wo 2017/108669 A1 ||| N0 00T OO0 0 A A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

(43) International Publication Date WO 2017 /1 08669 Al
29 June 2017 (29.06.2017) WIPOIPCT
(51) International Patent Classification: (72) Inventors: CAMPMAN, Xander; Kessler Park 1, 2288

eay)

(22)

(25)
(26)
(30)

1

1

GO1V 1/00 (2006.01)
GO1V 1/36 (2006.01)

GO1V 1/38 (2006.01)

International Application Number:
PCT/EP2016/081696

International Filing Date:
19 December 2016 (19.12.2016)

(74

(8D

GS Rijswijk (NL). TANG, Zijian; Kessler Park 1, 2288
GS Rijswijk (NL).

Agent: MATTHEZING, Robert, Maarten; PO Box 384,
2501 CJ The Hague (NL).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

Filing Language: English BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
Publication Language: Enghsh DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

o HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
Priority Data: KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
62/270,714 22 December 2015 (22122015) us MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,

Applicant (for all designated States except US): SHELL
INTERNATIONALE RESEARCH MAATSCHAPPLJ
B.V. [NL/NL]; Carel van Bylandtlaan 30, 2596 HR The

NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,

Hague (NL).

Applicant (for US only): SHELL OIL COMPANY (84)
[US/US]; Shell Plaza 1, Houston, Texas 77252-2463 (US).

ZA, M, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

[Continued on next page]

(54) Title: METHOD AND SYSTEM FOR GENERATING A SEISMIC GATHER

Source number

Source number

R PR R

Pr1 o B2
[N

O W MmN B W N e

o e A
[

Shot number
3 4 5 §

Shot number
3 4 5 8

PR ERE R I
44444444444
44444944444
q-q4A4-4<-4<4-4¢<<
A4 4444 <

W N WM

5
L4~

P
[

49449 4-C-G4 >
40044444 <4<
404444 ¢ <
4444444444

44444

{b)

Shot number
1 2 3 4 5 &

Shot number
1 2 3 4 5 %

YYYY Y Y
YYYYYY
YYYYYY
YYYYYY
YYYYYY
YYYYTY

YYYYYY ©

YYYYYY
YYYYYY
YYYYYY
YYYYYY
YYYYYY

W B W N e

3
<4444

Rt
[

-4
.{j
..Q
.<3

<-4~ -4-4 <14
4444444
444 444
444~ 44~

LA AL A

E

;

(57) Abstract: An initial gather of blended seismic signals induced in a
common seismic receiver by a plurality of actual sources grouped in actual
source groups is provided. Each actual source group has a linear source
geometry that is the same for each actual source group. The plurality of
sources in each actual source group is fired according to a pre-selected fir -
ing sequence that is the same for each actual source group. Actual shot re-
cords are created from the blended signals, and fictive shot records are
created of seismic signals for fictive source groups that each have the
same source geometry as the actual source groups, by interpolation of the
actual shot records. Single source shot records of single source signals are
separated by discrete deconvolution of the actual shot records and the fict-
ive shot records. The output includes a seismic gather comprising a plural-
ity of the single source shot records.
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METHOD AND SYSTEM FOR GENERATING A SEISMIC GATHER

Field of the invention

The present invention relates to system and method for
generating a seismic gather, and to a method of recording
blended seismic signals induced in a common seismic receiver.

Background of the invention

Seismic acquisition has been of vital importance for
exploration of hydrocarbons, such as oil and/or natural gas,
from subsurface earth formations, and it is becoming
increasingly used in the context of monitoring the subsurface
earth formations during production of these hydrocarbons as
well.

The principle of seismic acguisition is that a seismic
source 1is employed to induce seismic waves that propagate
downwardly through the subsurface earth formation. The
downwardly-propagating seismic waves are reflected by one or
more geological structures within the subsurface earth
formation, which act as partial reflectors for the seismic
waves. It is possible to obtain information about the
geological structure of the subsurface earth formation from
seismic waves that undergo reflection within the subsurface
earth formation and is subsequently acquired by one or more
seismic sensors (generally referred to as seismic
"receivers"). Reflected seismic waves are typically recorded
during a so-called listening time. Longer listening times
allow recording of multiple reflection events and/or
reflection events that occurred deeper under the earth
surface.

In the simplest form, & 2D or 3D seismic survey can be
produced by actuating one source at a time, and recording the
responses at one or more seismic receivers for the duration

of the listening time, before actuating the same source again
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in a different location or a different source in a different
location. In such so-called “single shooting” architecture,
earth responses corresponding to multiple shots (or source
locations) do not interfere with each other.

Various specific methods for seismic acquisition have
been proposed in the past, which make use of so-called
simultaneous shooting of multiple seismic sources arranged in
a source array. Herewith, the acquisition time (and cost) can
be lowered. However, the seismic responses from multiple
shots (or source locations) interfere with each other and
some form of (post-acquisition) separating of the responses
is required.

One such method, which uses multiple vibrators as seismic
sources, 1s disclosed in US patent 6,766,256. The vibrators
are employed to transmit seismic energy into the ground in
accordance with a frequency sweep. The multiple vibrators
within a vibrator group are simultaneocusly supplied with
frequency sweeps which are identical to each other in all
respects except their phases.

