US 20030086335A1

12 Patent Application Publication (0 Pub. No.: US 2003/0086335 A1l

a9 United States

Naville et al.

43) Pub. Date: May 8, 2003

(549) METHOD FOR ABSOLUTE PRESERVED
AMPLITUDE PROCESSING OF SEISMIC
WELL DATA

(76) Inventors: Charles Naville, Grigny (FR); Sylvain
Serbutoviez, Paris (FR)

Correspondence Address:
ANTONELLI TERRY STOUT AND KRAUS

SUITE 1800
1300 NORTH SEVENTEENTH STREET
ARLINGTON, VA 22209
(21) Appl. No.: 10/285,630
(22) Filed: Nov. 1, 2002
30) Foreign Application Priority Data
Nov. 7, 2001 (FR)uccevveerercnivccrecreriecerecines 01/14.404
Publication Classification
(51)  Int. CL7 oo GO1V 1/00
(52) US. Clo e 367/58; 367/62
57 ABSTRACT

Method intended for absolute preserved amplitude process-
ing of data obtained by seismic prospecting known as VSP.

It comprises reception, by seismic receivers (R) arranged in
a well and coupled with the surrounding formations, of
seismic waves generated by a source (S) and reaching
directly the receivers (direct or downgoing waves DW) or
after reflections on discontinuities (D) (upgoing waves UW).
In order to recover the absolute amplitude ratios between the
upgoing waves and the downgoing waves, the direct arrivals
are normalized in form of a zero-phase unit amplitude pulse
obtained after signature deconvolution of the total field of
the downgoing and upgoing waves by the downgoing
waves, followed by separation of the upgoing and downgo-
ing waves, and the differences between the amplitudes
received by each seismic receiver, due to the spherical
divergence between the paths of the upgoing waves and the
paths of the downgoing waves coming directly from the
seismic source, are compensated. A compensation of the
plane wave attenuation between the direct arrivals and the
reflected arrivals is preferably applied to the signals received
at each receiver.

Application: precise measurement of the amplitudes of
reflected and diffracted seismic events on monocomponent
or tricomponent VSP data, in addition to conventional
seismic wave propagation time and velocity measurements
for example.
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METHOD FOR ABSOLUTE PRESERVED
AMPLITUDE PROCESSING OF SEISMIC WELL
DATA

FIELD OF THE INVENTION

[0001] The invention relates to a method intended for
absolute preserved amplitude processing of data obtained by
means of the seismic prospecting technique known as VSP,
wherein seismic waves received by one or more multi-axis
pickups coupled with the formations surrounding a well,
coming from a seismic source arranged at the surface, either
under direct arrival conditions, or after reflection on discon-
tinuities of the underlying formation, are recorded.

BACKGROUND OF THE INVENTION

[0002] The VSP technique is conventionally used to mea-
sure propagation times and velocities, and to obtain a
zero-phase reference of the series of reflections on the
reflectors encountered by the well (the stacking domain
located immediately below the VSP measuring points is
commonly referred to by specialists as corridor stack or VSP
log, a designation that is used in the description hereunder).
However, this series is produced by means of processing
tools which modify the amplitude of the reflected signals:
multiplication by a constant gain, rough spherical diver-
gence compensation, dynamic time equalization and spectral
equalization, etc. In fact, conventional methods allow more
or less rough recovery of the amplitude contrasts of the
reflections in relation to one another according to the pro-
cessing procedure used, but in practice they fail to recover
the absolute amplitude ratio of the reflected waves in rela-
tion to the direct waves reaching the receivers in conse-
quence of which, on the one hand, diffractions of very high
amplitude may be mistaken for reflections, which leads the
interpreter to be mistaken in the assessment of the structure
in the vicinity of the well and, on the other hand, the real
amplitude of the reflections cannot be exploited or inter-
preted.

[0003] The prior art in the field of seismic attenuation
measurement, in particular by means of the Vertical Seismic
Profiling method, and its consideration during processing, is
illustrated by many publications, and notably by the follow-
ing publications:

[0004] Gardner, G. H. F,, L. W. Gardner, and A. R.
Gregory: Formation velocity and density

[0005] The diagnostic basics for stratigraphic traps.
Geophysics Vol.39, No.6, 1974, pp.770-780;

[0006] Hauge, P. S.: Measurements of attenuation from
vertical seismic profiles, Geophysics, Vol.46, 1981,
pp-1548-1558;

[0007] Kan, T. K., et al.: Attenuation measurement from
Vertical Seismic Profiling, SEG expanded abstracts, LA
meeting, October 1981, pp.338-350;

[0008] Lee, M. W, et al.. Computer processing of
vertical seismic profile data, Geophysics, Vol.48, No.3,
March 1983, pp.282-287;

[0009] Newman Paul: Divergence effects in a layered
earth, Geophysics, Vol.38, No.3, June 1973, pp.481-
488;
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[0010] Newman, P. J., et al.: In situ investigation of
seismic body wave attenuation in heterogeneous media,
Geophysical prospecting 30, pp.377-400, 1982;

[0011] Payne, M. A.: Looking ahead with Vertical Seis-
mic Profiles, Geophysics Vol.59, No.8, August 1994,
pp-1182-1191;

[0012] Pujol et al.: Interpretation of a Vertical Seismic
Profile conducted in the Columbia Plateau Basalts,
Geophysics, Vol.54, No.10 (October 1989), pp.1258-
1266;

[0013] Pujol & Smithson: Seismic Wave Attenuation in
Volcanic Rocks from VSP Experiments, Geophysics,
Vol.56, No.9 (September 1991), pp.1441-1445;

[0014] Spencer T. W. et al.: Seismic Q—Stratigraphy or
Dissipation, Geophysics, Vol.47, No.1 (January 1982),
pp-16-24;

[0015] Spencer, T. W., 1985: Measurements and Inter-
pretation of Seismic Attenuation in Fitch, A. A., Ed.
Developments in geophysical exploration methods, 6,
Elsevier Science Publ. Co. Inc., pp.71-109;

[0016] Stainsby S. D. et al.: Q Estimation from Vertical
Seismic Profile Data and Anomalous Variations in the
Central North Sea, Geophysics, Vol.50, No.4 (April
1985), pp.615-626;

[0017] Rainer Tonn: The Determination of the Seismic
Quality Factor Q from VSP Data. A Comparison of
Different Computational Methods, Geophysical Pros-
pecting, April 1990;

