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hind the exploration vessel that is towing the source arrays or may be
towed behind separate This invention relates to marine seismic ex-
exploration vessel(s) in the vicinity of the explora- ploration, and more
particularly, relates to acquisi-  tion vessel towing the sources arrays.
The explora- tion and processing of marine seismic data.     5   tion
vessels must determine the location of these In marine seismic exploration,
various impul-    plurality of sources and streamer cables, in order sive
energy sources, which are typically airguns,  to accurately process any
resulting detected sig- may be suspended at some preselected depth
nals. beneath a float, or some rather type of support          "Feather" of
the marine seismic cable or ca- apparatus. The float or apparatus is in
turn towed   10  bles, or deviations of the source arrays from their by an
exploration vessel; there may be a plurality  ideal tracks results in data
being acquired: off the of such floats or apparatus towed behind the ex-
desired acquisition track(s). This increases the dif- ploration vessel. The
same exploration vessel may   ficulty in conventional processing of the
seismic also tow a streamer cable, or another exploration    data, since
the common midpoint (CMP) locations vessel may tow the streamer cable, or
either ex-   15  of the acquired data now lie slightly off the desired
ploration vessel may tow more than one streamer      acquisition track,
rather than lying along the de- cable. The streamer cable contains
detectors to      sired acquisition track. The term common midpoint detect
seismic energy including energy propagat-    is known to those skilled in
the art and will not be g upwardly from subsurface strata lying beneath
explained in detail. Thus, the "feather" of a marine the body of water in
which the vessel operates.  20  seismic cable causes the CMP locations for
the The exploration vessel may determine its loca-   acquired data to be
scattered both in-line and cros- tion in the body of water through the use
of con-    sline. Previous attempts to process the data ac- ventional
navigational systems. Other onboard        quired with feathered seismic
cables have not been equipment is employed to determine the location of
totally satisfactory. the floats or apparatus, or streamer cable(s) and
25   In particular, binning techniques have been sources relative to the
towing vessel; the floats    found not to be totally satisfactory. These
binning and/or streamer cable(s), may be in many different  techniques use
a two dimensional grid to divide the positions and at various distances
depending upon    subsurface into bins and are disclosed in the article the
source and/or detector arrays employed.          "Each 3-D  survey unique
technology" by H. In the actual operation of marine seismic ves-  30
Jakubowicz in "Offshore", vol. 46, No. 7, July sels towing a marine
streamer cable or a plurality   1986, pp. 35-41. However, binning moves all
the of marine streamer cables, it has been found that    CMP locations of
the data that fall within a particu- the streamer cables do not always tow
along the      lar bin to the center of that bin; the bigger the bin path
followed by thetowing vessel, i.e. along the   then the more CMP smear that
is collapsed to a "track" of the towing vessel. In fact, it has been   35
point, i.e. the center of the bin. found that the marine streamer cable
usually             These and other limitations and disadvantages
"feathers" to the side of the track of the towing    are overcome by the
present invention, however, essel, such that the marine seismic cable at
its     and a method is provided for processing seismic end farthest from
the towing vessel is displaced     data gathered when marine streamer
cables or significantly from the the towing vessel's desired   40  sources
deviate from the towing vessel track, or a track. This feathering effect is
commonly caused     desired acquisition track. by ocean currents during the
seismic operations         It is particularly an object of the present
inven- employing the towing vessel or vessels. Further-    tion to provide
a method for processing marine more, the vessels and sources need not
follow the    seismic data acquired from marine seismic sources precise
track desired for subsequent processing.  45  and cables that deviate from
a desired track in a Recently developed seismic acquisition tech-
manner that employs all the information contained niques for so called 3-D
shooting, or for improving  in the seismic signals. signal to noise ratios
from subsurface layers, em-      The invention therefore provides a method
of ploy a plurality of seismic sources spaced from      processing 3-D
marine seismic data, acquired dur- each other. These plurality of seismic
sources may   so  ing marine seismic operations when the seismic be
deployed in either wide and/or long arrays.       streamer cables or
sources deviate from their de- These wide or long source arrays require a
plural-   sired acquisition track in a manner that employs all ity of
floats or apparatus appropriately disposed in  the information contained in
the seismic signals, the water and towed by an exploration vessel, or
characterized by the steps of: plurality of vessels.