In another such method, sometimes referred to as
“dithered sweep” method, a random time dithering is applied
to the sources. This random time dithering introduces a
source-specific time delay encoding among the sources within
a constellation whose resultant wavefields are all
superposed. An example i1s described in US patent 7,679990.

Other such methods have been proposed as well. Each of
these simultaneous shooting schemes is designed to equip each
concurrent source with some degree of uniqueness, which can
then be utilized in a post-acquisition separating phase. Put
in other terms, the interfering waves in the earth formation
generated by the concurrent sources are incoherent. A
drawback of such incoherency in the seismic responses

recorded at the seismic receiver(s) 1s that many pre-
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processing techniques that are typically applied are not
viable any more in the certain domains such as for instance
the common-receiver domain. Among pre-processing techniques
that cannot be applied are normal move-out (NMO), groundroll
removal, denoising techniques, and more.

Summary of the invention

In accordance with a first aspect of the present
invention, there is provided a method for generating a
seismic gather, comprising:

— providing an initial gather of blended seismic signals
induced in a common seismic receiver by a plurality of
sources that are actuated in actual source groups, wherein
the sources belonging to one actual source group, when
actuated, cause mutually interfering wavefields in an earth
formation which give rise to the blended seismic signals in
the common receiver, wherein the sources in each actual
source group are positioned relative to one primary source
and according to a linear source geometry that is the same
for each actual source group, and wherein the plurality of
sources in each actual source group is fired according to a
pre-selected firing sequence that is the same for each actual
source group, and wherein successive actual source groups are
fired one after another with sufficient time delay between
firing of the successive actual source groups to avoid
interference in time-frequency domain of a seismic wave field
produced in the earth formation by each of the actual source
groups with the seismic wave field produced in the earth
formation by any other of the actual source groups, and
wherein the successive actual source groups are laterally
displaced from each other whereby the plurality of sources of
all the actual source groups are mapped to a selection of
pre-plot source points on a source line consisting of a

regular grid of discrete pre-plot source points;
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- providing actual shot records from the blended signals;

— creating fictive shot records of seismic signals for
fictive source groups that each have the same source geometry
as the actual source groups, by interpolation of the actual
shot records with a selected interpolation operator working
on the actual shot records, whereby every pre-plot source
point on the source line is uniquely occupied by one primary
source out of a set of primary sources of the actual source
groups and the fictive source groups taken together, such
that every pre-plot source point on the source line has one
primary source and every primary source has one pre-plot
source point;

- separating single source shot records of single source
signals by discrete deconvolution of the actual shot records
and the fictive shot records whereby separating signals; and
— outputting a seismic gather comprising a plurality of the
single source shot records for a range of source points.

In accordance with a second aspect of the invention,
there is provided a system for generating a seismic gather,
comprising:

- a computer readable storage medium on which is stored an
initial gather of blended seismic signals induced in a common
seismic receiver by a plurality of sources that are actuated
in actual source groups, wherein the sources belonging to one
actual source group, when actuated, cause mutually
interfering wavefields in an earth formation which give rise
to the blended seismic signals in the common receiver,
wherein the sources in each actual source group are
positioned relative to one primary source and according to a
linear source geometry that is the same for each actual
source group, and wherein the plurality of sources in each
actual source group is fired according to a pre-selected

firing sequence that is the same for each actuation of each
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actual source group, and wherein successive actual source
groups are fired one after another with sufficient time delay
between firing of the successive actual source groups to
avoid interference in time-frequency domain of a seismic wave
field produced in the earth formation by each of the actual
source groups with the seismic wave field produced in the
earth formation by any other of the actual source groups, and
wherein the successive actual source groups are laterally
displaced from each other whereby the plurality of sources of
all the actual source groups are mapped to a selection of
pre-plot source points on a source line consisting of a
regular linear grid of discrete pre-plot source points;

— a computer processor operatively coupled to the computer
readable storage medium programmed to:

— create actual shot records from the blended signals;

— create fictive shot records of seismic signals for
fictive source groups that each have the same source geometry
as the actual source groups, by interpolation of the actual
shot records with a selected interpolation operator working
on the actual shot records, whereby every pre-plot source
point on the source line is uniquely occupied by one primary
source out of a set of primary sources of the actual source
groups and the fictive source groups taken together, such
that every pre-plot source point on the source line has one
primary source and every primary source has one pre-plot
source point;

- separate single source shot records of single source
signals by discrete deconvolution of the actual shot records
and the fictive shot records whereby separating signals; and
— an output device operatively coupled to the computer
processor and configured to output a seismic gather
comprising a plurality of the single source shot records for

a range of source points.
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In accordance with a third aspect of the invention, there
is provided a method of recording blended seismic signals
induced in a common seismic receiver, comprising:

- actuating a plurality of actual sources grouped in actual
source groups, wherein the sources belonging to one actual
source group, when actuated, cause mutually interfering
wavefields in an earth formation which give rise to the
blended seismic signals in the common receiver, wherein the
sources in each actual source group are positioned relative
to one primary source and according to a linear source
geometry that is the same for each actual source group, and
wherein the plurality of sources in each actual source group
is actuated according to a pre-selected firing sequence that
is the same for each actuation of each actual source group,
and wherein successive actual source groups are fired one
after another with sufficient time delay between firing of
the successive actual source groups to avoid interference in
time-frequency domain of a seismic wave field produced in an
earth formation by each of the actual source groups with the
seismic wave field produced in the earth formation by any
other of the actual source groups, and wherein the successive
actual source groups are laterally displaced from each other
whereby the plurality of sources of all the actual source
groups are mapped to a selection of pre-plot source points on
a source line consisting of a regular grid of discrete pre-
plot source points; and

— recording the blended seismic signals from each of the
actual groups by at least one common seismic receiver.

