MULTIPLE ATTENUATION AND IMAGING PROCESSES FOR RECORDED

SEISMIC DATA
BACKGROUND
TECHNICAL FIELD
[0001] Embodiments of the subject matter disclosed herein generally relate to

processing seismic data acquired over land or water and, more specifically, to

identifying multiples included in the recorded seismic data and attenuating them.

DISCUSSION OF THE BACKGROUND

[0002] Hydrocarbon exploration and development uses waves (e.g., seismic
waves or electromagnetic waves) to explore the structure of underground formations
on land and at sea (i.e., formations in the subsurface). These waves are collected
during a seismic acquisition campaign, either on land or on water. Energy generated
by a seismic source propagates as seismic waves downward into a geological
formation, and part of the energy is reflected and/or refracted back up to the surface.
Characteristics of the reflected/refracted energy detected by seismic sensors are
used to produce an image of the earth’s reflectivity.

[0003] As schematically illustrated in Figure 1, when a marine seismic
acquisition system 100 is used, waves 112 emitted by a source 110 at a known
location penetrate an unexplored formation 120 and are reflected at plural interfaces
122, 124, 126 that separate the formation’s layers, as they have different layer
impedances. Sensors 130 (only one shown for simplicity), which are distributed
along a streamer 132 towed by a vessel 102 (for the case of a marine seismic
survey), detect the reflected waves 140, 150. The detected waves 140, 150 include
primary reflections such as wave 140, which travel directly from a formation interface
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to a sensor, and multiple reflections such as wave 150, which additionally undergo at
least one more downward reflection and one upward reflection. In the case of wave
150, the downward reflection is at the water surface and the upward reflection is at
reflector 122. Note that, as used herein, the term “formation” refers to any
geophysical structure into which source energy is promulgated to perform seismic
surveying, e.g., land or water based, such that a “formation” may include a water
layer when the context is marine seismic surveying.

[0004] There are various types of multiples, e.g., surface-related multiples and
interbed multiples. In the case of surface-related multiples, when the energy
reflected from the subsurface reaches the water surface 104, it will be reflected back
downwards into the water column and subsurface. This produces a second set of
reflected energy containing spurious events. Interbed multiples are similar, but in this
case the downward reflecting surface is a rock interface in the subsurface.

[0005] Moreover, multiples can be characterized as belonging to different
orders, e.g., first order, second order, third order, etc., based on the number of
additional reflections involved. For example, a primary P has a single reflection
between a source S and a receiver R as shown in Figure 2A. By way of contrast, a
first order multiple My (shown in Figure 2B) can have two additional reflections
relative to the primary P, whereas a second order multiple M2 (shown in Figure 2C)
can have four additional reflections.

[0006] In order to understand the structure of the explored underground
formation, it is preferable that primaries and multiples be separated as part of the
processing of the recorded seismic data, and frequently it is preferable to remove the
multiples. Accordingly, there are numerous processing techniques which have been

developed to attenuate or suppress multiples in the recorded seismic data. These



include, just to name a few, Radon demultiple, surface-related multiple elimination
(SRME, [9]), deconvolution [1], Green’s function modelling and inverse scattering. As
will be appreciated by those skilled in the art, each of these techniques has its
strengths and weaknesses. Also, each of these techniques is known in the art and
thus, the details associated with these techniques are not presented herein.

[0007] The success of surface-related multiple attenuation in shallow water
environments is limited by an absence of near offsets (i.e., when the distance
between the source 110 and the closest sensor 130 is smaller than 500 m) and a
lack of high-quality water bottom primary reflections in the recorded data. Together
with amplitude errors arising from cross-talk between multiples (for example relating
to convolution of recorded data with itself rather than recorded data and primary as
theoretically required by SRME), these factors have been cited as causing the
breakdown of SRME in shallow water. The shallow water is understood herein to
mean a depth of the ocean bottom of less than 1,000 m.

[0008] SRME uses convolutions and summations to estimate the multiple
energy. With sufficient sampling of sources and receivers, this approach may
produce a multiple model with the correct kinematic timing. Any amplitude, timing or
phase errors are usually subsequently corrected with adaptive subtraction of the
multiple model from the original data. However, the SRME method is difficult to use
when the input data is not sufficiently well spatially sampled. In addition, the SRME
method relies on an adaptive subtraction step.

[0009] Yet another method known as “deconvolution” may be applied either in
the offset-time or a model (e.g. tau-p) domain. This method derives a prediction
operator based on an auto-correlation of the data. The auto-correlation, which

contains energy at the multiples periods, is used to derive a deconvolution operator



(based on user parameters) to be applied to the data. This deconvolution method is
often only suitable for short-period multiples and for simple structures. Modern
strategies include the use of multi-channel prediction operators to improve the
accuracy of the prediction. One important category of short-period multiples is
Water-Layer Related Multiples (WLRM) which are typically defined to be any multiple
involving at least one additional upgoing reflection from the sea floor travelling
through the water layer. Multi-channel deconvolution reduces the impact of the
missing near offsets and the poorly recorded water bottom primary, but these data-
derived prediction operators are susceptible to contamination by noise and other
events unrelated to the WLRMs. It is also possible to model multiples with this
approach for events below the water bottom or more generally for a given reflectivity
section, see, e.g., Biersteker [1].

[0010] Wang [2] proposed a Model-based Water-Layer Demultiple (MWD)
approach to estimate WLRMs based on a Green’s function derived from a known
water depth. In this context, a Green’s function can be defined to be an impulse
response for a point source located at the sea floor, propagating through the water
layer with a known velocity. The Green’s function may contain some reflectivity
information, but in general this will not be the case. With a sufficiently accurate
Green'’s function, the MWD method gives rise to a model predicting the timing of the
multiples with a high degree of accuracy.

[0011] While the MWD method accurately predicts the timing of multiples, it
does so with errors regarding the relative amplitude of those multiples having an
order greater than one. This amplitude problem is described in more detail later.
Accordingly, it remains desirable to develop systems and techniques for identifying

and removing multiples, generally, and also to address this particular amplitude



issue with the MWD technique.

[0012] Another method known as “wave-equation modeling” produces a
multiple model by forward extrapolating seismic reflections into the subsurface,
creating a reflecting wavefield, and forward extrapolating on to the receiver datum.
The extrapolation step requires a reflectivity and velocity model. This method is
suitable for modeling long-period multiples and relies on an adaptive subtraction step
as well as some knowledge of the subsurface (e.qg., reflectivity and velocity).
[0013] According to yet another method known as “inverse scattering,” a
multiple model is predicted by constructing a subseries of the scattering series,
which corresponds to the multiples and may be used for 2D and 3D multiple
prediction. This method also requires dense source and receiver (i.e., detector)
sampling.

[0014] As known in the seismic field, each of the methods discussed in this
section can be ineffective under certain conditions/environments, especially for
shallow water situations. Therefore, multiples removal remains a subject of
continuing research, with new opportunities and challenges occurring as data

acquisition systems evolve.



SUMMARY
[0015] According to an embodiment, there is a method for multiple attenuation
in seismic data associated with a subsurface. The method includes receiving seismic
data D for a plurality of shots and a plurality of receivers, where the seismic data D
include multiples M associated with a free surface, where the seismic data Dis in a
space-time domain, obtaining a multiple generator, which is located within the
subsurface and is responsible for generating the multiples M, calculating a source-
side multiple model Ms based on the seismic data D and the multiple generator,
estimating an image r of the multiple generator based on a multiple periodicity
method applied to the seismic data D, calculating a receiver-side multiple model Mg
by applying wavefield propagation to the seismic data D and the image r, generating
demultiple data DD by subtracting from the seismic data D the source-side multiple
model Ms and the receiver-side multiple model Mg, and generating a final image of a
geological formation in the subsurface based on the demultiple data DD.
[0016] According to another embodiment, there is a computing system for
multiple attenuation in seismic data associated with a subsurface. The computing
system includes an interface configured to receive seismic data D for a plurality of
shots and a plurality of receivers, wherein the seismic data D include multiples M
associated with a free surface, wherein the seismic data D is in a space-time
domain, and a processor connected to the interface. The processor is configured to
obtain a multiple generator, which is located within the subsurface and is responsible
for generating the multiples M, calculate a source-side multiple model Ms based the
seismic data D and the multiple generator, estimate an image r of the multiple
generator based on a multiple periodicity method applied to the seismic data D,

calculate a receiver-side multiple model Mg by applying wavefield propagation to the



seismic data D and the image r, generate demultiple data DD by subtracting from the
seismic data D the source-side multiple model Ms and the receiver-side multiple
model Mg, and generate a final image of a geological formation in the subsurface
based on the demultiple data DD.

[0017] According to yet another embodiment, there is a non-transitory
computer readable medium including computer executable instructions, wherein the
instructions, when executed by a processor, implement the method discussed

above.



BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The accompanying drawings, which are incorporated in and constitute
a part of the specification, illustrate one or more embodiments and, together with the
description, explain these embodiments. In the drawings:

[0019] Figure 1 is a schematic diagram illustrating seismic data that includes
primaries and multiples;

[0020] Figure 2A shows a primary, and Figures 2B and 2C show source-side
and receiver-side multiples, respectively;

[0021] Figure 3 schematically illustrates a wavefield that is forward
propagated from a source, multiplied with a reflectivity at a given datum, and then
being propagated to a receiver;

[0022] Figure 4 schematically illustrates the forward propagation of a source
wavelet and reverse propagation of a primary wavefield recorded at a receiver to a
given datum, for example, the ocean bottom;

[0023] Figure 5 schematically illustrates the forward propagation of a primary
wavefield and the reverse propagation of a multiple wavefield to a given datum, for
example, the ocean bottom;

[0024] Figures 6A to 6E show multiples generated below a complex basaltic
sill feature, with Figure 6A showing the input data migration, Figure 6B showing the
time slice of the input, Figure 6C showing the receiver-side targeted multiple
estimate, Figure 6D showing the source-side targeted multiple estimate, and Figure
6E showing the receiver-side multiple estimate using wave-equation deconvolution;
[0025] Figure 7A illustrates a receiver-side multiple Mg that relies on a shot
domain while Figure 7B illustrates a source-side multiple Ms that relies on a receiver

domain;



[0026] Figures 8A to 8D illustrate the generation of plural multiple orders using
the Pica approach in the space-depth domain;

[0027] Figure 9 is a flow chart of a method for multiple attenuation based
jointly on a source-side targeted multiple model and a receiver-side multiple model
from wave-equation deconvolution;

[0028] Figure 10A illustrates a set of seismic data collected for a given
subsurface, Figure 10B illustrates the demultiple calculated from the set of Figure
10A using a known demultiple method, and Figure 10C illustrates the demultiple
calculated using the novel method illustrated in Figure 9;

[0029] Figure 11 illustrates the multiple contributions from the source-side and
receiver-side;

[0030] Figure 12 is a flow chart of a method for multiple imaging using shot-
domain and receiver-domain datasets;

[0031] Figure 13 is a flow chart of a method for optimized multiple migration
using a cross-talk attenuation migration as a starting point;

[0032] Figure 14 is a flow chart of a method for combining ocean bottom
sensor multiple imaging with nearfield sensor imaging;

[0033] Figure 15 is a flow chart of a method for attenuating residual multiples;
[0034] Figure 16A illustrates multiple imaging of recorded hydrophone data,
Figure 16B illustrates multiple imaging of data after up-down deconvolution, and
Figure 16C illustrates multiple generators addressed by up-down deconvolution;
[0035] Figure 17 is a flow chart of a method for imaging seismic data acquired

during a timelapse seismic survey; and

[0036] Figure 18 is a schematic diagram of a computing device configured to

implement methods for processing data according to an embodiment.
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DETAILED DESCRIPTION

[0037] The following description of the exemplary embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify
the same or similar elements. The following detailed description does not limit the
invention. Instead, the scope of the invention is defined by the appended claims. The
following embodiments are discussed, for simplicity, with regard to a marine seismic
data acquisition. However, similar embodiments and methods may be used for a
land data acquisition system.

