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geometry of the geobody may be identified from the unprocessed seismic data. The signature may be used in subsequent processing,
such for the determination of a variable gap length for a variable gap deconvolution applied to the seismic data. Computer-readable
media and systems for correcting seismic signals are also provided.
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PCT PATENT APPLICATION

SURFACE CONSISTENT STATICS SOLUTION AND AMPLIFICATION
CORRECTION

BACKGROUND

Field of the Disclosure

[0001] Embodiments of the disclosure generally relate to geophysical exploration and, more
particularly, to seismic surveying and the processing of seismic data to account for sand
dunes and other outcropping geobodies having a lower acoustic impedance than the

surrounding formation .
Description of the Related Art

[0002] In geophysical exploration, such as the exploration for hydrocarbons, seismic
surveys are performed to produce images of the various rock formations in the earth. The
seismic surveys obtain seismic data indicating the response of the rock formations to the
travelling of elastic wave seismic energy. For example, seismic energy waves from an
energy source are propagated through the Earth's subsurface and are at least partially
reflected through the Earth's subsurface upon being propagated through various forms of
subterranean matter having different acoustic impedances. Particularly, when seismic wave
energy encounters a boundary between two different materials with different acoustic
impedances, at least some of the energy will be reflected off the boundary. The reflected
seismic energy can then be received at predetermined locations, such as on land, within the
sea, or in boreholes using strategically positioned sensors to receive the seismic energy as a

signal and to collect and to record data concerning the received seismic energy.

[0003] The received seismic data, which may include properties such as the arrival time and
the magnitude of the reflected energy, is then processed and analyzed to produce the images
in both time and depth domains of the formations and their locations in an area of interest
beneath the earth’s surface. For example, changes in signal properties allow inferences
regarding changes in seismic impedances, which thereby allow inferences regarding the

properties of the underlying geologic structure.

[0004] Generally, seismic imaging requires directing an intense sound from a seismic energy
source device (referred to as a “source”) into the ground to evaluate subsurface conditions

and to detect possible concentrations of hydrocarbons or other subsurface minerals. Seismic
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sensor devices, such as geophones and hydrophones among others, record sound wave echoes
that come back up through the ground to the recording surface. Conventional seismic
acquisition systems use an array of strategically positioned seismic sensors; the array is also
called a receiver and is typically composed of between 6 and 24 sensors. Such seismic sensor
devices, such as geophones and hydrophones, can record the intensity of such seismic waves
and the time it took for the seismic wave to travel from the seismic source device back to the
recording device at the recording position. The reflections of seismic waves emitted by the
seismic source device, and recorded by the recording device, can be processed by a computer
to generate a three-dimensional digital model, or seismic image, of the subsurface. The three-
dimensional model of the subsurface can be used to identify, for example, the placement of

reservoirs and potential well flow paths

[0005] During seismic surveys, the shallow or near surface part of the earth is where most of
the complexities are concentrated, due to the existence of phenomena such as weathering and
geomorphological processes. Sand dunes and other outcropping geobodies may create
challenges in processing the received seismic data. Such outcropping geobodies may
introduce various distortion effects that affect characteristics of reflection events of interest
recorded by receiver stations positioned on such geobodies. Moreover, ensuring that the
processing of such seismic data is amplitude versus offset (AVO) compliant for subsequent

interpretation of the seismic data may also be challenging.
SUMMARY

[0006] In some embodiments, a method of producing corrected seismic data from seismic
data generated from a plurality of seismic receiver stations configured to sense seismic
signals originating from a plurality of seismic source stations is provided. At least one of the
plurality of seismic source stations or one of the plurality of seismic receiver stations is
positioned on an outcropping geobody. The method includes obtaining, by a processor, at
least one seismic trace that includes unprocessed seismic data, identifying, from the
unprocessed seismic data, a signature associated with the geobody, the signature
corresponding to a geometry of the geobody, and performing, by the processor, a variable gap
deconvolution to attenuate the signature and generate processed seismic data without near-
surface reverberations caused by the outcropping geobody. The method further includes
performing, by the processor, a frequency-dependent amplitude correction on the processed

seismic data to produce corrected seismic data.
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[0007] In some embodiments, the outcropping geobody is a sand dune. In some
embodiments, identifying, from unprocessed seismic data, a signature associated with the
geobody includes performing image-recognition on the unprocessed seismic data to identify
the signature. In some embodiments, performing a variable gap deconvolution to attenuate
the signature and generate processed seismic data includes determining a variable gap length

from the signature.