The invention will be further illustrated hereinafter by
way of example only, and with reference to the non-limiting

drawing.
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Brief description of the drawing

Fig. 1 (parts a to d) shows schematic representations of
various examples of simultaneous shooting schemes;

Fig. 2 (parts a and b) shows (a) a synthetic data example
of a common-receiver gather for a single shooting scheme, and
(b) the same data resulting from a coherent simultaneous
shooting scheme as illustrated in Fig. 1l(a) ), where the non-
zero columns correspond to the actually shot records, while
the zero columns corresponds to the fictive shot records that
are to be interpolated; and

Fig. 3 (parts a and b) shows (a) a common-receiver gather
with interpolated shot records from the data of Figure 2 (b),
and (b)the common-receiver gather with separated single
source shot records after deconvolution.

These figures are not to scale. Identical reference
numbers used in different figures refer to similar
components. The person skilled in the art will readily
understand that, while the invention is illustrated making
reference to one or more a specific combinations of features
and measures, many of those features and measures are
functionally independent from other features and measures
such that they can be equally or similarly applied
independently in other embodiments or combinations.

Detailed description of the invention

The present disclosure makes use of a coherent concurrent
shooting scheme, for which in many useful domains such as the
common-receiver domain, the coherency of the recorded signal
is preserved. Blended seismic signals induced by concurrently
actuated sources are recorded by at least one common seismic
receiver.

There are various so-called simultaneous shooting schemes
conceivable wherein seismic sources can be concurrently

actuated. Figure 1 shows schematic representations of a few
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examples of simultaneous shooting schemes. The filled
triangles within a single shot represent actual sources that
are being actuated as an actual source group. Open triangles
represent source positions where no actual source is
activated in each shot (i.e. inactive sources). The actuated
actual sources in shot 2 may employ the same physical devices
that have moved up to new source positions after having been
actuated for shot 1, or they may be different physical
devices. Figures 1(a), 1l(b), and 1(c) are according to
embodiments of the invention, Figure 1(d) is a comparative
example not according to the invention.

In the context of the present description, the term
“shot” means a time period within which sources in a source
group are actuated followed by some listening time.

In the context of the present description, the term
“Yactual source” is a physical device coupled to a specific
position, which, when actuated, emits energy into the
subsurface at that specific position.

In the context of the present description, the term
“source offset” identifies the position of a selected source
relative to a reference point. Assuming all sources are
located on a straight line and with one end of the source
line taken as the beginning, individual sources are thereby
characterized by different offsets with respect to the
beginning of the line.

In the context of the present description, the term
“source group” 1s used to indicate a plurality of actual
sources fired per shot in accordance with a pre-selected
firing sequence, such that the sources are fired
concurrently. The concurrent sources during each shot are
collectively referred to as a source group (Oor source array).
For instance, in Figure 1l(a), source 1 and 2 form a first

source group; sources 3 and 4 form a second source group, and
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so on. Sources 1 and 3, for instance, are not necessarily two
physical devices. One set of physical devices can be used to
form multiple source groups (for instance, by actuating the
physical devices after moving them to new positions).

In the context of the present description, the term
“group offset” i1s used to indicate the gravity point of a
source group aperture (array length). In an equi-spaced
source line with xx being the source offset of the k't source,
such as in Figure 1l(a), the aperture of the first source
group 1 is x3 — x1. The group offset of the first source
group 1 is then computed as (x1 + x3)/2.

In the context of the present disclosure, the term
“concurrent” is used when at least two actual sources are
induced to start close enough in time that is overlapping in
respective listening periods in time-frequency domain. Such
sources cause mutually interfering wavefields in an earth
formation which give rise to blended seismic signals in a
common receiver.

The term “common” in “common receiver” in the context of
this disclosure means “shared”. The blended signals from
multiple actual sources are recorded in a shared receiver.

When reference is made to “interfering wavefields” in the
time-frequency domain, only interference of the fundamental
frequency is considered. Interference involving harmonics is
disregarded for this purpose.

Assuming the source groups have mutually the same linear
source geometry, the term “primary source” in the context of
the present disclosure 1s used to indicate one of the sources
within each source group which in each of the groups has the
same relative position to the other sources in the source
group. Any of the sources can be designated as the primary
source, as long as the same convention is used for all of the

source groups. In the examples described herein, the source
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that has the shortest offset of the sources within one source
group is designated as the primary source. For instance, in
Figure 1(a), sources 1 and 3 are primary sources; in Figure
1(b), sources 1, 2, 3, and 7, 8, 9 are primary sources; in
Figure 1(c), source 1 is a primary source in shot 1, source 2
is a primary source in shot 2, etc..