[0038] Reference throughout the specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic described in
connection with an embodiment is included in at least one embodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in an
embodiment” in various places throughout the specification is not necessarily
referring to the same embodiment. Further, the particular features, structures or
characteristics may be combined in any suitable manner in one or more
embodiments.

[0039] According to various embodiments, a process of multiple attenuation is
implemented based on (1) a joint source-side targeted multiple model Ms and a
receiver-side multiple model Mg from wave-equation deconvolution, or (2) multiple
imaging jointly from shot and receiver domains, or (3) optimized multiple migration
using a cross-talk attenuated migration as a starting point, or (4) combined ocean
bottom sensor multiple imaging with nearfield sensor imaging, or (5) attenuation of
residual multiples, or (6) timelapse imaging. Each of these possible implementations

of the process of multiple attenuation is discussed later in more detail. Before
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discussing such processes, a couple of concepts and terms are briefly introduced
and defined.

[0040] The term “combined imaging of primaries and multiples” is understood
herein as generating an image of the subsurface based on both primaries and
multiples. This step may involve combining primary and multiple images after
migration, or by jointly imaging primary and multiple arrivals in a single imaging step.
[0041] An “image” of the surveyed subsurface may relate to a single image, as
defined later by the reflectivity r of a plane in the subsurface, but may also relate to
an “extended image”, for example, with subsurface offsets for one or more of the x-,
y-, or z-directions and/or with non-zero lag arrivals (e.g., as with tau-gathers). In this
case, the extended image of the subsurface may be described by: subsurface
offsets, r(oy, 0y, 0,,x,y, z); example for subsurface offsets in x, y, and z, or tau-
gathers: r(z,x,y, z). Alternatively, it is possible to have different images for different
surface offset ranges. Additionally, the image may include terms to describe a
reflection as a function of reflection angle in the subsurface.

[0042] An image of the subsurface is generally understood to be a
representation of the reflectivity in the earth, defined in space (x-z for 2D, and x-y-z
for 3D). This may also be referred to as a migration, the migrated image or the
reflectivity. Thus, these terms are used interchangeably herein. An image of the
subsurface may be the result of a single-step or optimized migration.

[0043] In some embodiments, to form an image, an imaging condition may
need to be applied to the data. In one application, the imaging condition is a
mathematical function applied to the extrapolated down-going and up-going
wavefields to form the image. The most common imaging condition is the cross-

correlation imaging condition. Other options are the deconvolution imaging
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conditions, a variety of which are known in the field, for example, smoothing imaging
condition, 2D deconvolution imaging condition or multi-dimensional deconvolution
imaging condition.

[0044] The migration, also known as imaging, is a term used to generate an
image of the subsurface from sensor recordings following the excitation of a source.
Wave-equation migration is commonly applied in the shot domain or in the receiver
domain. In the shot domain, a group of traces corresponding to different sensor
positions are used for one shot excitation. In the receiver domain, a group of traces
are used for one receiver position corresponding to different shot excitations.

[0045] There are different types of migration: e.g., one-way migration, two-way
reverse time migration (RTM), Kirchhoff migration, common reflection angle
migration (CRAM), Wave equation Kirchhoff migration (WEK), etc. One type of
migration is an optimized migration. The migration may use an extended image. The
migration may be of primaries, multiples, or a combination of primaries and multiples.
Recorded data used for the migration may be pre-processed prior to the migration.
[0046] An image of the subsurface may be used to “model” primaries and/or
model multiples, e.g., Born modelling. This process may also be known as
demigration. This process essentially generates the primaries and/or multiples that
describe the image. Modelling may be performed with Kirchhoff (e.g., diffraction
modelling), one-way propagation, two-way propagation, etc.

[0047] A selection of multiples have been schematically illustrated in Figures 1
to 2C. Primary arrivals P correspond to a signal leaving the source S, interacting
once with the subsurface (e.qg., reflection, refractions or diffractions), and being
recorded by the receiver R. In the case there are two more reflections, that event is

called a multiple M. First order free-surface multiples M1 may relate to two
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interactions in the subsurface and one reflection at the free-surface (water-air
interface). With higher order multiples, these interactions may take place more than
once. Internal multiples may include at least two upward interactions and one
downward interaction in the subsurface. Raw seismic data will include a mixture of
primaries, surface related multiples, and internal multiples. It is an objective of the
methods discussed herein to model and attenuate multiples in the raw data, so that
the primary arrivals may be imaged.

[0048] Multiple modelling and/or prediction, also known as surface related
multiple modelling (SRMM), see [2], is used to estimate multiples in the space-time
domain using recorded data D and an image of the subsurface r, as illustrated by the
following equation: u = [Dpr]y. In this case, the forward extrapolated down-going
wavefield, Dg, reflects from the image of the subsurface, r, to generate a reflecting
wavefield, Drpr, as schematically illustrated in Figure 3. The reflected wavefield is
subsequently extrapolated forward as the up-going field, u, at the recording
positions. These modelled up-going data will contain only multiples.

[0049] An optimized migration is an inverse problem where the goal is to find
an image r of the subsurface, which when demigrated, respects the input data D. In
other words, it is desired to find an image of the subsurface such that when it is used
to model (simulate) data in the space-time domain, it should equal the recorded data.
This may be the result of a least-squares inversion, based on the following
definitions:

Dr(t,x,y,2z) :Forward extrapolated down-going wavefield;

ug(t,x,y,z) :Up-going wavefield, reverse extrapolated into the subsurface; and

r(x,y,2) : Image of the subsurface.
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[0050] In the following equation, the forward extrapolated wavefield, Dg, is
transformed into a reflecting wavefield through multiplication by the image of the
subsurface, r. Ideally, it is desired to find an image of the subsurface which results in
a reflecting wavefield that equals the reverse extrapolated up-going wavefield, uy, for
every depth step. An exact solution in practice is generally not possible, hence the
following approximation is used:
up = Dpr.
[0051] This may be expressed as a minimization of the difference between
both sides of the previous equation, for example, with an L2 norm (other norms may
be used, e.g., L1, Cauchy, etc):
r = argmin||ug — Dpr||3.
[0052] Alternatively, the optimization may be expressed as a maximization of
the similarity between both sides of the equation, for example, with a zero-lag cross-
correlative norm (other norms may be used, e.g., including appropriate normalization
of the up- and down-going data, etc.):
r = arg max||ug * Dr||;=o-
[0053] It is also possible to pre-multiply both sides of the minimization
equation by the adjoint of Dy (i.e., the adjoint modelling operator), as shown below.
This allows many stable solvers to be used, e.g., conjugate gradients, steepest
descent, etc.
DFfug =~ DI Dgr.
[0054] The left-hand side of this equation, i.e., DIug, may relate to a standard
migration with cross-correlation imaging condition. One alternative is to use the
deconvolution imaging condition when applying the adjoint modelling operator. This
may not strictly be a least-squares problem that would pass the dot-product test, but
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in practice it may offer faster convergence. The deconvolution imaging condition
would also be used for the ‘adjoint’ modelling operation on the righthand side:
DZecup ~ DFDpr.

[0055] An alternative formulation may involve evaluating the receiver side (up-
going) wavefield, for example:

u =~ [Dpr]g.
[0056] In this case, the up-going wavefield, u, may be located at the recording
datum, and the reflecting wavefield (Drr), for each depth in the image of the
subsurface, is forward extrapolated to the surface and accumulated. An alternative
way of writing this may be:

u = FDgr,
where the linear operator F extrapolates the reflecting wavefield from each depth in
the image of the subsurface and accumulates at the receiver positions. Constraints
may be added to the problem: e.g., image domain sparseness weights or total
variation regularization. Data domain confidence or sparseness weights may also be
used, for example, to respect a mute function or to respect recorded data positions
e.g., following [4].
[0057] The optimization problem may be solved with conjugate gradients,
steepest descent, an inverse Hessian approach, or another solver. The first iteration
of most optimized migrations may relate to a standard migration with an imaging
condition. Non-linear optimized migration algorithms may also be used. Optimized
migrations may be used for primary imaging, multiple imaging, or combined primary
and multiple imaging as discussed elsewhere in this document.
[0058] Prior to imaging, the recorded data may be pre-processed. Pre-
processing may involve noise attenuation (e.g., swell noise), guided wave
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attenuation, deblending, source signature compensation, source and/or receiver
deghosting, wavefield separation, demulitple, data interpolation/regularization (for
down-going and/or up-going wavefields), redatuming (e.g., to free surface) and other
approaches known in the art. Deghosting and/or wavefield separation may be
applied on the source side or receiver side.

[0059] The recorded data that is used for migration may be data recorded by
any sensor type, examples include hydrophones, geophones, particle motion
sensors, particle velocity sensors, accelerometers, near-field hydrophones, near-field
accelerometers or other sensor configured to detect seismic energy. The data may
be from towed streamer, ocean-bottom sensor, OBS, (node or cable) acquisition,
land acquisition, transition zone campaign, or borehole (e.g., vertical seismic profile
(VSP), distributed acoustic sensing (DAS)).

[0060] The data may be recorded at a constant datum, or a variable datum
(e.g., variable depth streamer, or varying topography in land, e.g., floating datum). In
the case of land data, the geophone recordings may be propagated forwards and
backwards to form the multiple image, and the multiple image may be used to predict
multiples. In general, the terms OBN (ocean bottom node), OBC (ocean bottom
cable), OBS (ocean bottom survey/sensor), and PRM (permanent reservoir
monitoring) systems may be used interchangeably. The recorded data may be input
to multiple imaging before or after wavefield separation. OBN receiver gather data
may correspond to hydrophone, geophone (x, or, y, or, z), accelerometer, receiver-
upgoing, receiver-downgoing, etc.

[0061] Reflectivity, also known as an image of the subsurface, the migrated
image, or the image, is represented by the letter “r’ herein and describes how the

down-going wavefield may change into the up-going wavefield.
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[0062] Seismic sources are used to generate the seismic waves, whose
energies are then recorded by the various sensors as seismic data. The seismic
source may be any type of seismic source, examples include airgun, pinger, sparker,
boomer, marine vibrator, land vibrator, dynamite, etc. The source may be a single
source (e.g., single airgun) or an array of sources (e.g., airgun array).

[0063] A time dimension may be added to a seismic survey. A timelapse (also
known as 4D) survey is performed in an area where it is necessary to monitor
subsurface changes as a function of time. For this case, it may be necessary to
repeat seismic acquisitions over the same geographical area. The different
acquisitions are referred to herein as “vintages.” It is possible to designate one of the
vintages as a reference, or ‘baseline’, and the other vintages may be called ‘monitor’
datasets. Timelapse surveys may relate to monitoring of oil and gas reserves, or
may also be used, for example, to monitor carbon-capture fields or stability of wind
turbine farms after a storm.

[0064] To estimate the status of the seismic energy when moving from one
location to another location in the subsurface, the concept of wavefield extrapolation,
also known as wavefield propagation, is used. Seismic data extrapolation is a
method to simulate recordings of a wavefield at a position other to which it was
recorded. For example, for horizontal towed streamer acquisition, it is possible to
record hydrophone measurements at a depth of 12 m. Then, it is possible to
extrapolate these measurements to a new datum, for example, at 100 m depth. The
extrapolation may use an estimate of the subsurface properties, e.g., velocity,
anisotropy, absorption, etc. The extrapolation may be with one-way or two-way

extrapolations and may be forward or reverse in direction.
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[0065] As discussed above, it is possible to image the subsurface using only
the primaries, only the multiples, or both the primaries and the multiples. To fully
understand the benefits and advantages of the novel embodiments to be discussed
herein, a short summary about primary and multiples imaging is now presented.
Primary imaging using wavefield extrapolation involves deriving an image of the
subsurface (also known as reflectivity), r, through the application of an imaging
condition between a forward extrapolated source wavefield (down-going), s, and a
reverse extrapolated primary wavefield (up-going), p. Figure 4 schematically
illustrates the approach in which the image forms where the down-going source
wavefield Sr and the up-going primary wavefields Pr constructively interfere in the
subsurface 410 at the location 412. Note that in this example, both the source S and
the receiver R are located at the earth surface 402. Also note that the available
information is (1) information about the source, based on which the source wavefield
is being determined, and (2) the information recorded at the receiver R. The source
wavefield is down propagated to location 412, by a forward propagating operator,
after which it is multiplied by the reflectivity r, while the recorded data is backward or
reverse propagated from the receiver R to the location 412.
[0066] The image of the subsurface may be derived through an optimization
scheme, for example, solving for rin the following equations:

r = argmin||pg — Sprll3
where:
Sr(t,x,y,z): is a source wavefield forward extrapolated into the subsurface. The use
of capital-S relates to the fact the source wavefield is multiplied (convolved) by the
image of the subsurface;

r(x,y,z) : is the image of the subsurface;
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pr(t, x,y,2) :is the primary wavefield reverse extrapolated into the subsurface;

tis the recording time (seconds); and

(x,y,2) refer to the cartesian coordinates.