[0008] In some embodiments, at least one of the plurality of seismic source stations or
plurality of seismic receiver stations is positioned on a near-surface feature having less
distortion effects than the outcropping geobody and the corrected seismic data includes first
corrected seismic data. In such embodiments, the method includes performing, by the
processor, a surface consistent deconvolution and amplitude correction on the corrected
seismic data to produce second corrected seismic data. In such embodiments, performing the
surface consistent deconvolution and amplitude correction on the first corrected seismic data
to produce second corrected seismic data includes scaling a surface consistent receiver term
by a source term, the receiver term corresponding to one of the plurality of receiver stations
and the source term corresponding to one of the plurality of source stations, determining the
scaled surface consistent receiver term, and determining, using the scaled surface consistent
receiver term, a surface consistent source waveform and a surface consistent receiver
waveform. In such embodiments, performing, by the processor, a surface consistent
deconvolution and amplitude correction includes defining as S(i,j) a first seismic trace as a

function of time 7 from an ™ source station to a 7", such that S(i,j) is
SN = 5;(8) *7;(8) * Gy (8)

[0009] such that si(t) is the waveform component associated with the ith source station,
ri(t) is the waveform component associated with the j’h receiver station, and Gy(t) is the
waveform component of the earth impulse response between the locations of the i source

station and j* receiver station.

[0010] In such embodiments, performing, by the processor, a surface consistent
deconvolution and amplitude correction includes defining as S(7,p) a second seismic trace as a

function of time 7 from the i source and pth receiver, such that S(i,p) is:
SEp)(@) = 5:() * 1 () * Gy (D)

[0011] such that s,(t) is the waveform component associated with the " source station,

ry(t) is the waveform component associated with the ;% receiver station, and Gy(z) is the
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waveform component of the earth impulse response between the locations of the * source

station and /* receiver station.

[0012] In such embodiments, performing, by the processor, a surface consistent
deconvolution and amplitude correction includes defining § (i, j, p) () as the amplitude of a
ratio of the temporal Fourier transforms of the first seismic trace and the second seismic

trace, such that 0 (i, j, p)(w) is

Qi j,p) () = 57 (w) + G;j(w) — 57 (w) — Gij(w)

[0013] such that fij(w) = §7(w) = In|[s;(w)F ()],
fip(w) = 75 (w) = ln[ﬁi(w)fp(w)”, and (N?i}-(w) = ln[T@ij(w)”, and 5ip(w) =
ln[T@ip (w) |] where [n is the natural logarithm function.

[0014] In such embodiments, performing, by the processor, a surface consistent

deconvolution and amplitude correction includes defining p as a last seismic trace of a shot

gather, such that Q (i, j, p) (w) is:
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[0015] In such embodiments, performing, by the processor, a surface consistent
deconvolution and amplitude correction includes defining Q(i,j,p)(w) in matrix notation,

such that Q(i, j, p)(w) is
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[0016] such that A is a sparse matrix with dimensions (p — 1) X (2 X p), X is a column
vector with (2 X p) unknowns (consisting of p surface consistent receiver terms scaled by the
source term and p earth impulse response components) and § is a column vector with

(p — 1) elements.

[0017] 1In such embodiments, performing, by the processor, a surface consistent
deconvolution and amplitude correction includes defining the scaled receiver term for each

shot 7 as 7;;(w), such that 7;;(w) is

1 100 0 0 0 0 o /lSie)] #;
1 010 000 00 In[[7] fii+1)
1 0 0 O 0 00 0O 1n[|’;ij:1|]
1 00 1 00000 =
00000
00000 ,
1 0.0 0 0 0\ In[fr,l] Tip-1)

[0018] In such embodiments, performing, by the processor, a surface consistent
deconvolution and amplitude correction includes defining ;;(w) in matrix notation, such that
fij(w) is:

Ri = Ai)?i

[0019]  such that A; is a sparse matrix with dimensions (p — 1) X (p + 1), X; is a column
vector with p + 1 unknowns (consisting of p surface consistent receiver terms and the source

term for shot i).