[0018] Ross, W.S., et al.: Vertical seismic profile reflec-
tivity: Ups over downs, Geophysics, Vol.52, No.8
(August 1987), pp.1149-1154;

[0019] Rutledge, J. T., and Winkler, H., Attenuation
Measurements in Basalts using Vertical Seismic Profile
Data from the Eastern Norwegian Sea: SEG, Expanded
Abstracts, pp.711-713, New Orleans, 1987;

[0020] Sokora, W. L., 1996, Predicting Formation Tar-
get Depth Ahead of the bit with High Accuracy: A case
Study from the Arun field for a deviated well: Proceed-
ings of the Indonesia Petroleum Association, IPA96-
2.5-028;

[0021] Wu R. and K. Aki Scattering Characteristics of
Elastic Waves by an Elastic Heterogeneity, Geophysics,
Vol.50, No.4, April 1985, pp.582-595;

[0022] Yuehua Zeng, Feng Su and Keiiti Aki Scattering
Wave Energy Propagation in Random Isotropic Scat-
tering Medium, JGR, Vol.96, No.B1, pp.607-619, Janu-
ary 1991.

[0023] The aforementioned publications describe methods
of measuring the attenuation of seismic waves in transmis-
sion for vertical seismic profile data (VSP). These measure-
ments are sometimes performed too roughly but, unfortu-
nately, none of these publications provides a solution
concerning the way to use these measurements so as to more
exactly recover by processing the amplitude of the reflected
events observed on the VSPs, for any distance between the
position of the well pickups and of the reflectors, including
reflectors located below the well bottom, which is the major
object of the method according to the invention.
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[0024] The spherical divergence, which is the most impor-
tant factor in the amplitude decrease of a spherical seismic
wave, is often compensated by an approximate law of Z=Vt
type (Newman and Worthington, 1982), or by an exponential
law of exp(zf ©/Q) type for the events reflected below the
well bottom (Payne, 1994), or by a rough time power law T7,
superscript n being adjusted by guesswork typically between
1 and 2, as it is generally done by well survey service
companies. In a stratified medium close to a one-dimen-
sional model, the spherical divergence can be taken into
account more accurately by a t. V> law (Newman, 1973), but
this relation is rarely used (Pujol, 1991). The local imped-
ance is never taken into account in the aforementioned
publications, and the amplitude of the reflections is never
examined. The ID hypothesis is always made, but never
verified in the literature. Many authors use a method of
studying the evolution of the amplitude spectrum ratio of the
direct arrival of the VSP taken at different depths (Kan,
1981) to determine the attenuation and the quality factor Q
which characterizes it; others (for example Stainby, 1985)
use the widening of the direct arrival pulse width: these
methods may therefore be very sensitive to the reflected or
diffracted waves that interfere with the direct arrival. Some
authors, such as Rainer Tonn (1990), have successfully
compared various measuring methods.

[0025] All the methods used assume the stationarity of the
signal of the VSP downgoing wave, and this hypothesis is
unfortunately not always verified in real cases. In effect, the
fact that a spherical wave is propagated in a 1D stratified
medium implies that part of the energy transmitted in P wave
is converted to an S wave, even for low propagation inci-
dences, and therefore the attenuation measured on the direct
wave is often overestimated.

[0026] However, the order of magnitude of the measured
attenuations is 1 to 13 dB per 1000 m (Pujol, 1989) for
heterogeneous sedimentary or volcanic rocks.

[0027] The velocity variation function of the frequency is
often insignificant between 10 and 100 Hz, even when
considering a dispersive model of intrinsic attenuation, and
the inner multiples can generate by themselves a not insig-
nificant fraction of the total attenuation, for example 30% or
2 dB for 1000 m (Kan, 1981).

[0028] Any velocity heterogeneity close to the well can
produce interferences which in most cases attenuate direct
arrivals, but sometimes amplify them. This also depends on
the way the amplitude is measured on the direct arrival (on
the peak, the trough or the spectrum, therefore with a
windowing and an amplitude variation linked with the
apodization of the signal selected, etc.). Besides, propaga-
tion in a medium with a random velocity, therefore very
heterogeneous in view of the velocity, is difficult to study, as
shown by the complexity of publications by authors such as
Wu (Wu et al.,, 1985) and Yuehua Zeng (Zeng, 1991).

[0029] In general zero-offset profiles recorded in a strati-
fied sedimentary medium show a very stable direct arrival
signal, mainly interfered by the reflections on the sedimen-
tary layer boundaries, and they are well-suited for fine study
of the attenuation of the seismic signal.

[0030] Causes of the seismic amplitude variation

[0031] The first two causes reminded hereafter relate to
the constancy of the plane wave energy upon emission and
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reception, the two others concerning the effects due to the
propagation of the seismic signal transmitted:

[0032] a) The amplitude variations of the source,
which require recording of a reference signal. In
practice, very repetitive sources as regards the form
of the signal emitted are used for VSP acquisition,
and a surface pickup arranged at a short distance
from the source is sufficient to check the repetitive-
ness and to compensate variations in the emission
energy and in the vertical stacking order.

[0033] D) The local impedance variations, which lead
to variations in the amplitude of the plane wave
transmitted at constant energy. In order to draw
amplitude attenuation curves, the square root of the
energy has to be represented, which amounts to
saying that the amplitude observed at different points
of a medium of variable acoustic impedance is
brought back to the amplitude of a wave of equiva-
lent energy in a single impedance medium. The
interval velocity is given by the VSP, the density can
be estimated by first approximation by Gardner’s law
(Gardner, 1974) from the interval velocity.

[0034] c) The spherical divergence, which shows the
expansion of the wavefront, depends for its compen-
sation on the difference of the radii of curvature
between two points located on the same seismic
raypath. In particular, in the case of the VSP, one
tries to compensate the spherical divergence effect
between the direct arrival and the reflections that
follow. This compensation must be very precise
because the spherical divergence is the main attenu-
ation factor, of an order of magnitude that is greater
than the cumulated other causes. This compensation
depends on the source-geophone distance and on the
characteristics of the depth interval between the
geophone and the reflector below. It has the effect of
bringing the amplitude of the wave emitted by a
point source back to the amplitude of a plane wave
for a direction of propagation identical to the direc-
tion observed at the measuring point, while disre-
garding the wave mode conversions (converted P-S
or S-P).