[0067] The optimized migration attempts to find an optimal image of the
subsurface, r, to model the known reverse extrapolated primary (up-going) data, pg,
which is illustrated in Table 1. This table indicates that the up-going primary arrivals

are being generated in primary imaging.

Table 1
Down-going Reflectivity Up-going
Source wavefield — Primary wavefield
[0068] The primary wavefield may be raw data, after denoise (e.g., swell noise

attenuation, demultiple), or after wavefield separation (e.g., PZ summation or
deghosting). It may be provided to the algorithm at the surface datum, or another
datum (e.g., ocean bottom survey data, or after re-datuming, for example, to free
surface). If an extended image is used, it will be necessary to modify the modelling
operator, Sk, accordingly. The datasets and operators may alternatively be
expressed in the temporal frequency domain.
[0069] The primaries may be modelled, i.e., it is possible to estimate primaries
in the space-time domain using an image r of the subsurface, as illustrated by the
following equation:

p = [SpT]F
[0070] In this case the forward extrapolated source wavefield, Sg, reflects from
the image r of the subsurface to generate a reflecting wavefield, Sgr. The reflecting
wavefield is subsequently extrapolated forward to the primary, p, recording positions

via the forward extrapolation operator (subscript F).
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[0071] As with primary imaging, the aim of multiple imaging is also to derive
an image of the subsurface but this time based on the multiples M and not the
primaries P. In the case of multiple imaging, the down-going data utilizes the
receivers R as secondary sources, thus significantly increasing the illumination from
the surface compared to the primary imaging. Multiple imaging may involve a single
iteration with an imaging condition or plural iterations to solve an optimized migration
problem, for example, by solving the following equation for r:

r = argmin||ug — Dpr||3
where
Dr(t,x,y,2) :is a forward extrapolated down-going data, before demultiple, utilizing
all receivers R as secondary sources. |deally this data should contain primaries and
multiples. It may optionally include direct arrival data. The use of capital-D relates to
the fact that the down-going wavefield is multiplied (convolved) by the image of the
subsurface; and
ur(t,x,y,z) :is an up-going wavefield, reverse extrapolated into the subsurface.
Ideally this wavefield should contain only free-surface multiples. In practice, this may
not be available, in which case an up-going wavefield containing primaries and
multiples may be used.
[0072] Figure 5 schematically illustrates how an image forms where down-
going dr and up-going ur wavefields coincide in the subsurface 410 at the location
412. The rays are shown for a forward extrapolated primary arrival, dr, turning into a
first order multiple, ur. Note that each receiver (for example R1) acts as a new
source of illumination of the subsurface. This approach also illuminates the
subsurface 410 where other multiple orders constructively interfere in the

subsurface, as schematically illustrated in Table 2.
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Table 2

Down-going Reflectivity Up-going
Primary wavefield — First order multiples
wavefield
First order multiples wavefield - Second order multiples
wavefield
Second order multiples wavefield — Third order multiples
wavefield
Third order multiples wavefield — Fourth order multiples
wavefield
Etc.
[0073] It also possible to use a multiple imaging approach using down-going

and up-going datasets derived from dual-sensor towed streamer recordings [6]. In
general, this approach may use any recorded data type, which may optionally have
undergone pre-processing. Up-going and down-going wavefields may correspond to
data after wavefield separation. It is also possible to use an up-going wavefield,
before or after redatum to the free-surface, for up-going and down-going wavefields.
Alternatively, it is possible to directly use the recorded data before wavefield
separation for up-going and down-going wavefields. Single iteration or optimized
migrations may be used. Multiple imaging may result in causal and anti-causal cross-
talk.

[0074] A third possible imaging approach is to combine the imaging of
primaries and multiples. The combination of primary and multiple imaging may
involve introducing a source wavefield (or direct-arrival) to the down-going wavefield

of the multiple imaging equations, as follows:
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r = argmin||pg + ug — (Sp + Dp)7|l5.
[0075] In this case, both the primary and multiple arrivals will be used in the
imaging, as illustrated in Table 3. In the above equation:
pr is the reverse extrapolated up-going primary arrivals;
uy is the reverse extrapolated up-going multiples; In general, pr + ugz may relate to
the recorded data, including both primaries and multiples;
S is the forward extrapolated source-wavefield; and

D is the forward extrapolated down-going wavefield including primaries and

multiples.
Table 3
Down-going Reflectivity Up-going
Source wavefield - Primary wavefield
Primary wavefield - First order multiples
wavefield
First order multiples - Second order multiples
wavefield wavefield
Second order multiples - Third order multiples
wavefield wavefield
Third order multiples - Fourth order multiples
wavefield wavefield
Etc.
[0076] This may improve the signal-to-noise ratio of the resulting image of the

subsurface and reduce cross-talk (especially anti-causal cross-talk, as any primaries

in the up-going wavefield will now be modelled from the source). The image of the
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subsurface may be formed directly using an imaging condition, but more commonly
an optimized migration scheme may be used.

[0077] While in theory this approach is attractive, in practice issues such as
accurate knowledge of the source wavelet, illumination limitations of the primary
wavefield, and balancing multiple and primary imaging contributions can cause
problems. For these, as well as other reasons, some authors modify the optimization
equations given above to include regularization constraints; e.g. total variation
regularization or Tikhonov regularization.

[0078] With application to OBN downgoing data, it is possible to forward
extrapolate downgoing data that includes the direct arrival (water-wave) and reverse
propagate downgoing data after direct arrival attenuation. In general, this approach
may use any recorded data type, which may have undergone pre-processing. Up-
going and down-going wavefields may correspond to data after wavefield separation.
It is also possible to use an up-going wavefield before or after redatum to the free-
surface. Alternatively, it is possible to directly use the recorded data before wavefield
separation. Single iteration or optimized migrations may be used. An alternative is to
combine primary imaging with multiple imaging post migration.

[0079] Cross-talk is a well-documented side-effect of multiple imaging, being
exhibited by spurious events in the image of the subsurface with a similar
appearance to multiples [7]. Causal cross-talk occurs whenever reverse extrapolated
up-going multiple energy is extrapolated beyond its actual reflection point and
interacts with the extrapolated down-going wavefield. With anti-causal cross-talk, this
effect occurs before its actual reflection point. Some imaging conditions have been
documented to behave differently than others in reducing cross-talk effects. The

deconvolution imaging condition has been well documented to reduce cross-talk
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relative to the cross-correlation imaging condition. The 2D deconvolution imaging
condition of Valenciano and Biondi [8] has been shown to further reduce cross-talk
by deconvolving plane waves across several shots. The multi-dimensional imaging
condition solves a least squares problem at each depth level.

[0080] Others describe ways of estimating causal and anti-causal cross-talk in
the image domain [7]. Causal cross-talk may be estimated by migrating a down-
going source wavelet, with an up-going multiples wavefield. Anti-causal cross-talk
may be estimated through migration of the down-going recorded data with up-going
primaries. Simple approaches to estimate a cross-talk image corresponding to water-
bottom contamination may involve shifting the image of the subsurface down to the
depth of the cross-talk, and adaptively subtracting.

[0081] The input data used for all these methods is now discussed. For towed
streamer applications, it is typical to image receiver side multiples in the shot
domain. Ideally the input data for multiple imaging should relate to receiver side
down-going and up-going wavefields. In the case that noise free dual-sensor
streamers are used, these wavefields can be conveniently derived using PZ-
summation and PZ-subtraction. In the case particle velocity data is not available, or
at temporal frequencies where it is too noisy to be used, wavefield separation may
be a function of hydrophone only measurements. Hydrophone only approaches
typically require knowledge of the receiver depth and the free-surface datum (e.g.,
either horizontal or variable datum). When this is the case, it is possible to perform
multiple imaging with hydrophone-only data, or with incomplete (noisy) dual- or multi-
sensor data. The approach may involve, for hydrophone only wavefield separation
for multiple imaging, (1) receiving hydrophone data following a source excitation, (2)

receiving the hydrophone recording positions in space, (3) receiving a free-surface
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datum definition above the receivers (for example, a horizontal datum, or varying
with wave-height), (4) using the hydrophone data, the free-surface datum definition,
and the hydrophone positions to estimate down-going and up-going wavefields, (5)
forward extrapolating the down-going wavefield to generate a forward extrapolated
down-going wavefield, (6) reverse extrapolating the up-going wavefield to generate a
reverse extrapolated up-going wavefield, and (7) generating an image of the
subsurface using the forward extrapolated down-going wavefield and the reverse
extrapolated up-going wavefield.

[0082] In other applications, it is possible to migrate source-side multiples Ms
in the receiver domain, for example, ocean bottom sensor or land data. In these
cases, it is possible to estimate down-going and up-going wavefields leaving the
sources and use these as input to multiple imaging. This approach may be
summarized as follows: (1) receiving recordings at a sensor recording signals from a
plurality of source excitations, (2) receiving the source excitation positions in space,
(3) receiving a free-surface datum definition above the sources (for example, a
horizontal datum, or varying with wave-height), (4) using the sensor recordings, the
source excitation positions and the free-surface datum definition to estimate source-
side down-going and up-going wavefields, (5) forward propagating the source-side
down-going wavefield to generate a forward extrapolated source-side down-going
wavefield, (6) reverse propagating the source-side up-going wavefield to generate a
reverse extrapolated source-side up-going wavefield, and (7) forming an image of
the subsurface using multiples in the forward extrapolated source-side down-going
wavefield and the reverse extrapolated source-side up-going wavefield. In either
source or receiver side applications, especially with constant source or streamer

depths, the data may be used for multiple imaging without wavefield separation or
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deghosting. In this case, the recordings (e.g., hydrophone, accelerometer,
geophone, etc.) may be used directly for the forward and reverse extrapolation
operations.

[0083] As described in [4], it is possible to use a re-datumed up-going
wavefield for both forward and reverse extrapolations with the following flow: (1)
receiving recordings at a sensor following a source excitation, (2) calculating an up-
going wavefield using the sensor recording, (3) redatuming the up-going wavefield to
the free-surface, (4) forward propagating the re-datumed up-going wavefield, (5)
reverse propagating the re-datumed up-going wavefield, and (6) forming an image of
the subsurface using the forward extrapolated re-datumed up-going wavefield and
the reverse extrapolated re-datumed up-going wavefield. In one application, it is
possible that the re-datumed down-going data is interpolated and regularized before
forward extrapolation, and/or the re-datumed up-going data is interpolated and
regularized before reverse extrapolation, and/or the re-datumed up-going data is
interpolated and regularized before forward extrapolation and before reverse
extrapolation, and/or the recordings are hydrophone recordings, and/or the
recordings are particle motion recordings (e.g., accelerometer, particle velocity,
geophone), and/or the recordings are hydrophone and particle motion recordings.
[0084] When migrating primaries, the down-going wavefield propagates from
the source position and is defined continuously at every bin position. The up-going
wavefield, on the other hand, is sampled discretely at the sensor positions, which are
generally irregularly sampled (for example, due to cable feather) and aliased (due to
cable spacing). With primary migration, the image will form when the primary arrival

constructively interferes with the continuously defined down-going source wavefield.
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This will constructively and destructively interfere with contributions from other
sensors and shots in the migration summation.