[0020] In some embodiments, a non-transitory computer-readable storage medium having
executable code stored thereon for producing corrected seismic data from seismic data
generated from a plurality of seismic receiver stations configured to sense seismic signals
originating from a plurality of seismic source stations. At least one of the plurality of seismic
source stations or one of the plurality of seismic receiver stations is positioned on an
outcropping geobody. The executable code includes a set of instructions that causes a
processor to perform operations that include obtaining, by the processor, at least one seismic
trace that includes unprocessed seismic data, identifying, from the unprocessed seismic data,
a signature associated with the geobody, the signature corresponding to a geometry of the
geobody, and performing, by the processor, a variable gap deconvolution to attenuate the
signature and generate processed seismic data without near-surface reverberations caused by

the outcropping geobody. The executable code includes a set of instructions that causes a
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processor to perform operations that further include performing, by the processor, a
frequency-dependent amplitude correction on the processed seismic data to produce corrected

seismic data.

[0021] In some embodiments, the outcropping geobody is a sand dune. In some
embodiments, identifying, from unprocessed seismic data, a signature associated with the
geobody includes performing image-recognition on the unprocessed seismic data to identify
the signature. In some embodiments, performing a variable gap deconvolution to attenuate
the signature and generate processed seismic data includes determining a variable gap length
from the signature. In some embodiments, at least one of the plurality of seismic source
stations or plurality of seismic receiver stations is positioned on a near-surface feature having
less distortion effects than the outcropping geobody and the corrected seismic data includes
first corrected seismic data. In such embodiments, the executable code includes a set of
instructions that causes a processor to perform operations that further include performing, by
the processor, a surface consistent deconvolution and amplitude correction on the corrected
seismic data to produce second corrected seismic data. In such embodiments, performing the
surface consistent deconvolution and amplitude correction on the first corrected seismic data
to produce second corrected seismic data includes scaling a surface consistent receiver term
by a source term, the receiver term corresponding to one of the plurality of receiver stations
and the source term corresponding to one of the plurality of source stations, determining the
scaled surface consistent receiver term, and determining, using the scaled surface consistent
receiver term, a surface consistent source waveform and a surface consistent receiver

waveform.

[0022] In some embodiments, a system is provided that includes a plurality of seismic
source stations, such that at least one of the plurality of seismic source stations is positioned
on an outcropping geobody and a plurality of seismic receiver stations configured to sense
seismic signals originating from the plurality of seismic source stations. The system further
includes a seismic data processor and a non-transitory computer-readable storage memory
accessible by the seismic data processor and having executable code stored thereon for
producing corrected seismic data from seismic data generated from the plurality of seismic
receiver stations. The executable code includes a set of instructions that causes the seismic
data processor to perform operations that include obtaining, by the processor, at least one
seismic trace that includes unprocessed seismic data, identifying, from the unprocessed

seismic data, a signature associated with the geobody, the signature corresponding to a
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geometry of the geobody, and performing, by the seismic data processor, a variable gap
deconvolution to attenuate the signature and generate processed seismic data without near-
surface reverberations caused by the outcropping geobody. The executable code includes a
set of instructions that causes the seismic data processor to perform operations that further
include performing, by the seismic data processor, a frequency-dependent amplitude

correction on the processed seismic data to produce corrected seismic data.

[0023] In some embodiments, the outcropping geobody is a sand dune. In some
embodiments, identifying, from unprocessed seismic data, a signature associated with the
geobody includes performing image-recognition on the unprocessed seismic data to identify
the signature. In some embodiments, performing a variable gap deconvolution to attenuate
the signature and generate processed seismic data includes determining a variable gap length
from the signature. In some embodiments, at least one of the plurality of seismic source
stations or plurality of seismic receiver stations is positioned on a near-surface feature having
less distortion effects than the outcropping geobody and the corrected seismic data includes
first corrected seismic data. In such embodiments, the executable code includes a set of
instructions that causes a processor to perform operations that further include performing, by
the processor, a surface consistent deconvolution and amplitude correction on the corrected
seismic data to produce second corrected seismic data. In such embodiments, performing the
surface consistent deconvolution and amplitude correction on the first corrected seismic data
to produce second corrected seismic data includes scaling a surface consistent receiver term
by a source term, the receiver term corresponding to one of the plurality of receiver stations
and the source term corresponding to one of the plurality of source stations, determining the
scaled surface consistent receiver term, and determining, using the scaled surface consistent
receiver term, a surface consistent source waveform and a surface consistent receiver

waveform.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 is an example graph of elevations and an example graph of receiver
stations’ statics for a group of sand dunes in accordance with an example embodiment of the

disclosure;