55       initially normal moveout correcting the marine Further, such
seismic acquisition techniques     seismic data, may also call for
employing a plurality of seismic      then dip moveout correcting the
marine seis- cables. This plurality of cables may be towed be-    mic data,
2    
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regularizing the cross-line data,   preselected cross-line positions are
advantageously and then                                            equally
spaced at a spacing dependent upon the 3-D migrating the regularized data.
spacing between the various vessel tracks or de- It is remarked that the
article "3-D marine     pendent upon the desired spacing of input data
systems - an exploration tool" by T.D. Einarsson et   5   points for
migration. The regularization of the data al in "Oil and Gas Journal" vol.
83, No. 40, October  provides for well-organized and well-spaced data 1985,
pp. 84-89 discloses the application of an    which minimizes any problems
associated with interpolater to prepare data for migration of seismic
later migration of the data. data. However, the  "feathering" problem and
the        These and other objects and advantages of the specific solution
of the invention have not been   10  present invention will become apparent
from the disclosed.                                         following
detailed description, wherein reference is As known to those skilled in the
art the term   made to the figures in the accompanying drawings, moveout
indicates the difference in arrival time at  in which different geophone
(hydrophone) positions; normal    Fig. 1 depicts a plan view of a vessel
towing moveout indicates differences because of variable  15    streamer
cables with feather; shotpoint to geophone (hydrophone) distance along
Fig. 2 depicts a map of midpoints for some field the reflection path and
dip moveout indicates differ-  data acquired with a feathered cable; ences
because of reflector dip. (Dip is the angle     Figs. 3A and B depict the
acquired cross-line which a reflector or a refractor makes with the
data and signal amplitudes for a fixed time slice; horizontal.)
20     Figs. 4A and B depict the fitting of a smooth A technique for
horizon processing techniques      curve to the cross-line data of Fig. 3B;
and for recognition of structural geology on 3-D seismic  Figs. 5A and B
depict the regularization of data. has been described in "Research
Disclosure", Oc-       Referring now to Fig. 1, there may be seen a tober
1988.                                         plan view of a vessel 10
towing streamer cables 20 Migration is the technique of plotting dipping
25  and 22 behind it. It should be noted that the reflections in their true
spatial positions rather than  streamer cables (20 and 22) or source S do
not directly beneath the point midway between the       always follow
exactly behind the desired acquisition shotpoint and center of the geophone
(hydrophone)  track 11 and in fact tends to move away from this spread.
track 11 the farther one moves down the streamer The dip moveout techniques
employed by the   30  cable 20 away from the towing vessel 10. This method
of the present invention advantageously      movement of the streamer cable
20 away from the employs fixed offset so that it follows a line that  track
11 which increases with distance from the approximately parallels a track
although the line  towing vessel 10 is usually called "feather", and is may
vary slowly due to current effects on the       used herein for that
meaning. Streamer cable feath- cable, sources or towing vessels.
35  er is usually caused by various water currents Regularization involves
determining the signals  during marine seismic operations. It has generally
at preselected cross-line positions based upon the  been found that the
feather angle measured from a signals detected and recorded at the measured
source to any point on the streamer cable is gen- cross-line CMP positions;
these measured cross-     erally less than about 10 . line positions are
determined from  the actual  40     The fact that this angle is less than
about 10 position(s) of the streamer cable(s) and source(s)  results in the
in-line component of the common during data acquisition. The preselected
cross-line  midpoint (CMP) positions for the acquired data not positions
may be regularly spaced positions, as     moving from their measured
positions in a signifi- opposed to the aforementioned scattered cross-line
cant manner. However, the CMP position for the CMP locations.