Assuming the source groups have mutually the same linear
source geometry, the terms “secondary source”, “tertiary
source” and so on is used to designate sources within a
single source group that are not primary sources. In every
source group the secondary source has the same position
relative to the primary source of the same source group.
Conveniently, in the examples herein the source that has the
second shortest offset within the group is designated as the
secondary source. For instance, in Figure 1(a), sources 2 and
4 are secondary sources while in Figure 1(b) sources 4, 5, 6,
and 10, 11, 12. In Figure 1(c), source 3 is the secondary
source in shot 1 and source 4 in shot 2.

In the context of the present description, the term
“pilot signal” is the signal that is accurately determined in
advance (mostly through a computer), and used to actuate an
actual source.

The following three shooting rules are proposed, which
preserve coherency during the recording of the seismic
signals.

Rule 1: One identical pilot signal is used for all of the
primary sources. This should also hold for the secondary
sources, and so on. Note that the pilot signal for the
primary sources is allowed to be different from the pilot
signal for other sources, as long as all sources with the
same rank (primary, secondary, etc.) are actuated with the

same pilot signal.
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Rule 2: No dithering on the actuation time between
concurrent sources within a source group. This means that any
delay between the primary and secondary sources (or between
the secondary and tertiary sources, and so on) should remain
constant per shot. A simple implementation is to just let all
the concurrent sources be actuated exactly simultaneously.

Rule 3: No dithering on the distance between concurrent
sources. The source group during each shot should have the
same geometry, or in other words, the spacing between the
primary and secondary sources (or between the secondary and
tertiary sources, and so on) remains constant per shot. The
shooting schemes depicted in Figure 1(a) through Figure 1(c¢)
comply with this rule, while a counter—-example is given in
Figure 1(d). Note that to obviate space dithering, we have
implicitly assumed that all the sources are located on a
uniform grid.

As example to illustrate the above idea is shown in
Figures 2(a) and 2(b). Plotted are collections of seismic
traces measured at a common receiver. Each trace is
identified with a certain source index, which can be
expressed as offset or in any other useful manner. In Figure
2(a) we show a simple image of a common-receiver gather that
is obtained by single shooting. This image will be used as
the ground truth. Figure 2(b) shows a common-receiver gather
obtained using a coherent simultaneous shooting scheme
according to Figure 1(a).

The gather of Figure 2(b) consists of signals induced in
a common seismic receiver by successive actuations of actual
sources grouped in actual source groups. Each trace
represents blended signals from coherently actuated sources
within a single actual source group. The plurality of sources
within each actual source group are positioned according to a

linear source geometry that is the same for each actual
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source group (consistent with Rule 3), and the plurality of
sources in each actual source group is fired according to a
pre-selected firing sequence that is the same for each actual
source group (consistent with Rules 1 and 2). The successive
actual source groups are fired one after another with
sufficient time delay between firing of the successive actual
source groups to avoid interference in time-frequency domain
between sources that belong to different actual source
groups.

The actual source groups 1in successive shots are
laterally displaced from each other. The plurality of sources
of all of the actual source groups can be uniquely mapped to
a selection of pre-plot source points on a source line
consisting of a regular linear grid of discrete pre-plot
source points. There is a constant grid spacing between
successive neighboring source points. Only the non-—-zero
columns in Figure 2 (b) are populated with traces that contain
blended signals from all the sources in a single actual
source group. All the sources have been actuated by an ideal
Dirac function with no delay between concurrent sources
(strict synchronization). By a comparison, it can immediately
be observed that the structure of the events in Figure 2 (a)
is mostly preserved intact in Figure 2 (b), thanks to the
proposed coherent simultaneous shooting strategy.

A new separation approach is proposed to separate the
signals from the blended traces obtained using the coherent
simultaneous shooting scheme, such as those shown in Figure
2(b). The proposed separation approach is comprised of the
following two steps: 1) first the measurements are
interpolated to create fictive shot records of seismic
signals for fictive source groups at some desired locations,
and 2) a deconvolution is applied on the results obtained

from the previous step together with the measurements. A
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proposed interpolation guideline that supports these two
steps is that the fictive source groups should bear the same
group geometry as the actual source groups, and further that
the actual source groups and fictive source groups should be
“complete” in the sense that the primary sources within all
the actual and fictive source groups must contain all the
individual sources.

These interpolation guidelines will prove useful in some
complicated simultaneous shooting schemes. The approach will
now be illustrated using the three shooting schemes as given
in Figure 1l(a) to Figure 1(c). For the sake of simplicity, in
all the examples, we will assume zero delay between
concurrent sources. For other coherent shooting schemes that
might happen in practice but deviate from this assumption, so
long as Rules 1 to 3 are complied with, the proposed
separation approach can still be similarly applied.

Example A: Figure 1(a) with identical pilot signals for all

sources.

This example explains how the interpolation and
deconvolution steps are implemented in the case of the
specific simultaneous shooting example of Figure 1(a) with
strictly simultaneous sources.

