In equation (2), I, is the acoustic impedance of the

"

water, I, = pv, where p is the density of the water, and v

.is the speed of sound in the water.

In the text below, I, is normalized to 1, with the
geophone being pfeviously calibrated to measure U - D.

The surface of the water behaves like a reflector
having a reflection coefficient of -1 and it adds a down
wave to the signal corresponding to the source S,, which
down wave is equal to the up wave U, but of opposité
sign.

Consequently, at the water bottom, the down wave is

written as follows:

D = -ZU + 23S, - (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
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

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:

7 - e—ZjAz g Jy1 - vik*/wf : (4)
By defining the propagated source S as follows:
s = z%s, -

the expression for D becomes:
D=S - ZU ' (5)

and putting (5) into (1) and (2) gives the following
modelling equation: ' '
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H=8+ (1 - 2Z)U : (6)
G =-5+ (1 + 2)U (7)
Consequently, S can be written:

S = %(1 + Z)H - %(1 - Z)G (8)

For each position of the source and each position of
a pair of sensors, it is possible to calculate the
arrival time Ts of the seismic source, Ts = (Az? +'h2)%/v,
and its extinction time T; = Tg + ATs, where AT; is the
duration of the source 1.

The true propagated 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
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
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
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

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.

As shown in Figure 2, the up wave U is calculated in
the manner described below. Figures 3a to 3c0 show the
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various signals obtained from the various processing
steps in this implementation of the invention.

In particular, Figures 3a and 3b respectively show
the hydrophone recording and the geophone recording as
obtained. In Figure 3a, primary reflections are marked
RP while ghost and peg-leg type multiple reflections are
marked RMF. ' o _ '

| Hy and Gy (Figures 3c, 3d) which are the hydrophone

and geophone data propagated over a go-énd-return path in

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:

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

Thereafter the source (Figure 3i) and the truncated
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
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
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):
Ug = Ji(s'r - M) ‘ (20)

Finally, the up wave is calculated (Figure 3m):
U = Z-1UR (21)
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- In 1D approximation, Z is a time delay 2Az/v, and 27!
is a time advance 2Az/v; i.e. (11), (12) and (21) can be
written as follows:

Ho(t) = H(t - 2Az/v) | (11")
Gr(t) = G(t - 2Az/v) (12')
U(t) = Un(t + 2Az/v). (21')

- At the output U the ghost wave is eliminated and in
addition noise is attenuated since it is calculated from
Sy which has low noise because truncation eliminates much
of the noise, and from M which has low noise because it
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.
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
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
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
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:

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

reflector;
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* or else the reflectors running along the water
bottom are too close to be isolated therefrom, in which
case a large window is taken containing a large number of
reflectors. |

Peg-leg multiple reflections can also be removed by
deconvolution of the up waves U by the down waves D.

This operafion removes all multiple reflections that
reflect at the surface of the water, and also the seismic

source.

TWO- OR THREE-DIMENSIONAL PROPAGATION OPERATORS
Implementation of the invention is described below

using two-dimensional or three-dimensional operators Z
for go-and-return propagation through the layer of water
(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
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
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
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
Uo(wrkx;'ky)
Do(w, Kk, k,) = down wave at the water surface

up wave at the water surface

p = density of the water.
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It is posible to write:

jz(w/v){1 - vk*/w*
H(zlmrleky) = UO(wrerky.)e

-jz(w/v){1 - vki/w® (23)
+ DO(mrkxlky)e _

Newton's equation links the time derivative of the
velocity vector V to the space partial derivatives of
pressure p:

F _

p—V =-Vp (24)
at :

In particular, for the vertical component z:

v, op :

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:

9G oH
p — = jopG = — (26)
dat 0z

i.e. by replacing H with its expression (23):
G(z,w, ks, Ky)

jz(w/v){T = vk?/o?

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

- DO(mrerky)e

-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 kK =
wsinb/v. Thus:

JT = 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?