Advantageously, the regularization   45  acquired data does change
significantly from the of the data can neglect any in-line positioning
error  desired track due to feathering. This results in CMP due to
feathering (for feathering angles less than  positions that are
approximately correctly posi- about [err]), and uses the actual crossline
CMP       tioned in-line with a resulting cross-line smear. The positions
determined from  the actual measured     term "smear" is used herein to
mean the locational source and cable positions to allow for a deter-  so
error caused by a streamer cable not following the mination of signals for
each preselected cross-line  desired track or due to other causes. This can
be position at specifieel  time slices from the measured  seen from Fig. 1
by considering the indicated mid- signal at the actual cross-line CMP
positions. This  point (MP) between a source (S) at one end of the is
accomplished by fitting a smooth curve to the   cable 20 and receiver (R)
at the other end of the signals measured at the actual cross-line CMP   55
cable 20. Other receivers (not shown) are spaced positions for each of the
time slices. The am-      down the length of cable 20. In particular, the
plitudes at the preselected cross-line positions are  midpoint (MP)
location can be seen to be well to then determined from  this smooth curve;
the       the side of the track 11, while only slightly dis- 3    
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its in-line position if the cable were not  of the signals at this time
slice and at these various athered and the source was on its desired track;
actual cross-line positions (and in-line positions, if the cable were not
feathered or the source off its  desired) are then determined. For example,
see track the midpoint (MP) would be located at point    Fig. 3A which
depicts the actual cross-line posi- A. For receivers closer than the
extreme end of the    5   tions and waveforms for these positions. The line
cable 20, the cross-line smear reduces.              100 represents the dip
field whereas the arrow Z For normal marine seismic acquisition tech-
represents the cross line direction. Fig. 3B depicts niques CMP spacing is
on the order of approxi-     the signal amplitudes (vertical axis) at these
same mately fifteen meters  Also for conventional marine  positions
(horizontal axis) for a fixed time slice; the seismic acquisition
techniques, whether 2-D or 3-D,   10  fixed time slice corresponds to a
preselected, ap- the spacing between the various tracks is approxi-
proximate dip field. Advantageously, this time slice mately 60 meters.
However, the feathering of the     is selected to approximately follow the
regional dip. cables and deviations of the source from the de-     An
advantage of the present invention is that it is sired track alter this
spacing to some generally     more tolerant of small deviations between the
dip variable and unpredictable, but determinable value.  15  field employed
and the true dip field. Fig. 2 illustrates the actual CMP smear during a
A smooth curve is then fitted to the amplitudes portion of a marine seismic
acquisition program.     of the various cross-line signals corresponding to
The length of each of the small lines represent the  their physical
locations. Fig. 4B illustrates such a amount of CMP smear at a particular
data acquisi-   curve fit to the data of Fig. 3B. Fig. 4A depicts the tion
point.                                     20   make-up of the curve from
various sinusoidal The method of the present invention takes the    curves.
In an advantageous embodiment, sinusoidal data acquired with feathered
cables and initially    curves with uniformly spaced wave numbers are
performs normal moveout, as is well known in the     used to generate the
desired smooth curve. The art. Normal moveout is used to compensate for the
amplitudes of these sinusoidal components are de- fact that the data
includes varying travel paths, as   25  termined by the use of least square
techniques, as evidenced by the various offsets, for a particular  is well
known in the art; more particularly, the CMP location for flat reflectors.
That is, normal    amplitudes of the curves are determined from the moveout
effectively removes the offset effect for    equations resulting from a
least squared fit to each flat reflectors but not for dipping reflectors.
Normal  data point. Such sinusoidal curves may vary from moveout prepares
the seismic data for the applica-   30   Direct Current to some preselected
maximum wave tion of the next step of dip moveout; dip moveout    number in
preselected wave number increments. removes offset effect for
non-horizontal reflectors,  Once the curve has been fit to the actual am-
as is well known in the art.                         plitudes at the actual
measured physical locations, After the data has been normal moveout cor-
the curve may then be used to determine am- rected, the data is then dip
moveout corrected   35   plitudes at preselected physical locations spaced
in Advantageously dip moveout correction is normally  the cross-line
direction. In Fig. 5A, new positions carried out for each fixed offset
separately for each  depicted there are the preselected positions. In
cquisition line. A fixed offset traces a line that is in  particular,
regularization determines the amplitudes essence a straight line parallel
to the track, or more  at equally spaced cross-line positions, that have
precisely, a nearly straight line with slowly varying   40   been selected
based upon the CMP track spacing undulations thereon caused by the feather
angle      or upon the desired spacing of input data points for and
cross-line source position changing slowly as    migration. Fig. 4B depicts
the actual cross-line po- the cable is moved through the water.