Let us denote the wavefield corresponding to an
individual source k as sx and the actual shot record
(measured trace) during shot n as yon-1, whereby n =1, 2, 3,

(it will be soon clear why such notations are proposed).
The simultaneous shooting example in Figure 1(a) implies that
y1 = s1 + s2; y3 = S3 + 84; etc.. This can conveniently be

written in matrix form as:
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Equation (1) describes an under-determined system
characterized by a system matrix B, which may also be
referred to as the blending matrix. The objective is to
recover the signals sx uniquely and correctly from the under-
determined system. To tackle this problem, it is proposed to
augment the matrix B in the row direction such that it gets
less ill-conditioned. This is done by defining supplementing
fictive traces v, that are related to the signals sx in a
proper way with the following equalities: Yzon = Szon + Sznsz
and supplementing the linear system of equation (1) with

the fictive traces. Thus,

¥a = 59 + 53,

£

¥4 =S4 + 85,

(2)
and
n| [ [N
va | = 1o 1. 3)

wherein the supplements are highlighted by rectangular boxes.

Equation (3) characterized by a blending matrix B that is
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“taller” than matrix B in equation (1). An interesting
property about this new system matrix is that all the entries
on each diagonal of the matrix have the same value (either 1
or 0 in this case). A matrix with such a structure is known
as the Toeplitz matrix, which actually suggests that the
actual traces yzn1, together with the fictive traces Voo,
result from a convolutive operation between the signals sk
and a (moving-average) filter [1l, 1]. Consequently, it is
possible to recover the signals sx from the actual traces
von-1 and the fictive traces v2n through a standard
deconvolution operation.

Thus, the signal separation problem has reduced to
finding the fictive traces V., properly. Essentially, the
signals induced by concurrent sources, e.g. $1 and sz in
shot 1, can be viewed collectively as actual source group
1, with the source group output being y;, and the group
offset being (x1 + x3)/2. Similarly, the concurrent
sources in shot 2 can be viewed as actual source group 2,
with the group output being ys3 and the group offset being (x3
+ x5)/2, and so on. What we next do is to interpolate the
group outputs yi, ¥3,.., TO oObtain data at positions (xz +
x1) /2, (x4 + x¢)/2, .., to yield ¥V,, Va4, etc.. This can be
achieved by means of most interpolation techniques known in
the art.

However, the interpolated data should preferably satisfy
as best as possible the equalities posed in equation (2).
Otherwise, equation (3) will not hold. The wvalidity of
equation (2) can be theoretically guaranteed by assuming a
“perfect” and linear interpolation operator. Such a “perfect”

and linear interpolator will be denoted by a short-hand

notation £ (+). When applied on si, s3, .., to estimate

signals that are located at positions xz, x4,.., this

interpolator should yield
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s9,84,--- = L(s1,83,-- — |22, 24, ). (4

Likewise, applying this “perfect” and linear interpolator
on sz, S4,.., to estimate signals that are located at

positions x3, Xs,.., we are able to obtain

Due to the linearity of the interpolator, and the fact
that (x2 + x4)/2 1s the group offset of a fictive source
group with source located on x2 and x3, and (xs + X¢)/2 1s the
group offset of a fictive source group located on xz and xs,

10 and so on, equations (4) and (5) can be added up yielding

Su + 83,84 + By, =
L(s1+ 89,83 + 84, — [(a + x4) /2, (T4 + 26)/2,--+ ). (6)

On the other hand, if this “perfect” interpolator is
applied on the measurements directly, on the actual source
group level, this means that we use the group output yi, vz,

15 .., TO estimate the fictive shot records at the group offsets
(x; + x2)/2, (xs + x¢)/2, .., etc., as follows:

Vo. ¥4 = L(¥1.¥2, - — (@2 + 24)/2, (04 + 26)/2,- -+ ). (7)

The validity of equation (2) can readily be confirmed by
comparison of the expressions in equations (6) and (7).

20 The resulting intermediate interpolation and the final
deconvolution results based on the data contained in Figure
2(a) and Figure 2(b) are given in Figure 3(a) and Figure
3(b), respectively.

The pilot signal signature can be removed (through

25 correlation) either prior to or after the separation,
because an identical pilot signal was assumed for all the
sources.

Example B: Figure 1(a) with different pilot signals for

primary sources compared to secondary sources.
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In Example A the pilot signals are identical for all
sources. This might not always be desired in some situations.
Actually, to comply with Rule 1 it is only required that the
pilot signal used for all the primary sources is identical.
The pilot signal for the primary sources does not need to be
identical to the pilot signal for the secondary (and so on)
sources. The separating approach for such a case can be
similarly applied, with slight adaptation. This will now be
illustrated based on the simultaneous shooting topology as
shown in Figure 1(a).

Let us use pa(w) and ps(w) to denote the time-domain
pilot signals at a certain frequency w for the primary and
secondary sources, respectively. We use sx(w) to denote the
earth transfer function at a certain frequency o
corresponding to the k" source, and y2,1(w) to denote the

actual shot record (measured trace) during shot n. Hence,
vi(w) = palw)si(w) + pplw)sa(w),
valw) = palw)sa(w) + pp(w)ss(w),

(8)
in which it can be seen that the definition of sx(w) 1is
related to, but slightly different than, the definition of sx
in the previous example. We then interpolate the (frequency-
domain) signal to the positions at (x, + xa)/2, (x4 + x6)/2,
wr to yield Vo (w), Vi(@),.. . Following the same reasoning
as set forth in Example A, it follows mathematically that

¥alw) = pafw)ss(w) + prlw)saw),
Va(w) = palwss(w) + pplw)ss(w),

(9)

provided that the interpolator is perfect and linear.