[0025] FIG. 2 is an example graph of elevations and an example graph of shot stations

statics for the group of sand dunes in accordance with an embodiment of the disclosure;



WO 2018/026875 PCT/US2017/045007

[0026] FIG. 3 depicts an example graph of elevations and an example graph of derived

sand dune statics in accordance with an embodiment of the disclosure;

[0027] FIG. 4 is an example graph of elevations and an example graph of derived sand

dune statics in accordance with an embodiment of the disclosure;

[0028] FIG. 5 is an example graph of elevations, an example graph of derived sand dune
statics, and an example graph of sand dune statics after application of a variable gap
deconvolution to remove a sand dune signature in accordance with an embodiment of the

disclosure;

[0029] FIG. 6 is a schematic diagram of an example configuration of seismic shot stations

and seismic receiver stations in accordance with an example embodiment of the disclosure;

[0030] FIG. 7 depicts seismic graphs and corresponding an offset gathers in accordance

with an example embodiment of the disclosure;

[0031] FIG. 8 is a schematic diagram of an example configuration of seismic shot stations
and seismic receiver stations in accordance with another example embodiment of the

disclosure;

[0032] FIG. 9 is a flowchart of a process for processing seismic data to produce corrected
seismic data using the techniques described above and in accordance with an embodiment of

the disclosure; and

[0033] FIG. 10 is a block diagram of a seismic data processing computer in accordance

with an embodiment of the disclosure.

DETAILED DESCRIPTION

[0034] The present disclosure will now be described more fully hereinafter with reference
to the accompanying drawings, which illustrate embodiments of the disclosure. This
disclosure may, however, be embodied in many different forms and should not be construed
as limited to the illustrated embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and complete, and will fully convey the

scope of the disclosure to those skilled in the art.

[0035] Embodiments of the disclosure include systems, methods, and computer-readable
media for correcting seismic signals to attenuate the effect of near-surface geobodies on the

seismic reflection data originating from subsurface geological formation which are of interest
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for hydrocarbon exploration. Embodiments of the disclosure include determining a signature
of an outcropping geobody (e.g., a sand dune) from unprocessed seismic data, and processing
the seismic data using a variable gap deconvolution, and a surface consistent frequency-
dependent amplitude correction. In some embodiments, a seismic trace having unprocessed
seismic data may be obtained by emitting seismic energy from a seismic source station (also
referred to as “shot” station) and recording that part of the seismic energy that propagates in
subsurface formation back to a seismic receiver station. One or more of the seismic source
stations or receiver stations may be positioned on one or more outcropping geobodies, such
as sand dunes, that have a high contrast of acoustic impedance relative to a surrounding
formation. In some embodiments, one or more of the seismic source stations or receiver
stations may be positioned on near-surface features having less prominent seismic effects

than the one or more outcropping geobodies such as sand dunes.

[0036] A signature associated with the outcropping geobody may be identified from the
unprocessed seismic data (also referred to as “raw” seismic data). Such unprocessed seismic
data may include an autocorrelation of seismic traces along a line of seismic receiver stations
and an autocorrelation of seismic traces along a line of seismic source stations. The
information from the autocorrelograms may be used to derive the source statics and receiver
statics associated with source stations and receiver stations positioned on the outcropping
geobody (e.g., a sand dune). In some embodiments, identification of the signature is enhanced
by using unprocessed seismic data sorted in a cross-spread configuration and performing
receiver stacks and source stacks on the autocorrelation sections associated with the line of
receiver stations or line of source stations respectively. The sand dune signature identified
from the autocorrelograms of the raw seismic data corresponds to the geometry (and
multiples) of the outcropping geobody and enables determination of the geobody’s geometry
without processing of the unprocessed seismic data. The identified sand dune signature is a
mirror image of the sand dune geometry as expressed in two-way travel time between the
base and top of the sand dune. The seismic energy trapped between the top and the base
boundaries of the sand dune and reflected back and forth between the two boundaries
produces multiple replicas of the sand dunes signature. For outcropping geobodies (other
than sand dunes) with a lower acoustic impedance compared to the surrounding formation,
similar observations can be made as in the sand dune (i.e. geobody-signature as mirror image
of the geobody geometry on the autocorrelograms of the raw seismic data along with