[0035] d) The attenuation of a plane wave in trans-
mission, all causes taken into account, in a 1-D
medium, which includes, in a non limitative way:
primary reflections, short-period inner multiple
reflections, intrinsic transmission attenuation and
diffusion/diffraction, etc., as far as these effects
remain statistically 1-D as regards the roughness of
the interfaces and the heterogeneity distribution.

[0036] This attenuation is calculated from the amplitudes
of the VSP direct arrivals. It is identical, for a 1D medium,
in two opposite propagation directions because of the reci-
procity of the paths for a wave of a given type (of pure P or
pure S type); under such conditions, for a vertical two-way
path of a plane wave in a medium with homogeneous
horizontal layers, and with a zero offset, the attenuation for
areflection is equal to the square of the attenuation measured
on the first arrival for the corresponding one-way path. It is
thus compensated in two-way propagation (loop travel) for
the interval between the direct arrival and the reflections that
follow, by multiplying the amplitudes of the reflections by
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the square of the inverse of the one-way path attenuation
measured on the same depth interval. This correction does
not depend on the source-geophone distance. The spherical
divergence compensation and plane wave attenuation laws
thus do not have the same form, which explains why it has
always been difficult to compensate these two effects in
combination by means of empirical laws. Furthermore, the
use of the plane wave compensation outlined above allows
to determine the accuracy limits of the attenuation calcula-
tions carried out on the direct arrival, and an empirical
approach based on sound and reasonable geological and
geophysical hypotheses allows, when the hypothesis of
propagation in a one-dimensional medium is valid, to fine
down determination of the attenuation if it is the object of
the operation.

[0037] The plane wave attenuation can depend on the
frequency in any ways; it is determined by frequency bands.

SUMMARY OF THE INVENTION

[0038] The method according to the invention allows
correct recovery of the absolute amplitudes of the events
reflected through finer processing in order to obtain as the
final product of the VSP, on the one hand, in absolute
amplitude, a quantified series of reflection coefficients
encountered at the location of the well and on the other hand,
in preserved amplitude, i.e. with the highest accuracy pos-
sible on the amplitudes, a reflected wavefield that is referred
to as deep when the distance between the downhole pickup
and the impedance contrast generating a reflection is great,
in particular below the well bottom, in order to make for
example a more accurate prediction of the characteristics of
the formations while drilling operations are in progress.

[0039] The processing method according to the invention
allows recovery of the absolute amplitude ratios between, on
the one hand, the seismic signals corresponding to upgoing
waves emitted by a seismic source coupled with a geologic
formation, then reflected on subsoil discontinuities, these
signals being received by various seismic receivers coupled
with the wall of a well through the formation and at a
distance from one another, and on the other hand the seismic
signals corresponding to downgoing waves (or direct arriv-
als) received by the same seismic receivers and coming
directly from the seismic source.

[0040] In order to reach this aim, the method essentially
consists in determining quantitatively all the main causes of
the attenuation of the seismic waves, in using them to
compensate in the most suitable way the amplitude of the
reflections measured by the VSP according to the distance
from the reflection point to the receivers in the well, and also
in recovering the exact amplitude, referred to as absolute
amplitude, of the coefficients of the reflections observed, in
percentage, because this quantitative information has a con-
crete incidence both for geologists as regards interpretation
of the seismic prospecting results and for geophysicists
carrying out surface seismic prospecting as regards the
adjustment of certain acquisition parameters or the process-
ing of surface seismic survey data. The method is charac-
terized in that it essentially comprises the following stages:

[0041] a) First normalizing the direct arrivals at seis-
mic receivers (R) in form of a zero-phase unit
amplitude pulse in a limited frequency band deter-
mined by the signal-to-noise ratio observed in this
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band, which is carried out after deconvolution of the
signature of the total field of the downgoing and
upgoing waves by the downgoing waves, which
allows to compensate the reflected arrivals for all the
physical attenuation causes concerning the direct
arrival path between the source and the receiver. This
compensation includes, for example, all the possible
amplitude and phase variations of the direct arrival
and of the downgoing wavetrain according to the
depth of the receiver, the spherical divergence of the
direct arrival, and the effect due to the impedance of
the geologic formation locally at right angles to the
receiver,

[0042] D) then separating the upgoing and downgoing
waves by means of multitrace velocity filters whose
parameters are adjusted to the waves observed,

[0043] c) then compensating the differences between
the amplitudes received by each seismic receiver,
due to the spherical divergence between the paths of
the upgoing waves and the paths of the downgoing
waves coming directly from the seismic source. This
compensation is preferably calculated univocally by
the depth of the receiver, the depth of the underlying
reflector and the velocity characteristics of the propa-
gation medium.

[0044] According to an embodiment, the method com-
prises compensating the transmission attenuation (selec-
tively by frequency band preferably) on the two-way path
between the level of each seismic receiver and the level of
each reflecting discontinuity, calculated from the amplitudes
measured on the direct arrivals at the seismic receivers.

[0045] According to an embodiment, the method com-
prises compensating the transmission attenuation on the
two-way path between the level of each seismic receiver and
the level of each reflecting discontinuity so as to normalize
the amplitude of key reflectors at the value measured on the
receivers placed immediately above the key reflectors.

[0046] A key reflector normalization law allowing to pre-
cisely determine the attenuation of the formations inter-
sected in said depth zone is for example selected. The plane
wave attenuation is thus measured in a single wave mode,
either pressure wave (P waves) or shear wave (S waves), that
is not affected by mode conversions and transmission losses.

[0047] According to an embodiment, the seismic energy
lost by wave mode conversion during transmission through
the reflecting seismic interfaces in said frequency band is
determined by the difference between the two-way plane
wave attenuation law used to normalize the amplitude of key
reflectors in said depth zone (preferably in a structural
environment comparable to a ID one-dimensional model)
and the square of the one-way plane wave attenuation law
measured on the direct arrivals at said seismic receivers and
in the same frequency band.

[0048] The method can comprise an impedance inversion
of the stacked seismic trace (VSP log) or of any preserved-
amplitude well survey image: preserved-amplitude reflected
wave field, imaged by an offset VSP profile, by a deflected
well VSP profile or by a walkaway type seismic well profile
with a mobile source. This operation allows to determine the
seismic impedance and velocity of the formations below the
depth reached, for the time being, by the drilling operation
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and consequently to improve the efficiency of the decisions
made for the continuation of the drilling operation. This
specific application of the vertical or deflected well VSP,
commonly referred to as <<prediction VSP beyond the bit>>
or <<beyond the hole bottom>>, is carried out either from a
VSP called <<intermediate>> profile, recorded prior to
laying an intermediate tubing, or from a VSP recorded
during drilling and processed several times during hole
deepening.