Combining equations (8) and (9) in matrix form yields
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¥{w) pPalw) ppw) s1(w)
va({w) palw)| |pelw) salw)
ya(w) | = palw} pew) salw)] (10)
Valw) palwl| |pelw) sqlw)

Biiw)
which is again of a convolutive form. As a consequence, the
earth transfer function corresponding to each source can be
obtained by deconvolution.

It is remarked that the separation approach in this
Example i1is a combination of separation and correlation, the
latter to get rid of the effect of the pilot signals in the
final output. In contrast, in Example A only the separation
processing is applied. It separates for each source the
corresponding wavefield, which is the convolution between
the pilot signal and the earth transfer function.

Example C: Figure 1(b) with identical pilot signals for all

sources.
In this Example the shooting scheme of Figure 1(b) 1is

explored, assuming identical pilot signals for all the

sources. The actual source groups and corresponding outputs

can be expressed as

¥1 =281+ 84,¥0 =8y + 85, ¥y = 83 + 8¢
¥y =87 + 510. ¥ = 58 T 511, ¥o = S5 + 512

(11)
whereby the group offsets are located at (x; + x5)/2,.., (x; +
x3) /2, (%, + x1)/2, .., (Xq + x,5)/2. We then interpolate from
these source group outputs some fictive shot records for
fictive source groups located at (x, + x5)/2, (x5 + x,)/2,
(%X + X10)/2... to yield V,, Vs, V¢. These fictive traces y

that are related to the signals sk
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¥4 = S4q + 87,
V5 = 85 + 88,
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analog to Equation (2). Combining equations (11) and (12) yields

vy 100 1
Vo 1 0 0
¥a 1 0

¥4 m

SR = -

EEE -
- BEE

s EE
=

feud

(13)

from which the signals sx can be resolved by deconvolution as

5 before. The way the additional rows are inserted in to arrive

at supplemented blending matrix B differs from Equation (3)

but is responsive to the same interpolation guideline.

Example D: Figure 1(c) with identical pilot signals for all

sources.

10 For the shooting scheme of Figure 1l(c),

records

¥3 = 83 + 85 + Sa,

the actual shot

(14

are already complete. The interpolation step is not

necessary, because the ntt actual shot record yn already

15 contains s, as the primary source for all indices n =1, 2,
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3, ... As a result, the original blending matrix B already has
a convolutive form.

Example E: Figure 1(c) with identical pilot signals for all

sources but skipping shots.

The shooting scheme of Figure 1(c) does not result in
less acqguisition time than a single shooting scheme, because
it is shot with full source position redundancy. Time can be
saved by skipping shots, such as skipping shots 2,3,4, 6,7,8,
10, etc. These can be supplemented by interpolating the
remaining actual shots 1, 5, 9, etc..

This concludes the specific examples. Some general
remarks will now be made which are applicable to the proposed
methods.

The methods proposed herein ensure that the received
blended seismic signals, when sorted in any domain, such as
for instance the common receiver domain, the common offset
domain or the common midpoint domain, remains coherent. One
advantage is that any coherency-based (pre-)processing of the
data, such as groundroll removal, normal move—-out or general
coherent denoising techniques are possible in these domains
prior to separating the data into single source shot records
of single source signals.

Moreover, since the blended seismic signals are recorded
with a coherent shooting scheme, the recorded seismic signals
will be influenced by temporal-spatial filtering also known
as so-called source array effects. These source array effects
are predominantly governed by a combination of source group
geometry and firing sequence. These are described with
parameters defining the actual source group aperture, the
periodicity of the grid of source positions, which grid
positions within a source group that are selected to have an
actual source, and the time interval between actuating the

primary and secondary source (and time intervals between the
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primary source and any other lower ranked source such
tertiary source, if so provided). When such parameters are
the same for each shot, a space-invariant filter 1is
generated. For instance, we already saw in Example A that the
shooting geometry of Figure 1(a) represents a moving average
filter [1,1] if the concurrent sources are actuated exactly
simultaneously with zero time delay. Likewise, the scheme
illustrated in Figure 1 (b) features a [1,0,0,1] filter, and
the scheme illustrated in Figure 1(¢c) a [1,0,1,1] filter.
Each of these filters have their own spatial filter
responses. Also relevant, but usually to a lesser extent, are
the pilot signals. It is thus possible to use these source
array effects to attenuate certain seismic noise without
impairment to the seismic wavefield that is produced in the
earth formation. Parts of the coherent noise can be filtered
from the data by tuning these parameters.