U(w, kx,ky)

D(m,kx,ky) Do(m,kx,ky)e (30)
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H and G as measured at the water bottom then satisfy:
H=0U+D (31)
Io

G=U-D : ' (32)
cosf '

By comparing equations (31) and (32) with equations
(1) and (2), it can be seen that to reduce the 2D case or
the 3D case to the 1D case, it is necessary to correct
the geéphone component by dividing its amplitude by cosf.
For a measured geophone component G;,, this can be
written:

G = Gjp/cosb (33)

Once this compensation has been performed, equations
(1) and (2) become valid. The processing is thus
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:

~2jAz(w/v){1 - vk?/w? -2jAzwcosb/v

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
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
source S; 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
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
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positions.(x,y) on the water bottom is collected
together.

2) The Fourier transform (t,x,y) — (®,k k,) is
performed. '

3) Evanescent waves are removed such that
(1 - vk?/w?) < 0 in the Fourier transform h(w, k., k,) of
H(t,x,y). '

4) Evanescent waves are removed from the Fourier
transform g(w, k., k;) of G(t,x,y), and the propagating
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
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
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
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
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

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
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power densities Vy(f) and Cg(f). It is assumed that the
ratio A(f) = Vy(£f)/Ve(£f) of the hydrophone noise power
divided by the geophone noise power at each frequency is
known. To estimate this ratio, it is possible, for
example, to use the hydrophone and geophone data prior to
times Tg(i) = (Az(i)? + h(i)’)%/v corresponding to the
arrival of the signal so that only noise is present. The
index i corresponds to the successive positions of the
source. '

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
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:

H= (1 -~ Z)U + Ny = TR(£)U(£f) + Nu(£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.

Writing Ty = 1 -2Zand 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
purpose, equation (5) is replaced by:

D =S ~-TrZU (5')

New expressions for H, G, and S are deduced

therefrom replacing equations (6) to (8):

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

Equations (35) and (36) remain valié)but with
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TH=1-rZandTg=1+:r_:Z.

Putting r»l leads in particular to calculating
intermediate magnitudes H;, H), G;, Gi having the
following expressions replacing expressions (13) to (16):

Hy = %(H + rHg) (13")
Ha = %(TH - Hg) | (14°)
G: = %(XG + Gg) : (15'")
. Ga = %(G - IGyR) ' (16')

It is assumed that r = 1 to simplify the
explanation, but the procédure is the same for arbitrary
. |

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
all f£:

[Na(£) ]2 [Ng(£) |2
E = + (37)

which makes it posible to obtain the following equation:

Ty(£)H(E) + A(£)T(£)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. .

Ty and T; 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) =
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)
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]
(Aa+1)(1+]|2|2) + %(A-1)(Z+2Z)
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. (40)

In a 1D approximation, Z = et  |z]2 = 1,

The latter property is also true in 2D and 3D
propagation if the evanescent waves are not taken into
account (the waves that are to be found in that portion
of the (w,k) domain in which 1 - v’k?/@w? < 0). In seismic
processing, evanescent waves are of no interest and they
are commonly elimihated'from the hydrophone and geophone
components using techniques conventionally known by the
person skilled in'the-art, and which are not described in
greater detail herein. For the geophone component, this
operation can be performed_simultsneously with division
by cosf. Thus, |2|? = 1 applies in all cases, which makes
it possible to write:

-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:
F=%XA+1) + (A - 1)z (42)
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+2Z)G] (43)
2Re(F)

In the 1D case, 2Re(F) = [A(f)+1)] + [A(f)-1]cos2wfAt.

So the output M is defined by:

M= %(1-Z)H - %A(1+2)G (44)

Equation (43) means that M = -2Re(F)ZU if the source
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)

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 =
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1, so F = 1, and equations (44) and (45) reduce to
equations (9) and (10).