[0085] Multiple imaging uses recorded data for both up-going and down-going
wavefields. In addition, the image forms at many times down the trace, namely
whenever a down-going arrival constructively interferes with a following up-going
multiple order. Multiple imaging without interpolation typically results in a heavy level
of noise due to both down-going and up-going wavefields being irregularly sampled
and aliased. It is known in the art a method whereby recorded pressure and vertical
velocity data are separated into up-going and down-going pressure data, the up-
going and down-going pressure data are interpolated and regularized, and the
interpolated and regularized data is used to generate a seismic image.

[0086] In some embodiments, wavefield separation can work better if the
vertical particle velocity data is corrected with an obliquity correction. An obliquity
correction relates to an angular dependent scaling of particle velocity/motion data
based on the arrival angle of a seismic event to the sensor orientation. In some
embodiments, this correction may be made by transforming the input data to a
second domain (e.g., tau-p or FK domain), scaling the data, and reverse
transforming the data. The transform to a second domain will be more accurate in
the case of de-aliased and regularized data.

[0087] As such, in one embodiment, the following approach is taken: (1)
receive vertical particle velocity data, (2) interpolate and regularize the vertical
particle velocity data to generate interpolated and regularized vertical particle
velocity data, (3) apply an obliquity correction to the interpolated and regularized
vertical particle velocity data to generate obliquity corrected interpolated and

regularized vertical particle velocity data, (4) receive hydrophone data, (5) interpolate
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and regularize the hydrophone data to generate interpolated and regularized
hydrophone data, (6) generate wavefield separated data using the obliquity
corrected interpolated and regularized vertical particle velocity data and the
interpolated and regularized hydrophone data, and (7) use multiples in the wavefield
separated data for multiple imaging. These methods may be generalized to any
sensor type and any seismic source type. This may be for any of the multiple
migration or full wavefield migration methods discussed in this document for source
or receiver domain.

[0088] With this background, a novel multiple attenuation based jointly on a
source-side targeted multiple model Ms and a receiver-side multiple model Mg from
wave-equation deconvolution is now discussed. Source and receiver side short-
period surface-related multiples can have different timings and amplitudes. The term
“short-period” is defined herein as being a relative term that compares (a) a time
associated with a primary to reach a receiver R, after being emitted by a source S,
with (b) a time associated with a multiple between the source S and receiver R.
When this ratio is large, i.e., over 2, the surface-related multiples are considered to
be short-period.

[0089] These variations are typically dependant on the variability in depth of
the multiple generator, or when the primary is not horizontal, such that a signal
propagating down to the primary comes back to the receiver at a different
propagation angle. Figures 6A to 6E show multiples generated below a complex
basaltic sill feature. In this case, the receiver-side and source-side multiples relate to
a complex array of diffracted arrivals, as illustrated in Figures 6A and 6B,
respectively. One standard tool for Surface Related Multiple Elimination (SRME,

Berkhout and Verschuur, 1997) involves a convolution between the recorded data
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and an estimate of the primary energy (i.e., the multiple generators; often the data is
substituted for the estimate of primary energy). In shallow water settings, such as in
this embodiment, the short period multiple generators have often not been
sufficiently well recorded (i.e., there are not enough recordings with short enough
offsets), and as such the SRME method breaks down. In this case, it is possible to
turn to targeted multiple models [3 or 5], which use an interpretation of the main
multiple generator as a substitute for the primary estimate. Figures 6C and 6D show
targeted multiple estimates for source and receiver side multiples, respectively. A
difference in the character of the receiver-side (Figure 6C) and source-side (Figure
6D) multiple predictions can be seen as highlighted by the black and white arrows,
respectively. Figure 6E shows an alternative multiple estimate based on wave-
equation deconvolution as introduced in [4]. Wave-equation deconvolution is a
‘deconvolution-like’ approach that derives an image of the subsurface, which when
used to predict multiples following [2], is optimal. Wave-equation deconvolution may
be based on an optimized migration (e.g., solving a least-squares cost function) or
may be based on a deconvolution imaging condition. Note that the receiver-side
estimate, either from targeted multiple prediction or wave-equation deconvolution,
has a similar character.

[0090] While the receiver-side multiple estimates shown in Figures 6C and 6E
have similarities, the advantage of the estimates in Figure 6E is that it predicts
multiples from more than one multiple generator (see description in [4]). As
mentioned previously, SRME has difficulty in predicting short period multiples as the
minimum offset in towed streamer campaigns is not typically short enough to record

the shallow reflections at small enough reflection angles.
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[0091] The multiple prediction method of SRME (Berkhout and Verschuur,
1997) predicts the multiples by convolving data with the primaries. For a zero-offset
1D trace, all reflections included in the primary trace will convolve with all arrivals in
the data and result in a following order of reflection being modelled. These following
orders of reflection are known as multiples, which may be subtracted from the input
data in a seismic data processing step called demultiple. In higher dimensions, this
would involve a series of convolutions over a spatial aperture called a multiple-
contribution gather, following which the resulting trace-by-trace convolution results
may be summed. The spatial aperture may be in one spatial direction (for 2D data;
(x,t)) or two spatial directions (for 3D data; (x,y,t)).

[0092] In the case primaries have not been recorded, for example because
the minimum offset is beyond or close to the critical reflection angle, some of the
methods discussed above fail to provide a good quality image. To solve this
problem, a novel embodiment jointly uses (1) a source-side targeted multiple model
Ms, and (2) a receiver-side multiple model Mg from wave-equation deconvolution, to
attenuate the multiples that are recorded by the receivers. This method is now
discussed in more detail. Note that the receiver-side multiple model Mg relies on the
shot domain, i.e., those traces recorded by the receivers due to a single excitation
from a source, and those traces include direct arrivals, primaries, and multiples, as
schematically illustrated in Figure 7A. Figure 7A shows a direct arrival 710 being
recorded by receiver R1, a primary 712 being recorded by receiver R2, and a
multiple being recorded by receiver R3. Note the water bottom 720, and a reflector
722 (multiple generator) located within the subsurface 410. The source-side multiple

model Ms relies on the receiver domain, i.e., all the shots received by a single
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receiver as schematically illustrated in Figure 7B, which shows a single receiver R
recording plural seismic waves coming from different sources S1, S2.

[0093] Source and receiver side short-period surface-related multiples
(illustrated in Figures 2A and 2B) can have different timings and amplitudes. These
variations are typically dependant on the variability in depth of the multiple generator
(e.g., surface 722 in Figure 7A) or when the primary is not horizontal, such that
signal propagating down to the primary comes back to the receiver at a different
propagation angle.

[0094] If the primaries are missing due to the shallow water settings, the
traditional SRME approach breaks down as an estimate of the primaries is used.
Thus, [3] solves this problem by using a source-side targeted multiple model Ms,
which for the case that the water bottom reflection is a strong multiple generator,
estimates a Green’s function of the water bottom reflection based on knowledge of
the water-bottom depth, the velocity of sound in water, and the source and receiver
positions. Using ray tracing or Pythagoras travel-time estimation based on the
source-receiver geometry, it is then possible to simulate a spike arrival at the time of
the anticipated water-bottom primary arrival and convolve this with the recorded
data. In 1D, such a convolution would relate to a temporal shift of the recorded data
by the timing of the spike. 2D or 3D multiple-contribution gather apertures, as
described above in the context of SRME, may also be used. This allows the source-
side targeted multiple model Ms approach to be used for non-zero-offset data, non-
horizontal multiple generators, and varying velocity fields. The substitution of a

primary arrival is responsible for the generation of multiples.
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[0095] More specifically, [3] assumes that the multiple M can be obtained by
convolving the recorded data D with the primary reflections P followed by a source
deconvolution (see [1]):

M = D®P =+ §.
[0096] In this equation, the primaries P and the source S are unknown. The
source-side targeted multiple model Ms replaces the term P = S in the above

equation with a modelled Greens function as follows:

G(s,r;w) = fG(s,x; wW)R(s,x,1)G(x,1; w)dx
I'x)

where s and r are the source and receiver locations, respectively, I'(x) is the pre-
defined water bottom, R(s, x, ) represents the reflectivity at the location x
corresponding to the source and receiver pair (s,r). The Greens function can be
calculated using Wave Equation Modelling (WEM) as discussed in [2] or [5] or can
be a Kirchhoff demigration of the multiple-generating horizon. The multiple M can

then be obtained as follows:
M(s,1r;w) = fD(s, ;)G r; w)dr'.

[0097] This approach removes the cross-talk between multiples and does not
suffer from spectral distortion caused by the extra source wavelet.

[0098] An alternative approach to convolution driven modelling of multiples is
to use wave-equation extrapolation approaches. This approach may use shot-
domain propagations to predict receiver-side multiples, or receiver-domain
propagations to predict source-side multiples. As an example in the shot domain,
and given a subsurface reflectivity estimate r(x,y,z), [2] describes an approach

whereby recordings over a range of receivers may be forward extrapolated into the
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earth. Using an estimate of the velocity of sound in the subsurface, the extrapolation
estimates recordings which would have made if the wavefield had continued its
propagation forwards into the earth. The forward extrapolated data may be multiplied
by the subsurface reflectivity, and this reflecting wavefield may be further forward
extrapolated to the free surface. Typically, one-way extrapolation approaches may
be used, where data extrapolated to a depth in the subsurface may be simulated
with knowledge of the sub-surface velocities. This approach may involve forward
extrapolation of data recorded at receivers from a single shot-point (shot-domain).
Alternatively, based on the reciprocity theorem, whereby the shot and receiver
positions may be interchanged, data generated by a number of shotpoints and
recorded by, or simulated at, a single receiver location may be forward extrapolated
into the subsurface (receiver-domain). In the case a receiver location is simulated, it
may relate to a selection of towed streamer channel positions at a surface-consistent
location.
[0099] More specifically, the receiver-side multiple model Mg assumes that the
migrated data is a reliable representation of the actual surface reflectivity. This
model, similar to the SRME model, assumes the following relationship between the
primaries and multiples:

D=(—-s"1«P)1xp,
where D is the data and P the primaries, and thus, the multiples M are given by D —
P. The symbol * stands here for a multidimensional surface-consistent convolution
operator and s~ is the inverse wavelet. This expression can be expanded using a

Neumann series to be:

D =

i(s—lp)"] P
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and then developed to become:
D=P+ (s 1*«P)!«xP+(s7t%xP)2*P+--
=P+ M, + My + -
= P + receiver — side multiple model
[0100] Each term in the series above describes an operation of the receiver-
side multiple model Mg; from primaries, generated or recorded, one or more
iterations are applied to the previous result with a primaries generator tool, to obtain
the various orders of multiples. In other words, while the SRME model provides all
orders of multiple with the right kinematics, the receiver-side multiple model Mg
generates in a first iteration the primaries P, in a second iteration the first-order
multiples My, and so on, as illustrated in Figures 8A to 8D, which corresponds to
Figures 1A to 1D of [2]. In other words, the receiver-side multiple model Mg
generates a next order multiple at each iteration.
[0101] For the case when the reflectivity for the wave-equation multiple
modelling approach discussed above is not known, it may be represented by a
spikey horizon at the depth of a primary event that is substantially responsible for
generating multiples. This targeted wave-equation multiple prediction approach was
described in [5].
[0102] The approach of [5] overcomes the case where the reflectivity is not
known, but is typically targeted for just one multiple generator. In the case the
multiple generators of interest are not fully known, it is possible to invert for an
optimal reflectivity responsible for changing the data into multiples. This approach
has some similarities with deconvolution, but in this case the prediction operator is
expressed as a reflectivity image in the depth domain rather than a convolutional

filter in the space-time domain.
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[0103] The approach of [4], called herein “multiple periodicity method,”
involves solving the linear operations of the multiple modelling approach of [2] for the
optimal reflectivity, i.e., solving:

m(t,x,y) = F'®(f,x,y,2)Do(f, x, ¥, 2)7(x, y, 2).
In this equation:
r(x,y, z) is the earth reflectivity;
Do (f, x,y,z) is the forward extrapolated down-going wavefield expressed as a
convolution operator that is applied to the reflectivity. The convolution of this operator
with the earth reflectivity results in a reflecting wavefield;
@(f,x,y,z) is the forward extrapolation operator to be applied to the reflecting
wavefield;
F~1is the reverse Fourier transform in the time domain; and
m(t, x,y) are the recorded multiples in a space-time domain. Thus, the multiple
periodicity method essentially forward extrapolates a down-going field, convolutes
this field with a reflectivity which results in a reflecting wavefield, forward
extrapolates the reflecting wavefield, and reverse Fourier transforms the result to the
time domain.
[0104] As the multiples, m, will not typically be known, the data itself may be
used as a substitution. A minimum image depth will prevent the trivial solution of a
spike at zero-depth, similar to a predictive deconvolution gap. Sparseness weights
may be added to the equation to insist on the reflectivity having a sharp response at
the depth of a known reflection, for example the water bottom.
[0105] The source-side targeted multiple model Ms and the receiver-side
wave-equation deconvolution multiple model Mg discussed above are now used to

jointly attenuate the multiples. According to this embodiment, which is schematically
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illustrated in Figure 9, the novel method receives in step 900 the input data D for a
plurality of shots and a plurality of receivers R which contain a surface related
multiple content M=Ms+Mg, where the input data D is in a space-time domain
following excitation of a seismic source S. In step 902, the method obtains (e.g.,
receives or calculates) an interpretation of a multiple generator, i.e., a position in the
subsurface of the surface that generates the multiple (see, for example, surface 722
in Figure 7A). In step 904, a source-side targeted multiple model Ms is generated, as
discussed above with regard to Figure 7B. The source-side targeted multiple model
Ms is calculated based on the input data D and the interpretation of the multiple
generator 720. Shot and receiver positions required for convolutions within the
multiple contribution gather that have not been recorded may be generated by
spatial interpolation and extrapolation.

[0106] In step 906, the method then estimates an image re of the multiple
generators 722 based on the multiple periodicity approach, i.e., using the image
generated based on multiple periodicity method discussed above. This step uses the
input data for calculating the image. In step 908, the method generates the receiver-
side multiple model Mg (see method discussed above with regard to Figures 8A to
8D) using a wavefield propagation of the input data D and the image re of the
multiple generators.

[0107] Once the source-side multiple model Ms and receiver-side multiple
model Mg are estimated, the method generates in step 910 the multiple attenuated
data, i.e., calculates the demultiple data DD, which includes subtracting the source-
side multiple model Ms and the receiver-side multiple model Mg from the input data
D. The subtraction may relate a straight subtraction or an adaptive subtraction. The

demultiple data DD may then be used to generate a final image r of the subsurface.
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Note that the terms “multiple model” and “multiple estimate” are used
interchangeably in these embodiments. Having the demultiple data DD, it is possible
to calculate an improved image (reflectivity) of the surveyed subsurface as this data
more accurately represents the subsurface. Note that the multiples are in a sense
spurious energy reflections from the free water surface. The demultiple attenuation
method discussed with regard to Figure 9 also replaces several steps in
conventional processing, i.e., encompassing tau-p predictive deconvolution and
Radon demultiple. These steps are computationally intensive and thus, the present
demultiple attenuation makes these steps redundant and improves the efficiency of
the computing system that runs such method.

[0108] To test the capabilities of this method, the following experiments have
been performed. A set of raw seismic data has been processed without any
demultiple algorithm, and the image shown in Figure 10A has been obtained. When
the same raw seismic data has been processed using a targeted demultiple
approach, which is known in the art, the image shown in Figure 10B has been
obtained. The same data has been also processed with the novel demultiple jointly
using multiple models from wave-equation deconvolution and a source-side targeted
multiple prediction method, i.e., the method of Figure 9. The obtained image is
shown in Figure 10C. A reduction in the level of residual multiple may be seen on the
joint approach in Figure 10C, as highlighted by the arrows.

[0109] The method of Figure 9 may be implemented with any of the following
conditions or variations. The input data D may be the result of any seismic
acquisition type, e.g., towed-streamer, ocean bottom sensor, land, nearfield
hydrophone, transition zone data, or VSP. The seismic source corresponding to the

acquisition may be impulsive (e.g., airgun or dynamite) or non-impulsive (e.qg.,

37



vibrator or non-synchronized airgun firing). The receivers corresponding to the
acquisition may be hydrophones, geophones, accelerometers, near-field
hydrophones, DAS, etc. The image of the subsurface may be used to
identify/interpret/exploit a sub-surface resource, such as, but not limited to, oil and
gas, geothermal, mineral reserves, etc.

[0110] In one application, the interpretation of a multiple generator in step 902
may relate to a horizon interpretation in a space-depth domain, or to a horizon
interpretation in a space-time domain. The source-side targeted multiple model may
relate to the method described in [3], or alternatively, to a method described in [5].
The step 906 of estimating an image of the multiple generators involves, in one
application, a correlation or deconvolution between a forward-propagated and a
reverse-propagated wavefield. In another application, this step involves a
deconvolution imaging condition, for example following [6]. Note that the methods
described in [2] to [6] are so well known in the art that one skilled in the art would
know, when reading the method in Pica, or the method in Wang, or the method in
Poole, or the method Wiggins, or the method in Whitmore, the exact steps to be
performed to achieve the results of that method. For this reason, there are instances
in this document where the method of an “author” is used. The step 906 of
estimating an image of the multiple generators may involve a least squares
migration, e.g., the method of [4]. This may or may not involve sparseness. The step
908 of generating a receiver-side multiple model may follow the method of [2]. The
step 910 of attenuating may involve an adaptive subtraction.

[0111] In one embodiment, which may be combined with other embodiments
discussed herein, a second-order multiple model is derived, and the second-order

multiple order model is subtracted as well as the source-side and receiver-side
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multiple models from the input data in step 910. The second-order multiple model,
for example, may include two multiple predictions applied one after another as
follows:
- Source-side targeted multiple prediction followed by receiver-side targeted
multiple prediction;
- Receiver-side targeted multiple prediction followed by source-side targeted
multiple prediction;
- Source-side targeted multiple prediction followed by receiver-side wave-
equation prediction;
- Source-side targeted multiple prediction followed by receiver-side SRME
prediction;
- Other combinations of known multiple prediction methods.
[0112] In yet another embodiment, which may be combined with other
embodiments discussed herein, it is possible that the pure source-side multiples
(highlighted by the rectangle in Figure 11) are attenuated from the input data prior to
the step 906 of estimating an image of the multiple generators. This process may
involve: generating a receiver-side targeted multiple model; generating a source-side
targeted multiple model; generating recursive source-side and receiver-side targeted
multiple models (either source-followed-by-receiver, or receiver-followed-by-source);
and subtracting scaled versions of the above multiple models to attenuate the pure
source-side peg-leg multiples only. This embodiment may involve a calibration of the
multiple models to the input data. In yet another variation, pure-source side multiples
are attenuated from the seismic data to generate pure-source side attenuated
multiples data, and the pure-source side attenuated multiples data is used in the

multiple periodicity method discussed above with regard to [4]. According to this
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variation, a source-side multiple model is subtracted from the seismic data followed
by the addition of mixed-side multiples (i.e., multiples due to both the source and
receiver sides) to create the pure-source side attenuated multiples data.
[0113] It is then possible to derive a wave-equation deconvolution reflectivity
to predict data with attenuated pure source-side multiples from input data including
all multiples. This approach may then have better amplitude prediction of the
multiples and less cross-talk in the reflectivity. For clarity, standard wave-equation
deconvolution may involve a forward propagation of the input data, and a reverse
propagation of the input data. The modified approach may involve a forward
propagation of the input data and a reverse propagation of pure source-side multiple
attenuated data. In this regard, for the equation from [4]

m(t,x,y) = F'O(f,x,y,2)Do(f, x, ¥, 2)r(x,y,2)
both the input data D and the multiples m may use the input data. However, for the
modified wave-equation deconvolution, D may relate to the input data with all
multiples, and m may relate to data after attenuating pure source-only peg-leg
multiples. Once the image has been found, it may be used to model multiples using
[2] and subsequently attenuate multiples from either the original input data or the
data after attenuating pure source-only peg-leg multiples.
[0114] The method illustrated in Figure 9 is just one novel method for
improved demultiple-based imaging. Other methods are now discussed that use the
estimated multiples for imaging. One of these methods is called herein “multiple
imaging using shot-domain and receiver-domain datasets.” This method is based on
the finding that an optimal solution for ris based on the following equation:

()= (2

where

40



Hyr is down-going shot-domain data forward extrapolated into the subsurface. The
upper-case matrix notation relates to the fact that this data will multiple/convolve;
Cqr is down-going receiver-domain data forward extrapolated into the subsurface.
The upper-case matrix notation relates to the fact that this data will
multiple/convolve;

h,r is up-going shot-domain data reverse extrapolated into the subsurface.

cur IS UP-going receiver-domain data reverse extrapolated into the subsurface.
[0115] According to this method, as illustrated in Figure 12, there is a step
1200 of receiving a first shot-domain dataset D corresponding to a source excitation
recorded by a plurality of receivers R, a step 1202 of receiving a second receiver-
domain dataset D2 corresponding to a fixed receiver location recording signals
following a plurality of source excitations, a step 1204 of deriving a first image r; of
the subsurface using the first shot-domain dataset Dy, based on the factors H, » and
h,,r and their relationship noted in the equation above, a step 1206 of deriving a
second image rz of the subsurface using the second receiver-domain dataset D2,
based on the factors C, r and ¢, x and their relationship noted in the equation above,
and a step 1208 of combining the first image rs of the subsurface and the second
image r2 of the subsurface to generate a combined image r of the subsurface.
[0116] For this method, the first and second datasets may include only
primary arrivals, or both primary and multiple arrivals, or only multiple arrivals. The
step 1208 of generating a combined image of the subsurface involves primary
imaging of the first and second datasets, or multiple imaging of the first and second
datasets, or joint imaging of primary and multiple arrivals in the first and second
datasets. In one application, the step 1208 includes summing together the image

from step 1204 and the image from step 1206.
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[0117] The combined image of the subsurface may be later used in an
optimized imaging approach to generate a combined optimized image of the sub-
surface. In one application, the combined image of the subsurface defines a starting
residual in a combined optimized imaging of the subsurface. In another application,
the combined image of the subsurface defines a starting guess to the combined
optimized image of the subsurface.

[0118] The first dataset may include a down-going first dataset and an up-
going first dataset, where the down-going first dataset is forward extrapolated into
the subsurface to generate a down-going forward extrapolated first dataset and the
up-going first dataset is reverse extrapolated into the subsurface to generate an up-
going reverse extrapolated first dataset. The down-going forward extrapolated first
dataset and the up-going reverse extrapolated first dataset are used to calculate the
first image of the subsurface. An imaging condition is used to calculate the first
image of the subsurface, e.g., the last equation discussed herein.

[0119] The second dataset may include a down-going second dataset and an
up-going second dataset. The down-going second dataset is forward extrapolated
into the subsurface to generate a down-going forward extrapolated second dataset
and the up-going second dataset is reverse extrapolated into the subsurface to
generate an up-going reverse extrapolated second dataset. The down-going forward
extrapolated second dataset and the up-going reverse extrapolated second dataset
are used to calculate the second image of the subsurface. The same imaging
condition as for the first dataset or a different one may be used to calculate the
second image of the subsurface.

[0120] In one application, a velocity model of the subsurface is received, and

the velocity model is used to extrapolate the datasets. In this or another application,
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the plurality of receivers corresponding to the first dataset are towed behind a vessel
or the plurality of receivers are on the seabed (OBN or OBC) or the receivers are
disposed in a wellbore (VSP). The fixed receiver location corresponding to the
second dataset is recorded by a towed streamer or located on the seabed (OBN or
OBC) or located in the wellbore (VSP). The fixed receiver location corresponding to
the second dataset may be recorded by a towed streamer and corresponds to a
surface consistent position based on different recording channels from different
shots. In one application, the first dataset is recorded by a towed streamer and the
second dataset is recorded by a sensor positioned on the seabed. Other
combinations are possible, e.g., land data and VSP data.