Defining actual source groups with larger numbers of
sources can offer savings in the total acquisition time in
the field, if source position redundancy is fully or partly
avoided. Figure 1(c) is an example of full source position
redundancy, while source position redundancy is fully avoided
if actual source groups do not spatially overlap with other
actual source groups fired for earlier shots. However, the
source array effects may become adverse when too many sources
are included in an actual source group and moreover the
interpolation becomes less certain. It is conceived that an
optimum number of actual sources within each actual source
group is more than one and/or less than six, preferably more
than two. I.e. at least two and/or at most five sources,
preferably at least three sources.

In demonstrating the separation methodology above, equal
spacing between the sources was implicitly assumed. In

practical operations this can be a very stringent
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requirement. However, it turns out the use of actual location
of the sources in the interpolation process will not bring
about visible performance degradation as long as the sources
of all the actual source groups can be (mathematically)
mapped to a selection of pre-plot source points on a source
line consisting of a regular linear grid of discrete pre-plot
source points.

Furthermore, it is remarked that many of the classical
interpolators are linear in nature. As example reference is
made to the Yen-4 interpolation described by H. Choi and
D.C. Munson in “Analysis and design of minimax-optimal
interpolators” (IEEE Transactions on Signal Processing Vol.
46 (6), pp. 1571-1579 (1998)). Recently, interpolation via an
Li—norm solver, which leverages the sparsity of the signal in
some proper domain, has attracted enormous attention. One
commonly used Li—norm solver is based on the basis pursuit
principle. The basis pursuit can be reformulated in a linear-
programming fashion, which is thus linear. With the above
said, although the linearity of the interpolator was used to
explain the viability of the proposed separation approach, in
practice, we observe that relaxation of the linearity
constraint on the interpolator will not inflict apparent
detrimental effects.

The actual sources in the actual source groups emit
within a frequency bandwidth ranging from a lower frequency

fiin to an upper frequency Ifpax. The actual sources are

suitably vibrators, induced to vibrate in accordance with a

frequency sweep that starts at fiyip and ends Ifiyzx. For

typical vibrators, the lower frequency may for instance be

5 Hz and the upper frequency may for instance be 80 Hz.
Particularly in case of these coherent firing sequences

within actual source groups, it is advantageous if the

sources within one source group are relatively close to each
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other. This facilitates the subsequent separation of the
sources from the blended signals. Relatively close in this
context means that every source of any single source group
has another source belonging to the same single source group
located within a lateral vicinity radius of half of a minimum
apparent seismic wavelength induced by the actual source. In

equation format, the lateral vicinity radius equals Vg /
2fypaxr Wherein Vg represents a minimum apparent seismic

velocity of a wave in the earth induced by the sources.

The steps of providing of actual shot records from the
blended signals and/or said interpolation of the actual shot
records and/or said separating of single source shot records,
are suitably performed with a computer processor. The seismic
gather that is generated may be outputted to an output device
output device that i1s operatively coupled to the computer
processor. The output device provides a tangible output that
can be interpreted by a user. A non-limiting list of examples
of output devices includes: a computer monitor, a television,
a cathode ray tube, an LCD screen, a plasma screen, a
projector, a plotter, a printer, and the like.

The system described herein may be deployed on land or in
a marine environment off-shore. Suitably, the sources are
vibrators. A seismic vibrator source for use on land consists
generally of a baseplate configured in contact with the
ground. The baseplate is usually supported on a truck. A
seismic wave is induced in the subsurface earth formation by
applying a vibratory force to the plate, and this is
typically done by applying a control waveform known as a
"pilot sweep" in the vibrator actuator system. The pilot
sweep 1s generally a constant amplitude swept frequency
signal, although the amplitude of the vibration may in
practice be ramped up and down at the start and,

respectively, finish of the sweep, for instance to manage
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inertia of the vibrator mass. Marine vibrators are also
available, as evidenced by for instance an article from
Western Geco: “Marine Vibrators and the Doppler Effect”, by
Dragoset, which appeared in Geophysics, Nov. 1988, pp. 1388-
1398, vol. 53, No. 11. More recently, Geokinetics has
introduced its AgquaVib (TM) marine vibrator. Other examples
exist.

The person skilled in the art will understand that the
present invention can be carried out in many various ways

without departing from the scope of the appended claims.
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1. A method for generating a seismic gather, comprising:

— providing an initial gather of blended seismic signals
induced in a common seismic receiver by a plurality of
sources that are actuated in actual source groups, wherein
the sources belonging to one actual source group, when
actuated, cause mutually interfering wavefields in an earth
formation which give rise to the blended seismic signals in
the common receiver, wherein the sources in each actual
source group are positioned relative to one primary source
and according to a linear source geometry that is the same
for each actual source group, and wherein the plurality of
sources in each actual source group is fired according to a
pre-selected firing sequence that is the same for each actual
source group, and wherein successive actual source groups are
fired one after another with sufficient time delay between
firing of the successive actual source groups to avoid
interference in time-frequency domain of a seismic wave field
produced in the earth formation by each of the actual source
groups with the seismic wave field produced in the earth
formation by any other of the actual source groups, and
wherein the successive actual source groups are laterally
displaced from each other whereby the plurality of sources of
all the actual source groups are mapped to a selection of
pre-plot source points on a source line consisting of a
regular grid of discrete pre-plot source points;

- providing actual shot records from the blended signals;

— creating fictive shot records of seismic signals for
fictive source groups that each have the same source geometry
as the actual source groups, by interpolation of the actual
shot records with a selected interpolation operator working

on the actual shot records, whereby every pre-plot source
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point on the source line is uniquely occupied by one primary
source out of a set of primary sources of the actual source
groups and the fictive source groups taken together, such
that every pre-plot source point on the source line has one
primary source and every primary source has one pre-plot
source point;

— separating single source shot records of single source
signals by discrete deconvolution of the actual shot records
and the fictive shot records whereby separating signals; and
— outputting a seismic gather comprising a plurality of the
single source shot records for a range of source points.