[0049] In cases where each seismic receiver comprises
three pickups oriented along three different axes, the method
comprises for example isotropic processing of the three
oriented components and taking account of the total result-
ant of the downgoing direct wavetrains for the deconvolu-
tion and normalization operations.

[0050] The method can also comprise preprocessing so as
to compensate the amplitude variations of the waves emitted
by the source, due to repetitiveness defaults, and a signature
deconvolution of the seismic source.

[0051] The method according to the invention does not
involve analysis of the amplitude spectra of the direct
arrivals, or any amplitude decrease law as a function of the
frequency, but only the initial VSP measurements, by mea-
suring time attributes and amplitudes of the direct arrivals.

[0052] The method can be applied for recovery of the
seismic events reflected in converted P-S or S-P type mode,
or in pure S-S mode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0053] Other features and advantages of the method
according to the invention will be clear from reading the
description hereafter of embodiments given by way of non
limitative example, with reference to the accompanying
drawings wherein:

[0054] FIG. 1 diagrammatically shows an acquisition
configuration suited to a zero-offset VSP type seismic pros-
pecting method: the source has no lateral offset, and in a
medium referred to as 1-D medium, comparable to one
dimension, where the major variations depend only on the
depth,

[0055] FIG. 2 shows an example of an unprocessed VSP
record, vertical component,

[0056] FIG. 3 shows the direct arrivals flattened and
normalized in three frequency bands with low-amplitude
secondary arrivals (peglegs) between 70 and 100 Hz,

[0057] FIGS. 4a, 4b, 4¢ show, as a function of the vertical
two-way time scale (Tv), from left to right, the interval
velocity (Vint.), the rms velocity (Vrms) and the spherical
divergence factor (Vrms, Tv),

[0058] FIGS. 5a, 5b, 5c¢ show, in three successive fre-
quency bands, the plane wave amplitude attenuation laws, as
a function of the two-way time, normalized at the unit for the
measuring levels at the well bottom,

[0059] FIG. 6 shows a result of an equalized standard
processing without tube wave filtering,

[0060] FIG. 7a shows a result of a processing carried out
on the normalized direct arrivals, with tube wave filtering
and compensation only of the spherical divergence,
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[0061] FIG. 7b shows a result similar to the result shown
in FIG. 7a after additional compensation of the plane wave
attenuation, all the causes being taken into account, in the
10-70 Hz frequency band,

[0062] FIG. 7c shows a result similar to the result of FIG.
7a, from another VSP data set,

[0063] FIG. 7d shows a result similar to the result of FIG.
7c, in absolute amplitude for the VSP log, after isotropic
stacking on each of the 3 components in the reflection
domain located just below the well pickups,

[0064] FIG. 8 shows the gain variation curves (gain
traces), in dB, used for compensation of the spherical
divergence,

[0065] FIGS. 9a, 9b respectively show a preserved-am-
plitude VSP log (FIG. 9a) and a log obtained with a sonic
type logging tool (FIG. 9b), and

[0066] FIGS. 10a and 105 show the impedance inversion
of a VSP log (FIG. 104) and a log obtained with a non
calibrated sonic type tool (FIG. 10b), both in a two-way
time scale.

DETAILED DESCRIPTION

[0067] We consider, within the context of VSP type seis-
mic prospecting operations (see FIG. 1), seismic traces
acquired by one or more seismic receivers R coupled with
the wall of a well drilled through a geologic formation, in
response to the triggering of a seismic source S (a vibrator
for example). The waves received are direct or downgoing
arrivals DW and waves UW reflected on discontinuities D of
the formation (or upgoing waves).

[0068] The method according to the invention essentially
consists not only in measuring all the main causes of the
attenuation of the seismic waves, but also in using them to
compensate in a more suitable way the amplitude of the
reflections measured by the VSP according to the distance
from the reflection point to the receiver in the well.

[0069] The method allows recovery of the exact ampli-
tude, referred to as absolute amplitude, of the reflection
coefficients observed, because this information has a con-
crete incidence both for geologists as regards interpretation
of a seismic survey and for geophysicists carrying out
surface seismic surveys as regards the adjustment of certain
acquisition parameters or the processing of the surface
seismic survey data. An important application consists in
predicting, below the temporary total depth of a well,
various important parameters: distance of a key reflector to
be reached during drilling, formation velocity, in particular
when the presence of overpressured layers potentially dan-
gerous to drilling operations, as described in the aforemen-
tioned references: Sokora 1996, Ross 1987, Payne 1994, is
suspected.

[0070] 1) Description of the Preserved-amplitude Process-
ing of VSP Data

[0071] 1.1 Compensation of the Amplitude Variations of
the Source

[0072] One of the rules commonly used for acquisition of
VSP type seismic data consists in placing a surface pickup
(SS) close to the source (S), as shown in FIG. 1, so as to
check that the signal emitted by the source is really repeti-
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tive; if the source signal is repetitive and if a variation of the
direct arrival signal recorded by the receiver occurs progres-
sively as a function of the depth, a notorious anomaly of the
structure is to be expected in the vicinity of the well, and the
propagation medium can no longer be compared to a ID or
one-dimensional medium.

[0073] Processing starts with the possible normalization of
the emission amplitude of a shot if it is not constant.
Although this normalization is often unnecessary when
using a vibrator (vibroseis type emission), a constant-gain
playback of a surface trace however constitutes a minimum
control in any case. When vertical stacking is performed, the
stacking order has to be compensated. To normalize, the
amplitudes are picked on the signal of constant shape of the
reference pickup, then all the traces of the corresponding
shot are divided by the picked amplitude.

[0074] For offshore VSP prospecting operations using an
air gun as the seismic source, a signature deconvolution first
has to be carried out, followed by vertical stacking; the
signature is recorded shot by shot by a hydrophone usually
located approximately 3 to 8 m below the source, the signal
provided by the accelerometer associated with the gun being
in no way representative of the signal emitted. The signature
deconvolution compensates both shape wvariations and
arrival time variations (phase and amplitude).

[0075] 1.2 Compensation of the Impedance Variations at
the Level of the Pickup

[0076] This compensation is performed only when estab-
lishing the plane wave attenuation curve, all causes being
taken into account, as described hereafter, from uncorrected
amplitude measurements.