multiple replicas of the geobody signature.).
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[0037] A surface consistent variable gap deconvolution may be performed on the seismic
data to attenuate the effect of the geobody signature and its multiple replicas. Thus, for a sand
dune, the surface consistent variable gap deconvolution may attenuate the sand dune
signature and its multiple replicas. In some embodiments, the variable gap length for the
variable gap deconvolution may be determined from the signature of the outcropping
geobody. In other embodiments, the variable gap length for the variable gap deconvolution
may be determined from statics derived from the seismic data according to known

techniques.

[0038]  After application of the surface consistent variable gap deconvolution, a surface
consistent frequency-dependent correction may be performed on the attenuated seismic data.
The application of the surface consistent variable gap deconvolution followed by the surface
consistent frequency dependent amplitude correction as described herein may attenuate the
effect of near surface geobodies such as sand dunes on seismic reflection events coming from

a subsurface formation of interest.

[0039] The input to the surface consistent variable gap deconvolution and surface
consistent frequency dependent amplitude correction does not require filtering of coherent
noise such as multiples and surface waves, and does not require the application of normal
move-out (NMO). Thus, no velocity information is required for application of the surface
consistent variable gap deconvolution and surface consistent frequency dependent amplitude
correction to remove or attenuate the effect of a near-surface geobody such as a sand dune on
seismic reflection events coming from a subsurface formation of interest and obtain corrected

seismic data.

[0040] In some embodiments, the correction of seismic data may include a surface
consistent deconvolution and surface amplitude correction for less prominent near-surface
features that have less delay time and amplification effects than outcropping geobodies such
as sand dunes. For example, after the correction for the effects of sand dunes or other
outcropping geobodies, the surface consistent deconvolution and surface amplitude correction
may be applied to seismic data to correct for effects caused by near-surface features having
less prominent effects than the sand dunes or other outcropping geobodies. In such
embodiments, the correction terms of the surface consistent deconvolution and surface
amplitude correction do not depend on the order in which the different convolution terms
have been derived. The surface consistent deconvolution may include scaling the surface

consistent receiver term by a source term, determining the source scaled consistent receiver

10
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term, and determining, the actual source and receiver terms. Using the minimum phase
assumption, the surface consistent source waveform and surface consistent receiver
waveform may be determined from the amplitudes of the shot and receiver terms

respectively.

[0041] With the foregoing in mind, FIG. 1 depicts an example graph 100 of elevations and
an example graph 102 of receiver stations’ statics (by seismic traces along seismic receiver
stations) for a group of sand dunes showing a correlation between the elevations and the
statics in accordance with an embodiment of the disclosure. As shown in FIG. 1, a sand dune
signature 104 may be identified from the unprocessed seismic data. As described herein, the
sand dune statics may be directly determined for the sand dune signature without processing
of the receiver station statics. For each receiver station along the elevation profile, the
corresponding absolute value of sand dune receiver statics is determined as half of the time of
the corresponding point on the sand dune signature 104. For example, a point may be selected
on the sand dune signature 104 and the corresponding time determined from the vertical axis.
The time may be divided by two to obtain the absolute value of the receiver sand dune static

at the corresponding receiver elevation on graph 100.

[0042] FIG. 2 depicts an example graph 200 of elevations and an example graph 202 of
shot stations statics showing a correlation between the elevations and the sand dune signature
along a line of source stations (by correlation of seismic traces along seismic source stations)
in accordance with an embodiment of the disclosure. As shown in FIG. 2, a sand dune
signature 204 may also be identified from the unprocessed seismic data without processing of
the shot station statics. The sand dune statics may be directly determined for the sand dune
signature. For each source station along the elevation profile, the corresponding absolute
value of sand dune source statics is determined as half of the time of the corresponding point
on the signature 204. For example, a point may be selected on the signature 204 and the
corresponding time determined from the vertical axis. The time may be divided by two to
obtain the absolute value of the source sand dune static at the corresponding source elevation

on the graph 204.