[0121] The migration used in the method may be an optimized migration, i.e.,
a least-squares migration, for example following [4]. The optimized migration may be
performed using an iterative solver, e.g., steepest descent or conjugate gradients.
The optimized migration may involve minimizing a cost-function that is a combination
of the first and second datasets. A cost-function used with the migration may be in
the image domain, or the data domain. The input data may be after pre-processing.
[0122] The up-going and down-going datasets discussed above relate to
receiver-side primary and ghost arrivals, or to source-side primary and ghost arrivals.
In one application, an up-going dataset is used for up-going and down-going
datasets. The up-going dataset may be extrapolated to the free-surface and used for
up-going and down-going datasets. When the least-squares multiple imaging using
towed-streamer data, OBN data, and jointly towed-streamer and OBN data (the
method of Figure 12) is generated, small scale features are better resolved on the
joint imaging result and there is a lower noise level using the joint cost function then

the other two methods.
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[0123] For the method discussed above with regard to Figure 12, i.e., the
method for multiple imaging a subsurface using shot-domain and receiver-domain
datasets, this method 1. may include the steps of:

[0124] receiving (1200) a first shot-domain seismic dataset Dy;

[0125] generating (1204) a first image rs of the subsurface based on the first
shot-domain seismic dataset Dy;

[0126] receiving (1202) a second receiver-domain seismic dataset Dy;
[0127] generating (1206) a second image r2 of the subsurface based on the
second receiver-domain seismic dataset Dz; and

[0128] combining (1208) the first image rs of the subsurface with the second
image rz of the subsurface to generate a combined image r of the subsurface.
[0129] According to some aspects of this embodiment, it is possible that:
[0130] 2. the combined image uses a joint imaging of multiples of the first

shot-domain seismic dataset D; and multiples of the second receiver-domain seismic

dataset Do.

[0131] 3. the joint imaging of multiples involves applying a least squares
migration.

[0132] 4. the first shot-domain seismic dataset D includes a down-going first

dataset and an up-going first dataset, the down-going first dataset is forward
extrapolated into the subsurface to generate a down-going forward extrapolated first
dataset, and the up-going first dataset is reverse extrapolated into the subsurface to
generate an up-going reverse extrapolated first dataset.

[0133] 5. the down-going forward extrapolated first dataset and the up-going
reverse extrapolated first dataset are used to calculate the first image of the

subsurface.
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[0134] 6. the second shot-domain seismic dataset D2 includes a down-going
second dataset and an up-going second dataset, the down-going second dataset is
forward extrapolated into the subsurface to generate a down-going forward
extrapolated second dataset, and the up-going second dataset is reverse
extrapolated into the subsurface to generate an up-going reverse extrapolated
second dataset.

[0135] 7. the down-going forward extrapolated second dataset and the up-
going reverse extrapolated second dataset are used to calculate the second image
of the subsurface.

[0136] 8. first shot-domain seismic dataset corresponds to a towed streamer
acquisition and the second receiver-domain seismic dataset corresponds to an
ocean bottom sensor acquisition.

[0137] 9. the first shot-domain seismic dataset and the second receiver-
domain dataset correspond to a towed streamer acquisition.

[0138] 10. the first shot-domain seismic dataset and the second receiver-
domain dataset correspond to an ocean bottom sensor acquisition.

[0139] 11. a computing system (1800) for multiple imaging a subsurface using
shot-domain and receiver-domain datasets includes,

[0140] an interface (1808) configured to receive (1200) a first shot-domain
seismic dataset D7 and also to receive (1202) a second receiver-domain seismic
dataset D2; and

[0141] a processor (1802) connected to the processor and configured to,
[0142] generate (1204) a first image ry of the subsurface based on the first

shot-domain seismic dataset Dy,
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[0143] generate (1206) a second image r2 of the subsurface based on the
second shot-domain seismic dataset D2, and

[0144] combine (1208) the first image rs of the subsurface with the second
image r2 of the subsurface to generate a combined image r of the subsurface.
[0145] The system may be configured such that,

[0146] 12. the combined image uses a joint imaging of multiples of the first

shot-domain seismic dataset D; and the second receiver-domain seismic dataset Da.

[0147] 13. the joint imaging of multiples involves applying a least squares
migration.
[0148] 14. the first shot-domain seismic dataset Dy includes a down-going first

dataset and an up-going first dataset, the down-going first dataset is forward
extrapolated into the subsurface to generate a down-going forward extrapolated first
dataset, and the up-going first dataset is reverse extrapolated into the subsurface to
generate an up-going reverse extrapolated first dataset.

[0149] 15. the down-going forward extrapolated first dataset and the up-going
reverse extrapolated first dataset are used to calculate the first image of the
subsurface.

[0150] 16. the second shot-domain seismic dataset Dz includes a down-going
second dataset and an up-going second dataset, the down-going second dataset is
forward extrapolated into the subsurface to generate a down-going forward
extrapolated second dataset, and the up-going second dataset is reverse
extrapolated into the subsurface to generate an up-going reverse extrapolated

second dataset.
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[0151] 17. the down-going forward extrapolated second dataset and the up-
going reverse extrapolated second dataset are used to calculate the second image
of the subsurface.

[0152] 18. the first shot-domain seismic dataset corresponds to a towed
streamer acquisition.

[0153] 19. the second receiver-domain seismic dataset corresponds to an
ocean bottom sensor acquisition.

[0154] 20. the first shot-domain seismic dataset and the second receiver-
domain dataset correspond to a towed streamer acquisition.

[0155] 21. the first shot-domain seismic dataset and the second receiver-
domain dataset correspond to an ocean bottom sensor acquisition.

[0156] Another novel imaging method is now discussed, and this method is
referred to as the “optimized multiple migration using a cross-talk attenuated
migration as a starting point.” The optimized multiple imaging may produce an image
of the subsurface with reduced cross-talk contamination. Optimized migrations may
involve many iterations, which can be costly. In this embodiment, an image of the
subsurface after cross-talk attenuation is used as a starting point for an optimized
multiple imaging approach. In the case the image of the subsurface after cross-talk
attenuation is a good representation of the subsurface, it may accelerate
convergence of the optimized migration problem. This cross-talk attenuated image
may optionally include data regularization and/or interpolation for the forward and/or
reverse propagated wavefields.

[0157] The method includes, as illustrated in Figure 13, a step 1300 of
receiving seismic data D, which may include surface related multiples M after

excitation of a source S. The method receives in step 1302 a velocity model
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corresponding to seismic wavefield extrapolation in the subsurface. Then, in step
1304, the method forward extrapolates the seismic data D to generate forward
extrapolated seismic data (at a given datum) using the velocity model. In step 1306,
the method reverse extrapolates the seismic data (at the same datum) to generate
reverse extrapolated seismic data using the velocity model. In step 1308, the method
generates an image r of the subsurface with reduced cross-talk, using the forward
extrapolated seismic data and the reverse extrapolated seismic data. The cross-talk
attenuated image is used then in step 1310, as a starting point, for an optimized
migration based on any of the above discussed processes.

[0158] The seismic data received in step 1300 relates to any data type. For
example, the seismic data may include up-going and down-going datasets. The up-
going and down-going datasets relate to receiver-side primary and ghost arrivals, or
the up-going and down-going datasets relate to source-side primary and ghost
arrivals. In one application, it is possible that the up-going dataset is used for up-
going and down-going datasets. In another application, the up-going dataset is
extrapolated to the free-surface and used for up-going and down-going datasets.
The seismic data may be pre-processed prior to the step 1304. The step 1308 of
generating an image of the subsurface with reduced cross-talk may, for example,
involve subtracting cross-talk from the image of the subsurface after multiple imaging
as previously discussed. Alternatively, it may involve using an imaging condition
which results in less cross-talk, or any other approach which reduces cross-talk
compared to a cross-correlation or deconvolution imaging condition. The step 1310
of optimized migration may be a migration of primaries, a migration of multiples, or a

migration of primaries and multiples, as also discussed above.
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[0159] As an example of step 1310, it is possible to solve the following
equation for r:
DIug =~ DEDgpr
by:
- calculating the starting residual, €, = DI ug;
- applying a Hessian (DI Dy) to the cross-talk attenuated image, 7.,:
h.q = DEDg1,,. This step may involve modelling data using the cross-talk
attenuated image, and then migrating using the modelled data;

- calculating the step length and then summing over all values in the images:

_ X €o*€g ,
Zfo*hca,

- updating the residual: €;= €y — ah,;
- initializing the image of the subsurface: r, = aey; and
- further updating the image using the updated residual €; and the initial image
of the subsurface, r,, e.g., using steepest descent, inverse Hessian or
conjugate gradients.
[0160] After deriving an image of the subsurface with (1) no cross-talk
attenuation, (2) with cross-talk attenuation, and (3) optimized multiple imaging using
the image of the subsurface with cross-talk attenuation as a starting point as
discussed above with regard to Figure 13, it was found that the optimized multiple
imaging shows an improvement in lateral resolution.
[0161] Another novel imaging method is now discussed with regard to Figure
14. This method is referred herein to as the “combined OBS multiple imaging with
nearfield sensor imaging.” As previously discussed, ocean bottom sensor (node or
cable) data may be used for multiple imaging. This may fill in acquisition gaps

relating to primary imaging related to the node spacing. OBS multiple imaging,
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however, may be limited in (vertical) resolution due to the maximum frequency
available in the recorded data (e.g., 250 Hz for 2 ms sampled data, or 125 Hz for 4
ms sampled data). For OBS campaigns, nearfield sensor data may also be available,
which may also be used for imaging. Nearfield sensors may be nearfield
hydrophones (NFH) or other nearfield sensors, e.g., geophones or accelerometers.
A nearfield sensor is a sensor that is typically placed on an active source, on a
passive source, or very close to the source, e.g., less than 25 m. For this discussion,
the term “NFH” is used to mean any type of nearfield sensor. Such images, however,
may be contaminated by noise at low frequencies due to direct arrival contamination,
residual source signature bubble or high noise levels, as the sensor sits next to the
source. For example, NFH data may be too noisy to use under 20 Hz to 40 Hz.
Nearfield sensors may also relate to mini-streamers towed, for example, beneath the
source.

[0162] In one embodiment, it is proposed to combine multiple imaging from
ocean bottom sensor data with NFH primary imaging (e.g., using active or passive
NFH recordings). The active NFHs may be attached to the firing source. The passive
NFHs may be attached to a non-firing source towed by the same vessel as the active
source. Alternatively, the passive NFHs, which are attached to a non-firing source,
may be towed by a second vessel, and situated more than 25 m from the firing
source.

[0163] This method, as illustrated in Figure 14, may include a step 1400 of
receiving NFH data following excitation of a first active seismic source, a step 1402
of generating a NFH image of the subsurface using the NFH data, a step 1404 of
receiving OBS data following the excitation of a second active seismic source (which

may be the same source as in step 1400, or a different source), a step 1406 of
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generating an OBS image of the subsurface using the OBS data, and a step 1408 of
combining the NFH image of the subsurface with the OBS image of the subsurface
to create a final image of the surface. This step may use the same approach as the
step 1208 discussed above with regard to Figure 12.

[0164] The method may include one or more of the following steps: the NFH
data is processed to remove bubble contamination, and/or the NFH data is
processed to remove direct-arrival contamination, and/or the NFH data is processed
to remove multiples, and/or the NFH data is processed to remove free-surface
ghosts. In one application, the NFH data is recorded at a smaller sample rate to the
OBS data. The OBS image of the subsurface may be generated using multiple
imaging. The NFH image of the subsurface may be generated using primary
imaging. The OBS image of the subsurface may be generated using an optimized
migration. The OBS imaging may be performed in the receiver domain.

[0165] In one application, the OBS image of the subsurface and the NFH
image of the subsurface overlap in frequency. A high-cut filter may be applied to the
OBS data or the OBS image of the subsurface, and a low-cut filter may be applied to
the NFH data or the NFH image of the subsurface before they are combined. The
step 1408 of combining the NFH image of the subsurface and the OBS image of the
subsurface may include summing them together.