[0077] As mentioned above, compensation takes place
naturally for reflections when the waves reflected by the
direct wave taken as the signature are deconvoluted. It is
however desirable to ensure, on the one hand, that decon-
volution of the direct wave by the same operator applied to
the reflections allows to recover a zero-phase pulse of
identical amplitude for all the traces, and on the other hand
that the upgoing and downgoing wave separation programs
do not alter the amplitudes with the depth; careful attention
should be paid to edge effects in particular.

[0078] 1.3 Spherical Divergence Recovery for VSP
Operations in a ID Medium

[0079] With low offsets, low deviations, low-angle dips, it
is well-known to apply the multiplying factor V> .t where
V=Vrms (root mean square velocity) and t the uncorrected
direct arrival time (vertical time for the zero-offset VSP).
Velocity Vrms is calculated from the interval velocities v;
measured at depth point i:

[y ! e

o= T b2 0= SR -
V= by-rvmm—;v, (1= -1)

[0080] Consider a reflection at the uncorrected time t, on
the trace whose direct arrival time is to(t>ty). The two-way
time of this reflection is T=t+t,. If W(ty) is the rms velocity
of direct time t,, W(t) denotes the rms velocity of the
reflection at the uncorrected time t. The spherical divergence
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correction to be applied to this reflection is given by the
multiplying factor s.d(t,t,)=t.-W3(t) that can be readily cal-
culated by means of additional law (1) at v* .t:

LWP(D)=(t+10). W?(t+t o)t W(t,)

[0081] or
sd(t to)=(t+t,). V2 (t+t,)~ 15 V2 (21,) 2)
[0082] with Ty=2t, (two-way time) and V=Vrms for two-

way times.

[0083] Measurements of the direct arrival times at the
seismic receivers allow to readily determine the interval
velocities (FIG. 4a), the root mean square velocity (Vrms,
FIG. 4b) and the spherical divergence factor (t.V*rms, FIG.
4c¢) represented versus two-way time.

[0084] It can be noted that, for a two-way traveltime T in
a zero-incidence 1D medium, the rms velocity for the loop
travel V(T,) is identical to the rms velocity W(ty) of the
one-way traveltime ty, law V(T) being expressed as a
function of the two-way time variable T, whereas W(t) is the
physical rms velocity function of any travel time.

[0085] Furthermore, it can be seen from Equation (2) that
the spherical divergence factor to be applied at the time t of
the trace in uncorrected time depends on the equivalent
vertical two-way time T=(t+ty) and on t,. It is thus more
convenient to perform a translation in time of the reflected
signal to the two-way time position: this translation by +t,
corresponds to a variable change of function s.d(t,t,) but the
value thereof remains unchanged: t becomes t+t,=T; t,
becomes ty+t,=T,, in the left part of Equation (2) only: SD
(T, To)=SD (t+ty, 2to)=sd(t, to).

[0086] The two-way time (T) spherical divergence (SD)
thus takes the simple form as follows:

SD(T —Ty) = T.VXT) - %.VZ(TO) ®

[0087] Thus, the divergence to be applied to two-way time
T only depends on T and on the two-way time of the direct
arrival T, of the corresponding trace.

[0088] Moreover, since after deconvolution of the upgoing
waves by the downgoing waves, the direct arrival deconvo-
luted by itself is already normalized at one unit pulse or
spike, the divergence factor has to be normalized at the
direct arrival time, i.e. the direct two-way time T, after
flattening of the reflected waves, hence the expression of the
normalized divergence (SDN) to be applied to the reflected
signals:

SD(T, To) _ T.VXD)
SD(To, To)  To.V2(To)

SDN(T, Tp) =

[0089] Consequently, it is sufficient to calculate the trace
g(T)=T.V*(T)=2t.v*(t) from the discrete sequence of values
g(T',), i being the depth point index of the VSP measure-
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ments and T, the corresponding two-way time, g(T) repre-
sents the radius of curvature of the wavefront.

[0090] T=two-way time,
[0091] T=one-way time,
[0092] V=rms velocity law in two-way time,
[0093] v=rms velocity law in one-way time.

[0094] Then, for each trace of index i, the gain variation to
be applied to compensate the spherical divergence is calcu-
lated:

T
SDN(T, Té):z.ﬂ -1

- for T > T}, and
8(Ty)

[0095] SDN(Z T,%) equal to 1 for T<T,.

[0096] Below the well bottom, velocity Vrms for extrapo-
lating function g(T) is estimated by means of data provided
by seismic operations carried out at the surface and/or at
interval velocities estimated or known otherwise.

[0097] Extension of the calculation of the spherical diver-
gence compensation for deviated wells and the horizontal-
offset source of the well receiver can be generalized by
means of the following operations:

[0098] a) definition of a velocity law for normal-
moveout corrections (also referred to as NMO veloc-
ity by specialists) for each depth point,

[0099] b) divergence compensation on the direct and
reflected waves by the suitable program existing in
current surface survey data processing softwares
used by geophysics contractors, and

[0100] c¢) renormalization (constant gain) of the
amplitude of the direct arrival, already normalized at
the input after deconvolution, application of the
same constant gain to the reflections.

[0101] Extension of the spherical divergence compensa-
tion calculation for converted reflected waves, for example
P-S type waves with incident wave of P (Pressure) type and
reflection in converted wave of S (shear) type, poses no
particular problem. For example, for low offsets, the expres-
sion of the spherical divergence in PS mode becomes:

t.psW2(t.ps)=tp. W?(1p)+tst. W(tsr)=(1p+ts). W>(tp+ts)—

ts0. W2(tso) 4

[0102] with tp: time of the incident P wave to the
reflector

[0103] tsr: time of the reflected S wave from the
reflector to the well pickup

[0104] tps=tp+tsr

[0105] tso: time of the direct S wave between the

surface source and the well pickup

[0106] tp+ts: time of a reflected P-S surface-reflector-
surface travel
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[0107] We have by definition:
(tp+ts). W?(tp+ts)=tp. W (tp)+1s. W(1s).

[0108] The two-way time (T) spherical divergence (Sdps)
therefore takes the simple form as follows:

SDps(tpso)=tp. W(tp)+ts. W2(ts)—~tsq. W(ts0) (5).