2. The method of claim 1, wherein said pre-selected firing
sequence comprises actuating each source in one actual source
group simultaneously.

3. The method of claim 1, wherein said pre-selected firing
sequence comprises actuating each primary source and each
secondary source within each actual source group with a
constant pre-determined non-zero time interval between
actuating the primary and secondary source.

4. The method of claim any one of the preceding claims,
wherein said pre-selected firing sequence comprises actuating
each source in one actual source in accordance with one pilot
signal.

5. The method of any one of the preceding claims, wherein
each actual source group comprises at least three sources.

6. The method of any one of the preceding claims, wherein
each actual source group comprises at most five sources.

7. The method of any one of the preceding claims, wherein
said pre-plot source points are each occupied by at most one
source of at most one actual source group.

8. The method of any one of the preceding claims wherein the

sources in the actual source groups emit within a frequency
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bandwidth ranging from a lower frequency fpip to an upper
frequency frpax-

9. The method of claim 8, wherein every source within any of
the single actual source groups is located within a lateral
vicinity radius from at least one other source within the
same actual source group, wherein the vicinity radius is half
of a minimum apparent induced seismic wavelength, which

equates to Vg / 2fpax wherein V(g represents a minimum

apparent seismic velocity of a wave in the earth formation
induced by the sources.

10. The method of any one of the preceding claims, wherein
said providing of actual shot records from the blended
signals and/or said interpolation of the actual shot records
and/or said separating of single source shot records, are
performed with a computer processor, and wherein said
outputting of the seismic gather is performed using an output
device operatively coupled to the computer processor.

11. A system for generating a seismic gather, comprising:

- a computer readable storage medium on which is stored an
initial gather of blended seismic signals induced in a common
seismic receiver by a plurality of sources that are actuated
in actual source groups, wherein the sources belonging to one
actual source group, when actuated, cause mutually
interfering wavefields in an earth formation which give rise
to the blended seismic signals in the common receiver,
wherein the sources in each actual source group are
positioned relative to one primary source and according to a
linear source geometry that is the same for each actual
source group, and wherein the plurality of sources in each
actual source group is fired according to a pre-selected
firing sequence that is the same for each actuation of each
actual source group, and wherein successive actual source

groups are fired one after another with sufficient time delay
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between firing of the successive actual source groups to
avoid interference in time-frequency domain of a seismic wave
field produced in the earth formation by each of the actual
source groups with the seismic wave field produced in the
earth formation by any other of the actual source groups, and
wherein the successive actual source groups are laterally
displaced from each other whereby the plurality of sources of
all the actual source groups are mapped to a selection of
pre-plot source points on a source line consisting of a
regular linear grid of discrete pre-plot source points;

— a computer processor operatively coupled to the computer
readable storage medium and programmed to:

— create actual shot records from the blended signals;

— create fictive shot records of seismic signals for
fictive source groups that each have the same source geometry
as the actual source groups, by interpolation of the actual
shot records with a selected interpolation operator working
on the actual shot records, whereby every pre-plot source
point on the source line is uniquely occupied by one primary
source out of a set of primary sources of the actual source
groups and the fictive source groups taken together, such
that every pre-plot source point on the source line has one
primary source and every primary source has one pre-plot
source point;

- separate single source shot records of single source
signals by discrete deconvolution of the actual shot records
and the fictive shot records whereby separating signals; and
— an output device operatively coupled to the computer
processor and configured to output a seismic gather
comprising a plurality of the single source shot records for
a range of source points.

12. A method of recording blended seismic signals induced in

a common seismic receiver, comprising:
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- actuating a plurality of actual sources grouped in actual
source groups, wherein the sources belonging to one actual
source group, when actuated, cause mutually interfering
wavefields in an earth formation which give rise to the
blended seismic signals in the common receiver, wherein the
sources in each actual source group are positioned relative
to one primary source and according to a linear source
geometry that is the same for each actual source group, and
wherein the plurality of sources in each actual source group
is actuated according to a pre-selected firing sequence that
is the same for each actuation of each actual source group,
and wherein successive actual source groups are fired one
after another with sufficient time delay between firing of
the successive actual source groups to avoid interference in
time-frequency domain of a seismic wave field produced in an
earth formation by each of the actual source groups with the
seismic wave field produced in the earth formation by any
other of the actual source groups, and wherein the successive
actual source groups are laterally displaced from each other
whereby the plurality of sources of all the actual source
groups are mapped to a selection of pre-plot source points on
a source line consisting of a regular grid of discrete pre-
plot source points; and

— recording the blended seismic signals from each of the

actual groups by at least one common seismic receiver.

PCT/EP2016/081696
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