[0166] Further, the method discussed in Figure 14 may be modified so that a
filter is applied to the NFH image of the subsurface to match amplitudes to the OBS
image of the subsurface, and/or a filter is applied to the OBS image of the
subsurface to match amplitudes to the NFH image of the subsurface. The filter may

be derived in a frequency range where the NFH image of the subsurface and the
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OBS image of the subsurface both have a signal content. In one application, both the
NFH data and/or OBS data are pre-processed.

[0167] An imaging method 1. that combines ocean bottom sensor, OBS,
multiple imaging with nearfield hydrophone, NFH, imaging, includes the steps of
[0168] receiving (1400) NFH data, which is generated by an excitation of a
first active source;

[0169] generating (1402) a NFH image of a subsurface, which is surveyed
with the first active source, based on the NFH data;

[0170] receiving (1404) OBS data, which is generated by the excitation of a
second active source, which is different from the first active source, and the OBS is

located on a water bottom;

[0171] generating (1406) an OBS image of the subsurface, based on the OBS
data; and
[0172] combining (1408) the NFH image of the subsurface with the OBS

image of the subsurface to create a final image of the subsurface.

[0173] The method 1. may include one or more of the following aspects.
[0174] 2. the NFH data is recorded at a smaller sample rate than the OBS
data.

[0175] 3. the NFH image of the subsurface is generated using primary
imaging.

[0176] 4. the OBS image of the subsurface is generated using an optimized
migration.

[0177] 5. the step of generating the OBS image is performed in the receiver
domain.
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[0178] 6. the OBS image of the subsurface and the NFH image of the
subsurface overlap in frequency.

[0179] 7. applying a high-cut filter to the OBS data or the OBS image of the
subsurface; and

[0180] applying a low-cut filter to the NFH data or the NFH image of the
subsurface before the OBS image is combined with the NFH image.

[0181] 8. applying a filter to the NFH data or the NFH image to match
amplitudes to the NFH image of the subsurface to the OBS image of the subsurface.
[0182] 9. the step of combining sums the NFH image of the subsurface with
the OBS image of the subsurface.

[0183] 10. the NFH is mounted on the first active source, mounted on a
passive source, or less than 25 m away from the first active source.

[0184] 11. A computing system (1800) for imaging that combines ocean
bottom sensor, OBS, multiple imaging with nearfield hydrophone, NFH, imaging,
may include

[0185] an interface (1808) configured to receive (1400) NFH data, which is
generated by an excitation of a first active source, and also to receive (1404) OBS
data, which is generated by the excitation of a second active source, which is

different from the first active source, and the OBS is located on a water bottom; and

[0186] a processor (1802) connected to the interface (1808) and configured
to,
[0187] generate (1402) a NFH image of a subsurface, which is surveyed with

the first active source, based on the NFH data,
[0188] generate (1406) an OBS image of the subsurface, based on the OBS

data, and
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[0189] combine (1408) the NFH image of the subsurface with the OBS image

of the subsurface to create a final image of the subsurface.

[0190] The system may include one or more of the following aspects,

[0191] 12. the NFH data is recorded at a smaller sample rate than the OBS
data.

[0192] 13. the NFH image of the subsurface is generated using primary
imaging.

[0193] 14. the OBS image of the subsurface is generated using an optimized
migration.

[0194] 15. generating the OBS image is performed in the receiver domain.
[0195] 16. the OBS image of the subsurface and the NFH image of the

subsurface overlap in frequency.

[0196] 17. the processor is further configured to:

[0197] apply a high-cut filter to the OBS data or the OBS image of the
subsurface; and

[0198] apply a low-cut filter to the NFH data or the NFH image of the
subsurface before the OBS image is combined with the NFH image.

[0199] 18. applying a filter to the NFH data or the NFH image to match
amplitudes of the NFH image of the subsurface to the OBS image of the subsurface.
[0200] 19. the processor is further configured to sum the NFH image of the
subsurface with the OBS image of the subsurface to obtain the combined image.
[0201] 20. the NFH is mounted on the first active source, mounted on a
passive source, or positioned less than 25 m away from the first active source.
[0202] Another novel method is now discussed with regard to Figure 15, and

this method is called herein “attenuation of residual multiples.” Multiple prediction
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based on SRMM [2] requires the multiple generators to have been adequately
recorded by the sensors. As previously discussed, in shallow water regions, this may
be problematic, as such an image of the subsurface used for multiple prediction may
be generated using multiple imaging [4]. The flow of such method includes a step of
receiving input data which includes multiples, a step of multiple imaging, a step of
multiple modelling/prediction using SRMM, and a step of multiple attenuation by
adaptively subtracting the results obtained in the step of multiple modelling from the
input data.

[0203] However, according to the new method, the step of multiple imaging is
performed after prior multiple attenuation. More specifically, the method starts with a
step 1500 of receiving recorded data following excitation of a seismic source, a step
1502 of generating attenuated multiples data using the recorded data (e.g., the
recorded data after up-down deconvolution; the attenuated multiples data may be
generated with one of the methods previously discussed), a step 1504 of forward
extrapolating the attenuated multiples data to create forward extrapolated attenuated
multiples data, a step 1506 of reverse extrapolating the attenuated multiples data to
create reverse extrapolated attenuated multiples data, a step 1508 of generating an
image of residual multiples using the forward extrapolated attenuated multiples data
and the reverse extrapolated attenuated multiples data (i.e., wave-equation
deconvolution demultiple); and a step 1510 of attenuating residual multiples in the
recorded data using the image of residual multiples.

[0204] The method discussed above may be modified to include a step of pre-
processing the recorded data and/or the attenuated multiples data. The recorded
data and/or attenuated multiples data may relate to receiver-side primary or ghost

arrivals. The recorded data and/or attenuated multiples data may relate to source-
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side primary or ghost arrivals. An up-going dataset may be used for up-going and
down-going datasets. A down-going dataset may be used for up-going and down-
going datasets. The up-going dataset may be extrapolated to the free-surface and
used for up-going and down-going datasets. In step 1510, the residual multiples may
be attenuated in the attenuated multiples data. The step 1510 of attenuating the
residual multiples may involve multiple modelling using the approach of [2] followed
by a straight subtraction or an adaptive subtraction.

[0205] A couple of implementations of this method are now discussed. In a
first implementation, the recorded data in step 1500 may be ocean bottom node
data. The attenuated multiples data in step 1502 may be the recorded data after up-
down deconvolution. The image of the residual multiples in step 1508 may
correspond to multiple generators not being attenuated by up-down deconvolution.
The residual multiples in the recorded data may be attenuated by: (1) modelling
multiples using SRMM based on the attenuated multiples data (after up-down
deconvolution), and (2) subtracting the modelled multiples from the recorded data or
attenuated multiples data. This last sub-step may be a straight subtraction or an
adaptive subtraction.

[0206] After the input seismic data has been processed by applying multiple
imaging using hydrophone data, Figure 16A shows a strong water-bottom reflection
1610, cross-talk 1612, and other weaker reflectors 1614 (e.g., gas). The hydrophone
data input to this test was after source deghosting. The direct arrival was muted so
that the approach would be limited to imaging of multiples only (in practice the
approach produces similar results whether the direct arrival is included or not).
Figure 16B shows the multiple imaging of the attenuated multiples data (achieved

with the method illustrated in Figure 15), which contains significantly less signal at
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the water-bottom due to the fact the multiples reverberating in the water layer have
been attenuated by up-down deconvolution. The image displayed in Figure 16B
corresponds to multiple generators not addressed by the application of up-down
deconvolution. Figure 16C shows the difference between Figure 16A and the
multiple generators that were addressed by up-down deconvolution. In this case, it
can be seen how the up-down deconvolution has addressed pseudo-horizontal
generators, and the remaining multiples in the data correspond to multiple
generators with more lateral complexity. Note that Figures 16A to 16C were
presented and discussed in [11].

[0207] In a second implementation of the method illustrated in Figure 15, the
recorded data in step 1500 may be towed streamer data, and the attenuated
multiples data in step 1502 may be the recorded data after MWD [3]. The image of
the residual multiples in step 1508 may correspond to multiple generators not being
addressed by MWD. The residual multiples in the recorded data may be attenuated
by: modelling multiples using SRMM based on the attenuated multiples data (after
MWD), or by subtracting the modelled multiples from the recorded data or attenuated
multiples data. In one embodiment, this last step may be a straight subtraction or an
adaptive subtraction.

[0208] In a third implementation of the method of Figure 15, the recorded data
in step 1500 may be land data and the attenuated multiples data in step 1502 may
be the recorded data after Radon demultiple or surface-consistent deconvolution
demultiple. The image of residual multiples in step 1508 may correspond to multiple
generators not being addressed by Radon demultiple. Residual multiples in the
recorded data may be attenuated by: modelling multiples using SRMM based on the

attenuated multiples data (after Radon demultiple), or by subtracting the modelled
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multiples from the recorded data or attenuated multiples data. This last step may be
a straight subtraction or an adaptive subtraction. In practice any demultiple approach
may be used for step 1502.

[0209] The above embodiments related to Figure15 have presented various
algorithms for processing input seismic data. Those embodiments are now
summarized for a better understanding of the claimed methods. Literal references
are provided for each embodiment and numeral references are provided for the
various features associated with a given embodiment. The following embodiments
are just exemplary and not intended to limit the invention. The features for the
embodiments are listed with a corresponding numeral reference and each feature
may work with any other feature of a respective embodiment. Note that all these
features are disclosed above and the following section only organizes these features
in an easy to follow way. All the features listed next may be implemented into a
computing device such that these calculations are automatically performed. Thus,
the processor of a computing device may be configured to execute any of the
following features, in combination or not. However, the following list of features is not

intended to be exhaustive and other combinations of these features are

contemplated.

[0210] 1. A method for attenuating residual multiples in a seismic dataset
includes,

[0211] receiving (1500) a seismic dataset recorded with plural receivers over a
subsurface;

[0212] generating (1502) attenuated multiples data using the seismic dataset;
[0213] forward extrapolating (1504) the attenuated multiples data to create

forward extrapolated attenuated multiples data;
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[0214] reverse extrapolating (1506) the attenuated multiples data to create
reverse extrapolated attenuated multiples data;

[0215] generating (1508) an image of residual multiple generators using the
forward extrapolated attenuated multiples data and the reverse extrapolated
attenuated multiples data; and

[0216] attenuating (1510) the residual multiples in the seismic dataset using

the image of the residual multiple generators.

[0217] According to various aspects of this method,

[0218] 2. the residual multiple generators relate to receiver-side multiples.
[0219] 3. the residual multiples relate to source-side multiples.

[0220] 4. the method may further include attenuating the residual multiples in

the attenuated multiples data.

[0221] 5. the attenuated multiples data is generated using a deconvolution.
[0222] 6. the seismic data is ocean bottom data and the attenuated multiple
data is after up-down deconvolution.

[0223] 7. the residual multiples correspond to the attenuated multiples data.
[0224] 8. the attenuated multiples data is the seismic dataset from which a
model-based water-layer demultiple model is subtracted.

[0225] 9. the seismic dataset is land data and the attenuated multiples data is
the seismic dataset from which a surface-consistent demultiple model is subtracted.
[0226] 10. the image of the residual multiples corresponds to one of multiple
generators not being attenuated by up-down deconvolution, or multiple generators
not being attenuated by a model-based water-layer demultiple model, or multiple
generators not being attenuated by a Radon demultiple model, or multiple

generators not being attenuated by a deconvolution.
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[0227] 11. According to another embodiment, there is a computing system
(1800) for attenuating residual multiples in a seismic dataset, and the system (1800)
includes,

[0228] an interface (1808) configured to receive (1500) a seismic dataset

recorded with plural receivers over a subsurface; and

[0229] a processor (1802) connected to the interface (1808) and configured
to,

[0230] generate (1502) attenuated multiples data using the seismic dataset,
[0231] forward extrapolate (1504) the attenuated multiples data to create

forward extrapolated attenuated multiples data,

[0232] reverse extrapolate (1506) the attenuated multiples data to create
reverse extrapolated attenuated multiples data,

[0233] generate (1508) an image of residual multiple generators using the
forward extrapolated attenuated multiples data and the reverse extrapolated
attenuated multiples data, and

[0234] attenuate (1510) the residual multiples in the seismic dataset using the

image of the residual multiple generators.