[0109] In order to compensate the spherical divergence
between the direct arrival P and the reflected arrival PS, the
following simple law can be applied on reflected traces of
the VSP, preferably put into two-way time tp+ts:

(tp.W2(1p) + 1s.W2(15) _

SDNps(tp +1sg) = 50 W2 (tsg)

[0110] 1.4 Recovery of the Plane Wave Attenuation, all
Causes Taken into Account, in a Impedance-homogenized
1-D Medium, Deduced from the Uncorrected Amplitude
Measurements of the Zero-offset VSP

[0111] Let A(z) or A(t) be the uncorrected amplitude of the
vertical component, axial to the well, after normalization of
the constant-energy source. The uncorrected amplitude is
measured automatically by standard processing in the same
way as the time of the first arrival. The equivalent plane
wave amplitude is defined by Ap:

A O=A®D.V>.1+p¥ 5)

[0112] In fact, the spherical divergence compensated
uncorrected amplitude A'p=A.V2 .t corresponds to the ampli-
tude of the equivalent plane wave propagated in the same
medium, therefore in a tube of invariable cylindrical section
radius, insofar as there is no wave mode conversion. The
energy density of this plane wave is expressed by the known
relation: E=p.V(A'p)2; to homogenize the impedance of the
medium amounts to bringing it back to the medium of unit
impedance in which the plane wave considered has the same
energy E=A2p, thus defining Ap by expression (5) above.

[0113] 1.4.1 Determination of Curve Ap(Z) or Ap(t)

[0114] The interval velocity v is deduced from the VSP, it
often increases by as much as 100% with the depth (V2
equals 3 dB) between 200 m and 2000 m.

[0115] Density p is not known, it can be assumed to
be constant a priori but it is more accurate to take an
estimation by Gardner’s aforementioned empirical
law: p=0.23 v°, which is really representative apart
from salt and gas zones, while meeting the following
constraint: 2<p<3, i.e. 1.4=V2<Vp<v32=1.7.

[0116] The maximum local variation of density p is

=122

ST

[0117] for the attenuation, but it is 1.5 (3.5 dB) for the
compensation (inverse square of the attenuation).

[0118] The curve Ap(Z) obtained then has to be smoothed
because differences remain, due to the noise, coupling, and
interferences of the direct arrival by the close high reflec-
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tions, which lead to local variations of the uncorrected
amplitude measured on the direct arrival, because only the
variations of the low frequencies as a function of the depth
of the plane wave attenuation (slow but undeniable tenden-
cies) matter.

[0119] At the end of the processing stage, after inversion
of the VSP log in preserved amplitude, the impedance pv
thus obtained can be used to correct the high-frequency
variations with the depth (HF) of the amplitude curves.
Furthermore, the all-cause attenuation Ap(Z) due to the
primary reflections and to the short-period multiples can be
corrected in order to reach the real intrinsic attenuation.

[0120] 1.4.2 Compensation of the All-cause Plane Wave
Attenuation on the Reflected Wavefield

[0121] Tt is sufficient to compensate by the vertical 1-D
two-way travel below the geophone, after the first arrival on
the recorded trace. In accordance with the reciprocity prin-
ciple, the attenuation undergone is identical for the outward
travel and for the return travel, therefore the attenuation
multiplying factor is squared for the two-way travel. When
reasoning in 1D two-way traveltime, and on the VSP reflec-
tions put into vertical two-way time T, it can be seen that the
1D amplitude compensation to be applied after the direct
arrival in two-way time T, is the inverse of the ratio:

Ap(T) AZ(D) (6)

AN T = 370 = R

[0122] A (1) being the wto-way time amplitude from a
surface source (or another origin). Knowing that A (T)=
A (1) with

[0123] one-way time appearing in Equation (5), trace
AN(T,T,) can be readily obtained for each trace of reflection
signals, from the sequence of values Ap(TiO) after smoothing
and of trace A (t) sampled in time at the interval of the
reflection trace and extrapolated below the well on the basis
for example of 4 dB per 1000 m in one-way traveltime, a
mean value observed in sedimentary formations by different
authors. Trace AN(T,T",) represents the inverse of the gain
to be applied after the two-way time T, to compensate the
reflection amplitudes for all the possible plane wave attenu-
ation causes for the 1D propagation.

[0124] 2) VSP Examples

[0125] Attenuation being a phenomenon that is known in
the literature for varying with the frequency, measurements
were performed in three 30-Hz frequency bands: 10-40 Hz,
40-70 Hz and 70-100 Hz. The compensations have to be
carried out in the corresponding bands, when they apply (1D
hypothesis). In the present case, a single compensation was
applied for all the frequencies, corresponding to the quasi-
identical attenuation of the two lower bands 10-40 Hz and
40-70 Hz.
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[0126] 2-1 Direct Arrival and Source Repetitiveness

[0127] The source (a vibrator) was checked as regards its
repetitiveness concerning the shape and the amplitude of the
signal emitted, by means of a surface fixed seismograph. No
visible anomaly was detected, whatever the frequency. As a
precaution, the VSP seismic traces with high resonances
were eliminated from the processing from the beginning; in
the present case, the tube wave is not very energetic (FIG.
2 normalized display of the unprocessed VSP), except for
the resonances at the level of a bad local cementation of the
casing.

[0128] FIG. 3 is a display of the direct arrival flattened by
a separate pick in the 3 successive frequency bands, the
picks show no measurable bias on the total measuring depth
interval of one band in relation to the other (<1 ms between
200 and 2000 m). The consequence for the surface seismic
survey is that there is no reason to introduce any time-
variable phase shift upon deconvolution. In the 70-100 Hz
band, a low-amplitude secondary arrival (referred to as
pegleg by specialists) is observed at 140 ms below 1130 m,
and a slight increase at 180 ms in the 40-70 Hz band, in the
same depth zone. We conclude that the shape anomalies of
the downgoing signal depend on the geology and denote the
presence of several direct paths connected with heterogene-
ities at a depth of approximately 1100 m (geologic body of
lenticular shape, progradation, etc.).

[0129] 2-2 Processing Results

[0130] The spherical divergence represents the essential
part of the spherical wave attenuation, its compensation
therefore requires high precision (which is illustrated by the
compensation laws of FIG. 8).