sitions before regularization and Figs. 5A and 5B Next, the data is
regularized. For small feather  depict the evenly spaced preselected
cross-line angles (less than about [err]), the regularization   45
positions after regularization. The regularization is process affects only
the cross-line smear of the     carried out for all desired time slices and
may be CMPs, i.e. it removes the cross-line smear. Al-      performed for
all offsets, or individual offsets, or though the regularization process
may involve re-    suites of offsets in order to allow for residual ve-
moval of both cross-line and in-line smear for any   locity errors to be
corrected before stacking of the feather angle, for the following
discussion the feath-   50   offsets is performed. er angle is assumed to
be small (i.e, less than          Once the data has been regularized it is
then about [err]) so that the in-line smear is small and    migrated in the
conventional sense, as is well may be safely ignored. In particular, the
actual     known in the prior art. See for example, the article CMP
cross-line positions that exist at a particular  by Gibson et al;
"Efficient 3-D Migration In Two in-line position are determined for all the
tracks in a   55   Steps", Geophysical Prospecting, Vol. 31 (1983),
multi-line survey.                                   pp. 1-33, Gibson, B,
Larner, K. and Levin, S., Once these actual positions have been deter-
Many other variations and modifications may mined, a time slice is selected
and the amplitudes  be made in the techniques hereinbefore described, 4    



7                 EP 0 367 349 B1                     8 by those having
experience in this technology,            - 3-D-Migrieren (-Verschieben)
der regula- without departing from the concepts of the present
risierten Daten. invention. Accordingly, it should be clearly under- stood
that the methods depicted in the accompany-   2. Verfahren nach Anspruch 1
mit gemessenen ing drawings and referred to in the foregoing de-   5
Positionen und Signalen, dadurch gekenn- scription are illustrative only
and are not intended   zeichnet, [err] der Regularisierungsschritt fol- as
limitations on the scope of the invention.          gende Schritte
aufweist: - Bestimmen der gemessenen Positionen Claims
und Signale quer zur Linie, 10        - Bestimmen von Signalen entlang
einer 1. A method of processing 3-D marine seismic
vorbestimmten Zeitscheibe, data, acquired during marine seismic oper-
- Anfitten einer glatten Kurve an die Signa- ations when the seismic
streamer cables or               le bei den gemessenen Positionen und
sources deviate from their desired acquisition           Bestimmen der
Werte der glatten Kurve track in a manner that employs all the informa-  15
bei gewUnschten vorgewdhlten Positio- tion contained in the seismic
signals, char-             nen. acterized by the steps of: initially normal
moveout correcting the ma-  3. Verfahren nach Anspruch 2, dadurch gekenn-
rine seismic data,                                  zeichnet, daB die
glatte Kurve aus vorgew~hl- then dip moveout correcting the marine   20
ten sinoidalen Kurven erzeugt wird. seismic data, followed by regularizing
the cross-line      Revendicatlons data, and then 3-D migrating the
regularized data.         1. Proc6d6 de traitement de donn6es sismiques 25
marines 3-D, acquises pendant des op6rations 2. The method as claimed in
claim  1, having           de sismique marine lorsque les cables de flOte
measured positions and signals characterized        ou les sources
sismiques d6vient de leur trace in that said regularizing step comprises:
d'acquisition voulue, d'une manibre qui utilise determining the measured
cross-line posi-       toute l'information contenue dans les signaux tions
and signals.                         30       sismiques, caracteris6 par
les etapes consis- determining signals along a preselected         tant A:
time slice,                                            tout d'abord
corriger le d6calage normal fitting a smooth curve to the signals at the
des donn6es sismiques marines, measured positions and determining the
values          puis corriger le d6calage de Rente des of the smooth curve
at desired preselected   35    donnees sismiques marines, positions.