IMPLEMENTATION .
In the most general case where A is not équal to 1

and in which the three-dimensional nature of wave
propagation is taken into cénsidefation, an example of
processing calibrated data éomprises the following steps,
as illustrated in Figures 4a and 4b:

1) For each position of the seismic source, data
corresponding to différent redeiver positions is put
together (collection for each firing point).

2) Evanescent waves are eliminated from the
hydrophone data.

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).

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

beyond which the approximations used in step 6) in the
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propagation operator Z and the approximations used in
step 3) for the dip enhancement operator are acceptable.
8) The intermediate output M is calculated:

M = Hpy - AGg : - (46)

9) Where F is the following filter:

F=%(A+1) + %(a - 1)z - (47) -
The retarded up wave Uz is calculated as follows:

FSy - M ' ’ :

Ur = . : ' (48)

_ 2Re(F) ’

10) The up wave U is calculated as follows: _

U = ZU; (49)

The operation Z is go-and-return back propagation
through the 1éyer of water, i.e. water bottom to'water
surface 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:
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9') U, and D; are calculated as follows:

Uy = FS; - M,D; = FS; + M (51)

10') Reflectivity Rss is calculated by deconvoluting
the up waves U; with the down waves D;.

The reflectivity Rss is reflectivity with the sources
and the receivers at the water surface. The foliowing
applies:

Ug Zy z%u Uo
R = - - - (52)
D D Z%D Do

where U, and D, are the up and down waves at the surface

of the water.

Reflectivity Rsy (Figure 30) with sources at the
water surface and receivers at the water bottom is
ekpressed-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)
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:

R(t,x)*D(t,x) = U(t,x)
t,x

oxr

R(t,X,Y)*D(‘t,X,Y) = U(t,X,Y)
t, %,y

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.
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CLAIMS
1/ A method of seismic prospecting offshore by means of
at least one pair of hydrophone—geophbne sensors disposed
at the water bottom, .in which a sound source at the
surface of the water'emifs 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:
-~ * a filtered signal is determined such that:

M = Hy, - G;
with

Ha

!E(H - HR)

'and

Gz %(G + GR)
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

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
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

* 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
to determine the signal S, the following is calculated:
s=Hg-GA
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where H; and G, are hydrophone sum and geophone difference
data such that: '

Hy = %(H + Hg)
and

- Ga =_35(G ".GR).

4/ A method according to_claim 2 or 3, characterized in
that a retarded up'wave is determined by calculating:
Ug = %(Sr"M)-

~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 calculated in this way.

5/ A method according to any one of claims 2 to 4,
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.

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.

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
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
claims 4 and 5, characterized in that the calculated up

wave is deconvoluted by the calculated down wave.
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9/ A method according to any preceding claim,
characterized in that the hydrophone and geophone data
Hg, Gz is determined by applying a two- or three-
dimensional propagation operator to the hydrophone and
geophone recordings H and G, and in that the geophone
recordings are previously corrected by dividing the
amplitude thereof by cos8 where '

cosb = 1 - vik?/w?
v being the speed of sound in the watér, o = 2nf, where f

is the frequency of the source, and k is its wave number.

10/ A method according to claim 9, characterized in that
the evanescent waves are eliminated from the geophone
recordings simultaneously with the amplitude of the
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
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
signal M is as follows:

M = Hy, - AG;
where A is the ratio of hydrophone noise power over
geophone noise power.

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
Ug = ——
2Re(F)

where S; is the truncated S signal.
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14/ A method according to claim 13, characterized in that
the down wave is calculated from: '
 FS; - M
D = ——
2Re(F)

15/ A method according'to any preceding claim, _
characterized in that to determine the filtering M, a
correction is applied to the data to take account of
reflection at the water surface.

16/lA method according to claim 15, in combination with
claim 3, characterized in that to determine M and/or S,
use is made of the following:

H; = %(H + rHR)
Hy = %(TH - Hp)
G: = %(xG + Gg)
Ga = %¥(G - rGg)

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