[0131] The result of the preserved amplitude processing
(referred to as PAM processing) of the reflections with tube
wave filtering and spherical divergence compensation only
is shown (FIG. 7a). It differs from the equalized standard
processing result without tube wave rejection (FIG. 6) in
that the beginning of the active trace, close to the direct
arrival, has too great a relative amplitude on the equalized
display, idem for the reflections from 0.5 s below the well
bottom. The only positive effect of the equalization is
cosmetic by minimization of the tool resonance noise linked
with the tube wave. The effects of the time equalization
without spectral equalization (FIG. 6) are absolutely not
favourable to an amplitude interpretation. When the reflec-
tions are compensated for the spherical divergence effect
only (FIG. 7a), a good relative amplitude recovery is
observed. A frequency analysis shows that it is desirable to
apply an additional plane wave attenuation compensation
suited to each frequency band. The definition fineness of the
gain laws for the recovery of the spherical divergence in
FIG. 8 may be underlined.

[0132] In the present case, the density is assumed to be
constant, and FIG. 7b shows the overcompensation effect by
the plane wave attenuation, all causes taken into account,
measured on first arrival in the 10-70 Hz band. Besides, the
compensation gain has been filtered by a low-pass filter at 15
Hz before application, in order to smooth the residual
high-frequency (HF) anomalies of the normalized plane
wave amplitude attenuation curve APN (FIGS. 4a, 4b, 4¢).
A distinet overcompensation of the deep reflections (Dog-
ger) between 1.2 s and 1.5 s is observed in the upper part of
the well (FIG. 7b), with a sudden increase of the amplitudes
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above the Portlandian at a depth of approximately 1200 m,
a depth above which the attenuation is more marked and
where the direct wave is accompanied by a slight signature
change HF. The amplitude overcompensation observed
shows that the 6 dB attenuation in one-way traveltime at a
depth of between 800 m and 1300 m is certainly too high
below 70 Hz: the amplitude pick of the Dogger on compen-
sated reflection at about 1.2 s-1.35 s (FIG. 7b) between
10-50 Hz shows an overcompensation by a factor 4 (12 dB)
between high and low depth points, progressively acquired
between 700 m and 1400 m. The fact that the density has
been disregarded (factor 1.5 maximum, or b) does not
entirely explain this overcompensation. This means that the
pressure wave (P) attenuation is overestimated by direct
measurement of the direct arrival amplitudes and therefore
that part of the energy of the direct arrival is converted to
shear wave (S) energy that has not been taken into account
in the plane wave attenuation measuring method in pressure
mode (P). In practice, the correct compensation of the P
wave amplitude attenuation can be estimated at the inverse
of AN(t,t,) and not of AN(T,T,) which represents the square
of AN(t,ty) according to the definition of Equation (6).

[0133] FIG. 7c shows, at the top of the reflected signals of
the VSP, the signature extracted from the downgoing wave,
and deconvoluted by itself, and normalized at the absolute
amplitude of 10%, in order to visually evaluate the ampli-
tudes of the reflected waves deconvoluted and filtered by the
same operator, the reflected waves being normalized in
relation to a 100% incident wave. This simultaneous repre-
sentation of the waves reflected in absolute amplitude with
the downgoing wave subjected to the same filtering opera-
tions, including wave separation and division by a factor 10,
is particularly meaningful to geophysicists.

[0134] In an empirical and pragmatic way, it is justified to
make a reliable estimation of the plane wave attenuation, all
causes taken into account, from the spherical divergence
compensated reflection signals by normalization of a great
horizontal reflection at a constant equal to the absolute
amplitude of this reflection read in the immediate vicinity of
the direct arrival.

[0135] If the medium is a 1-D medium, it is thus possible
to compensate for all the attenuation causes, the procedure
using frequency bands even allows to disregard the constant
Q hypothesis (linear attenuation with the frequency). If the
medium is not a 1-D medium, this can be seen by measuring
the amplitude of the continuous great reflections after com-
pensation and plausible approximations of the plane wave
amplitude compensation can be made, which allow the
amplitude of the reflections to be coherent, in the absence of
an amplitude variation with offset (AVO) effect.

[0136] In order to represent the preserved and absolute
amplitude VSP results in a more vivid way, we suggest to
represent the VSP convolution wavelet at the top of the
reflected signals (FIGS. 7¢, 7d) with an amplitude normal-
ized at 10%, in the same frequency band as the deconvoluted
reflections, and in the same polarity: this wavelet is obtained
after deconvolution of the downgoing wavetrain by itself
and division by 10, and application of the sign of a reflection
coefficient corresponding to an impedance increase with
depth. Besides the increased ease of reading the seismic
amplitudes, this assemblage of signals is particularly useful
to geophysicists who wish to apply an identical frequency
filtering to the wavelet and to the reflected wavefield,
because the filter than just has to be applied to a single
composite seismic trace, and careless mistakes having to be
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avoided during processing. FIG. 7d shows the 3 components
Z(vertical), X(horizontal—North) and Y(horizontal—East);
component R represents the total resultant of the reflection
in the maximum polarization direction for each P-P type
reflection.

[0137] 2-3 Inversion

[0138] In any case, it is possible to precisely calculate the
reflection coefficients in the logged zone of the VSP and to
compare them with those obtained by calculation from the
logs obtained with a sonic type tool (if possible combined
with density measurements), since the compensations
applied are minimal for the reflectors located immediately
below the geophone (in the domain referred to as corridor
stack or VSP log).

[0139] The preserved-amplitude VSP log obtained (FIG.
9a) shows the reflection coefficients in thousandths: it can be
seen that most reflection coefficients are below 0.1, except at
the Kimmeridgian (-0.17), at the top of the Dogger (+0.23)
and at the Bajocian (+0.25). The comparison with the
reflections calculated from the sonic tool (FIG. 9b) is
qualitatively good for the low-dip monoclinal reflectors,
excellent at the Kimmeridgian (920 ms) and Dogger (1220
ms), locally different at the Lusitanian (1070-1100 ms) and
Cenomanian to Aptian (500-700 ms). Two factors may be
involved to explain the differences: on the one hand, the
density may not always vary like the signal produced by the
sonic tool (which is not calibrated by the VSP times), and on
the other hand the corridor stack domain used to produce the
VSP log, which <<sees >> within a radius of 25 to 50 m
around the well, averages the effects due to the presence of
heterogeneities in the vicinity of the well and it is less
sensitive to decimetric heterogeneities and to borehole cav-
ing than logs. In this sense, the VSP log gives a more
representative 1D model than logs for surface seismic sur-
vey calibration.