et r gulariser ensuite les donn6es trans- versales et ensuite effectuer la
migration 3-D 3.  The method as claimed in claim 2, character-        des
donn6es r~gularis6es. ized in that said smooth curve is generated from
preselected sinusoidal curves.        40  2. Proc~de selon la revendication
1, comportant des signaux et des positions mesurees carac- Patentanspruche
teris6 en ce que ladite 6tape de regularisation consiste a : 1. Ein
Verfahren zum  Berechnen von seismi-                determiner les
positions transversales me- schen 3-D-See-Daten, die wahrend seismi-  45
surees et les signaux, scher See-Operationen erfaBt wurden, wenn
determiner les signaux pendant une tran- die seismischen Streamer-Kabel
oder -Quellen        che de temps pr6s6lectionn6e, von ihrer gewanschten
Erfassungsspur abwei-            etablir une courbe douce pour les signaux
chen auf eine Weise, die alle Informationen         au niveau des positions
mesur6es et d6termi- verwendet, die in den seismischen Signalen   50
ner les valeurs de la courbe douce au niveau enthalten ist, gekennzeichnet
durch die Schrit-     de positions pr6s6lectionn6es voulues. te: - zu
Beginrn Normal-Auswdrtsversetzungs-      3. Proced6 selon la revendication
2, caracterise Korrigieren der seismischen See-Daten,         en qe que
ladite courbe douce est engendr6e - dann    Neigungs-Auswartsversetzungs-
55      a partir de courbes sinusofdales preselection- Korrigiertn der
seismischen See-Daten,         n6es. - gefolgt tom Regularisieren der Daten
quer zur Linie und dann 5    
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(-Verschieben) der regula- without departing from the concepts of the
present          risierten Daten. invention. Accordingly, it should be
clearly under- stood that the methods depicted in the accompany-   2.
Verfahren nach Anspruch 1 mit gemessenen ing drawings and referred to in
the foregoing de-   s   Positionen und Signalen, dadurch gekenn- scription
are illustrative only and are not intended    zeichnet, daB der
Regularisierungsschritt fol- as limitations on the scope of the invention.
gende Schritte aufweist: - Bestimmen der gemessenen Positionen Claims
und Signale quer zur Linie, 10        - Bestimmen von Signalen entlang
einer 1. A method of processing 3-D marine seismic
vorbestimmten Zeitscheibe, data, acquired during marine seismic oper-
- Anfitten einer glatten Kurve an die Signa- ations when the seismic
streamer cables or               le bei den gemessenen Positionen und
sources deviate from their desired acquisition           Bestimmen der
Werte der glatten Kurve track in a manner that employs all the informa-  15
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moveout correcting the ma-  3. Verfahren nach Anspruch 2, dadurch gekenn-
rine seismic data,                                  zeichnet, daB die
glatte Kurve aus vorgewahl- then dip moveout correcting the marine   20
ten sinoidalen Kurven erzeugt wird. seismic data, followed by regularizing
the cross-line      Revendications data, and then 3-D migrating the
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d'acquisition voulue, d'une maniere qui utilise determining the measured
cross-line posi-       toute l'information contenue dans les signaux tions
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les 6tapes consis- determining signals along a preselected         tant a :
time slice,                                            tout d'abord
corriger le d6calage normal fitting a smooth curve to the signals at the
des donn6es sismiques marines, measured positions and determining the
values          puis corriger le d6calage de pente des of the smooth curve
at desired preselected   35     donn6es sismiques marines, positions.
et r6gulariser ensuite les donn6es trans- versales et ensuite effectuer la
migration 3-D 3. The method as claimed in claim 2, character-         des
donnees r~gularisees. ized in that said smooth curve is generated from
preselected sinusoidal curves.        40  2. Proced6 selon la revendication
1, comportant des signaux et des positions mesurees carac- PatentansprUche
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