[0235] The system may be configured such that,

[0236] 12. the residual multiples relate to receiver-side multiples.

[0237] 13. the residual multiples relate to source-side multiples.

[0238]

[0239] 14. the processor is further configured to attenuate residual multiples in

the attenuated multiples data.

[0240] 15. the attenuated multiples data is generated using a deconvolution.
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[0241] 16. the seismic data is ocean bottom data and the attenuated multiple
data is recorded data after up-down deconvolution.

[0242] 17. the residual multiples correspond to the attenuated multiples data.
[0243] 18. the attenuated multiples data is the seismic dataset from which a
model-based water-layer demultiple model is subtracted.

[0244] 19. the seismic dataset is land data and the attenuated multiples data
is the seismic dataset from which a surface-consistent deconvolution model is
subtracted.

[0245] 20. the image of the residual multiples corresponds to one of multiple
generators not being attenuated by up-down deconvolution, or multiple generators
not being attenuated by a model-based water-layer demultiple model, or multiple
generators not being attenuated by a Radon demultiple model, or multiple
generators not being attenuated by a deconvolution.

[0246] Another novel method is now discussed with regard to Figure 17. The
method is referred to as “timelapse (also known as 4D) imaging.” In areas where it is
necessary to monitor changes in the subsurface, it is possible to acquire two or more
vintages of seismic data to compare and see how a reservoir has changed over time.
The data input to such studies may be any type of recorded data. A first vintage may
be towed-streamer data, and a second vintage may also be towed-streamer.
Alternatively, a first vintage may be towed-streamer data, and a second vintage may
be OBN data. Any combination of data types may be used for timelapse studies.
[0247] Lecerf et al. [10] describe a multiple imaging approach which includes
the steps of separately imaging up-going and down-going wavefields, combining the
images, and optionally repeating the approach using a second survey for the

purpose of timelapse studies. Different from this traditional approach, the method
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illustrated in Figure 17 uses a single multiple imaging step for each vintage of a
timelapse campaign. More specifically, the method includes a step 1700 of receiving
a first dataset recorded at a sensor following excitation of a first seismic source at a
first time, a step 1702 of forward extrapolating the first dataset to generate a forward
extrapolated first dataset, where the extrapolation can extend to any desired datum,
a step 1704 of reverse extrapolating the first dataset to generate a reverse
extrapolated first dataset (usually at the datum for the forward extrapolation), a step
1706 of applying a first imaging condition to generate a first image of the subsurface
using the forward extrapolated first dataset and the reverse extrapolated first
dataset, a step 1708 of receiving a second dataset recorded at a sensor (the same
or different from the sensor in step 1700) following excitation of a second seismic
source at a second time, which is later than the first time, a step 1710 of forward
extrapolating the second dataset to generate a forward extrapolated second dataset,
a step 1712 of reverse extrapolating the second dataset to generate a reverse
extrapolated second dataset, a step 1714 of applying a second imaging condition
(which may be the same or different from the first condition), to generate a second
image of the subsurface using the forward extrapolated second dataset and the
reverse extrapolated second dataset, and a step 1716 of calculating a timelapse
difference by subtracting the first image of the subsurface from the second image of
the subsurface.

[0248] In one application, the first and second datasets correspond to any
recorded data type. It is possible that the first and second datasets correspond to the
same data type, or to different data types. The first and/or second dataset is after a
pre-processing step. In one application, the first and/or second dataset is after

wavefield separation (up-going or down-going). In one application, it is possible that
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the first and/or second datasets are before wavefield separation (e.g., working
directly with hydrophone or particle velocity data).

[0249] Any of the above discussed methods may be implemented in a
computing device, whose schematic is shown in Figure 18. Hardware, firmware,
software or a combination thereof may be used to perform the various steps and
operations of the above-described methods. The computing device 1800 may
include a server 1801, which has a central processor (CPU) 1802 coupled to a
random access memory (RAM) 1804 and to a read-only memory (ROM) 1806. The
ROM 1806 may also be other types of storage media to store programs, such as
programmable ROM (PROM), erasable PROM (EPROM), etc. The CPU 1802
communicates with other internal and external components through input/output (I/O)
circuitry 1808 and bussing 1810, to receive the data acquired using a streamer,
OBN, DAS, land nodes, etc. and output one or more of the multiples, the primaries
and/or the image of the geological formation. The processor 1802 carries out a
variety of functions as are known in the art, as dictated by software and/or firmware
instructions.

[0250] The server 1801 may also include one or more data storage devices,
including hard drives 1812, CD-ROM drives 1814, and other hardware capable of
reading and/or storing information such as DVD, etc. In one embodiment, software
for carrying out the above-discussed methods may be stored and distributed on a
CD-ROM or DVD 1816, a USB storage device 1818 or other form of media capable
of portably storing information. These storage media may be inserted into, and read
by, devices such as the CD-ROM drive 1814, the disk drive 1812, etc. Server 1801
may be coupled to a display 1820, which may be any type of known display or

presentation screen, such as LCD, plasma display, cathode ray tubes (CRT), etc.
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The image of the geological formation or graphs similar to the ones in Figures 6A to
6E, 10A to 10C, and 16A to 16C may be shown on a display 1820. A user input
interface 1822 is provided and may include one or more user interface mechanisms
such as a mouse, keyboard, microphone, touchpad, touch screen, voice-recognition
system, etc.

[0251] Server 1801 may be coupled to other devices, such as sources,
receivers, etc. The server may be part of a larger network configuration as in a global
area network (GAN) such as the Internet 1828, which allows ultimate connection to
various landline and/or mobile computing devices.

[0252] The disclosed embodiments enable processing seismic data that
identify multiples. It should be understood that this description is not intended to limit
the invention. On the contrary, the exemplary embodiments are intended to cover
alternatives, modifications and equivalents, which are included in the spirit and
scope of the invention as defined by the appended claims. Further, in the detailed
description of the exemplary embodiments, numerous specific details are set forth in
order to provide a comprehensive understanding of the claimed invention. However,
one skilled in the art would understand that various embodiments may be practiced
without such specific details.

[0253] Although the features and elements of the present exemplary
embodiments are described in the embodiments in particular combinations, each
feature or element can be used alone without the other features and elements of the
embodiments or in various combinations with or without other features and elements
disclosed herein.

[0254] This written description uses examples of the subject matter disclosed

to enable any person skilled in the art to practice the same, including making and
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using any devices or systems and performing any incorporated methods. The
patentable scope of the subject matter is defined by the claims, and may include
other examples that occur to those skilled in the art. Such other examples are

intended to be within the scope of the claims.
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WHAT IS CLAIMED IS:

1. A method for multiple attenuation in seismic data associated with a
subsurface, the method comprising:

receiving seismic data D for a plurality of shots and a plurality of receivers,
wherein the seismic data D include multiples M associated with a free surface,
wherein the seismic data D is in a space-time domain;

obtaining a multiple generator, which is located within the subsurface and is
responsible for generating the multiples M,

calculating a source-side multiple model Ms based on the seismic data D and
the multiple generator;

estimating an image r of the multiple generator based on a multiple periodicity
method applied to the seismic data D;

calculating a receiver-side multiple model Mg by applying wavefield
propagation to the seismic data D and the image r;

generating demultiple data DD by subtracting from the seismic data D the
source-side multiple model Ms and the receiver-side multiple model Mg; and

generating a final image of a geological formation in the subsurface based on

the demultiple data DD.

2. The method of Claim 1, wherein the source-side multiple model Ms is

calculated in a receiver-domain.

3. The method of Claim 1, wherein the source-side multiple model Ms is

based on estimating a Green’s function of a multiple generator based on knowledge
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of a multiple generator depth, a velocity of sound in the subsurface, and source and

receiver positions.

4. The method of any one of the preceding claims, wherein the receiver-side

multiple model Mg is calculated in a shot-domain.

5. The method of any one of claims 1 to 3, wherein the receiver-side multiple

model Mg includes multiples reflected from a plurality of multiple generators.

6. The method of any one of the preceding claims, wherein the step of
calculating the image r further comprises:
applying a correlation or deconvolution between a forward-propagated and a

reverse-propagated wavefield.

7. The method of any one of claim 1 to 5, wherein the step of calculating the
image r further comprises:

applying a least squares migration.

8. The method of Claim 7, wherein the least squares migration involves a

sparse inversion.

9. The method of any one of the preceding claims, wherein pure-source side
multiples are attenuated from the seismic data to generate pure-source side
attenuated multiples data, and the pure-source side attenuated multiples data is

used in the multiple periodicity method.
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10. A computing system for multiple attenuation in seismic data associated
with a subsurface, the computing system comprising:

an interface configured to receive seismic data D for a plurality of shots and a
plurality of receivers, wherein the seismic data D include multiples M associated with
a free surface, wherein the seismic data D is in a space-time domain; and

a processor connected to the interface and configured to,

obtain a multiple generator, which is located within the subsurface and is
responsible for generating the multiples M,

calculate a source-side multiple model Ms based the seismic data D and the
multiple generator;

estimate an image r of the multiple generator based on a multiple periodicity
method applied to the seismic data D;

calculate a receiver-side multiple model Mg by applying wavefield propagation
to the seismic data D and the image r;

generate demultiple data DD by subtracting from the seismic data D the
source-side multiple model Ms and the receiver-side multiple model Mg; and

generate a final image of a geological formation in the subsurface based on

the demultiple data DD.

11. The system of Claim 10, wherein the source-side multiple model Ms is

calculated in a receiver-domain.

12. The system of Claim 10, wherein the receiver-side multiple model Ms is

based on estimating a Green’s function of a multiple generator reflection based on
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knowledge of a multiple generator depth, a velocity of sound in the subsurface, and

source and receiver positions.

13. The system of any one of claims 10 to 12, wherein the receiver-side

multiple model Mg is calculated in a shot-domain.

14. The system of any one of claims 10 to 12, wherein the receiver-side

multiple model Mg includes multiples reflected from a plurality of multiple generators.

15. The system of any one of claims 10 to 14, wherein the processor is further
configured to calculate the image r by applying a correlation or deconvolution

between a forward-propagated and a reverse-propagated wavefield.

16. The system of any one of claims 10 to 14, wherein the processor is further

configured to calculate the image r by applying a least squares migration.

17. The system of Claim 16, wherein the least squares migration involves a

sparse inversion.

18. The system of any one of claims 10 to 17, wherein pure-source side
multiples are attenuated from the seismic data to generate pure-source side
attenuated multiples data, and the pure-source side attenuated multiples data is

used in the multiple periodicity method.
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19. A non-transitory computer readable medium including computer
executable instructions, wherein the instructions, when executed by a processor,
implement a method for multiple attenuation in seismic data associated with a
subsurface, the medium comprising instructions for:

receiving seismic data D for a plurality of shots and a plurality of receivers,
wherein the seismic data D include multiples M associated with a free surface,
wherein the seismic data D is in a space-time domain;

obtaining a multiple generator, which is located within the subsurface and is
responsible for generating the multiples M,

calculating a source-side multiple model Ms based the seismic data D and the
multiple generator;

estimating an image r of the multiple generator based on a multiple periodicity
method applied to the seismic data D;

calculating a receiver-side multiple model Mg by applying wavefield
propagation to the seismic data D and the image r;

generating demultiple data DD by subtracting from the seismic data D the
source-side multiple model Ms and the receiver-side multiple model Mg; and

generating a final image of a geological formation in the subsurface based on

the demultiple data DD.

20. The medium of Claim 19, wherein the source-side multiple model Ms is

calculated in a receiver-domain and the receiver-side multiple model Mg is calculated

in a shot-domain.

71