[0140] FIG. 10a shows the impedance inversion of the
VSP log in comparison with the data obtained by the sonic
tool that is not calibrated on the right, in two-way time scale.
Only the addition of the density log to the results of the sonic
tool would allow to appraise the reliability of the VSP log in
high frequency (HF) for fine quantitative impedance recov-
ery.

[0141] 3) Particular Applications of the Preserved-ampli-
tude VSP Processing

[0142] Normalization of the VSP direct arrival deconvo-
luted by itself, followed by precise recovery of the spherical
divergence, allows a more critical reading of the deconvo-
luted reflection display: events of abnormally high ampli-
tude, such as certain diffractions for example, appear, which
backs up the structural interpretation ensuing therefrom.
Operations can also be carried out in three components, by
combining the preserved-amplitude processing method with
the method described for example in patent FR-2,759,172
(U.S. Pat. No. 6,076,045) filed by the applicant.

[0143] The preserved-amplitude processed VSP allows
precise quantification of the absolute amplitude reflection
coefficients in the frequency band determined by the direct
arrival signal recorded by the VSP receiver: the accuracy is
estimated at approximately +7%. By way of example, this
allows to spotlight geologic layers that behave like seismic
screens, to produce better simulations possibly by model-
ling, and to make a precise estimation of the amplitude of
possible inner multiples that may affect the surface seismic
survey results.
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[0144] The order of magnitude of the attenuations mea-
sured and the absence of bias of the direct arrival time pick
for various frequencies between 10 and 100 Hz allow to
maintain that no noticeable phase variation of the signal
transmitted can be observed; deconvolutions therefore must
not introduce any in surface seismic surveys.

[0145] Multiple Event Identification Example

[0146] The preserved-amplitude VSP processed above
shows (FIG. 7b) the real amplitude of the primary reflec-
tions below the well bottom, in the 1.6 s-1.8 s range, with the
low-frequency tendency multiples mixed with possible S-P
downgoing conversions reflected on the Portlandian-Kim-
meridgian. The deep primary reflections appear in a non-
disturbed way when the geophone is arranged below the
Kimmeridgian, at depths greater than 1200 m, which means
that it strongly reflects the waves and produces multiples
with the surface or the immediate subsurface. A frequency
analysis by means of band-pass filters allows this diagnosis
to be confirmed.

[0147] Another important application of the method con-
sists for example in predicting the impedance and the
seismic velocity of the formations below the temporary
depth of a well during a drilling operation, by inversion of
the seismic reflections, in order to carry out the drilling
operations to come under safer or more economical condi-
tions. For this application, it can be easily understood that
inversion post-processing of the VSP results in acoustic
impedance will give better results from a preserved-ampli-
tude VSP processing.

[0148] Another possible application consists, by means of
the recovery of seismic events in preserved amplitude, in
reliably discriminating the real nature of the events
observed, of reflection with P-P, P-S, S-P, S-S conversion
type, diffraction in mode P or in mode S, refraction, corre-
sponding to totally different interpretative schemes as
regards the geologic structure in the vicinity of the well.

1) A seismic processing method intended for recovery,
within the context of a VSP type seismic prospecting
method, of absolute amplitude ratios between, on the one
hand, seismic signals corresponding to upgoing waves emit-
ted by a seismic source (S) coupled with a geologic forma-
tion and reflected on subsoil discontinuities, these signals
being received by various seismic receivers coupled at a
distance from one another with the wall of a well through the
formation, in a certain depth zone of the well, and on the
other hand seismic signals corresponding to downgoing
waves (or direct arrivals) received by the same seismic
receivers and coming directly from the seismic source,
characterized in that it essentially comprises:

normalizing the direct arrivals at seismic receivers (R) in
form of a zero-phase unit amplitude pulse in a limited
frequency band determined by the signal-to-noise ratio
observed in this band, which is carried out after decon-
volution of the signature of the total field of the
downgoing and upgoing waves by the downgoing
waves, which allows to compensate the reflected arriv-
als for all the physical attenuation causes concerning
the direct arrival path between the source and the
receiver,

separating the upgoing and downgoing waves by means
of multitrace velocity filters whose parameters are
adjusted to the waves observed, and
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compensating the differences between the amplitudes
received by each seismic receiver (R), due to the
spherical divergence between the paths of the upgoing
waves and the paths of the downgoing waves coming
directly from the seismic source.

2) A method as claimed in claim 1, characterized in that
it comprises compensation of the transmission attenuation
on the two-way path between the level of each seismic
receiver (R) and the level of each reflecting discontinuity,
calculated from the amplitudes measured on the direct
arrivals at the seismic receivers.

3) A method as claimed in claim 2, characterized in that
said transmission attenuation compensation is performed
selectively by frequency band.

4) A method as claimed in claim 1, characterized in that
it comprises compensation of the transmission attenuation
on the two-way path between the level of each seismic
receiver (R) and the level of each reflecting discontinuity,
carried out so as to normalize the amplitude of key reflectors
at the value measured on the receivers (R) located immedi-
ately above said key reflectors.

5) A method as claimed in claim 4, characterized in that
a key reflector normalization law allowing to determine with
precision the attenuation of the formations intersected in
said depth zone is selected.

6) A method as claimed in claim 5, characterized in that
the seismic energy lost by wave mode conversion during
transmission through the reflecting seismic interfaces in said
frequency band is determined, by means of the difference
between the two-way plane wave attenuation law used to
normalize the amplitude of key reflectors in said depth zone
and the square of the one-way plane wave attenuation law
measured on the direct arrivals at said seismic receivers (R)
and in the same frequency band.

7) A method as claimed in any one of the previous claims,
characterized in that it comprises impedance inversion of the
stacked seismic trace of the VSP log or of any well survey
image after preserved-amplitude processing.

8) A method as claimed in any one of the previous claims,
characterized in that, each seismic receiver (R) comprising
three pickups oriented along three different axes, the method
comprises isotropic processing of the three oriented com-
ponents and taking account of the total resultant of the
downgoing direct wavetrains for deconvolution and normal-
ization operations.

9) A method as claimed in any one of the previous claims,
characterized in that it comprises preprocessing so as to
compensate the amplitude variations of the waves emitted
by the source and due to repetitiveness defaults.

10) A method as claimed in any one of the previous
claims, characterized in that it first comprises deconvolution
of the signature of seismic source (S).

11) A method as claimed in any one of the previous
claims, characterized in that it comprises processing for
recovery of the seismic events reflected in P-S or S-P type
converted mode, or in pure S-S mode.
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