[0043] FIG. 3 depicts an example graph 300 of elevations and an example graph of
derived sand dune statics 302 in accordance with an embodiment of the disclosure. As will be
appreciated, the derived sand dune statics 302 may be obtained from an empirical relationship
between sand thickness and the vertical one-way travel time through the sand (also referred to

as a “sand curve”) and may be derived directly from seismic data using the information from

11
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the sand dune signature according to the empirical “sand curve”. [n some embodiments, the
sand dune statics may be derived from seismic data using the top curve of the sand dune
signature 306. FIG. 3 also depicts a graph 304 of the autocorrelation of a receiver stack from
a line of receiver stations in a cross spread configuration. As shown in FIG. 3, a sand dune
signature 306 and an example multiple of the sand dune signature may be identified from the
seismic data. A portion of the sand dune signature 306 is a mirror image of the sand-curve
derived statics 302. The cross spread configuration graph may provide for improved
identification of the sand dune signature by stacking of the autocorrelated sections associated

to the same receiver stations or source stations.

[0044] The sand dune signature 306 and its multiples may be determined directly from the
seismic data without any processing. In some embodiments, however, the seismic data may
be processed to remove all the nearly horizontal time events to improve identification of a
sand dune signature. The sand dune signature 306 and its multiples may enable identification
of the geometry of a sand dune directly from the seismic data without processing of the data.
It should be appreciated that the signature described herein and identified from seismic data
may also apply to other outcropping geobodies having a high contrast of acoustic impedance
relative to surrounding formation. As described further below, the amplification effect of
sand dunes on seismic signals may be corrected using information from the sand dunes’

geometry (as identified using the sand dune signature described above) and elevation.

[0045] In some embodiments, a geobody signature such as a sand dune signature (for
example, the delay time associated with a sand dune signature) may be determined
algorithmically using, for example, automatic picking. In such embodiments, for example,
seed points may be automatically or manually selected on a suspected signature in a graph of
seismic statics (for example along the signature 104 of graph 102, along the signature 102 of
graph 204, or along the signature 306 of the graph 304). Using the seed points, an auto-track
algorithm may be executed to pick points along sand dune signature and determine the curve
that corresponds to the signature. The determined curve corresponds to the two-way delay
time induced by the presence of low velocity geobodies such as sand dunes. As discussed
above, the identification of a sand dune signature may be improved by using stacked
autocorrelograms, such as shown in FIG. 3. For example, with the receiver stacked
autocorrelograms shown in FIG. 3, the amplitude of the sand dune signature 306 is enhanced
and, thus, the detectability of the sand dune signature 306 via algorithmic identification (e.g.,

via image-recognition). Thus, in some embodiments the identification of a sand dune

12
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signature may be performed on a receiver stack autocorrelogram or a source stack

autocorrelogram.

[0046] In some embodiments, the detectability of a sand dune signature may be enhanced
by applying a filter to remove long wavelength horizontal events that cut through the sand
dune signature and its multiple replicas. In some embodiments, the algorithmic detection of a
sand dune signature may be further refined by minimizing the difference between an
automatically picked delay time and the time corresponding to the maximum of the envelope
along the sand dune signature. At each receiver or source position on a sand dune, the time
delay obtained using this technique is double the gap length parameter used to perform the

variable gap deconvolution described further herein.

[0047] In some embodiments, the correction of seismic data may include a variable gap
deconvolution to attenuate a sand dune signature identified directly from unprocessed seismic
data in the manner described above. FIGS. 4 and 5 show attenuation of a sand dune signature

via a variable gap deconvolution in accordance with an embodiment of the disclosure.

[0048] FIG. 4 depicts a graph 400 of elevations and an example graph of derived sand
dune statics 402 in accordance with an embodiment of the disclosure. As will be appreciated,
the derived sand dune statics 402 may be obtained from an empirical relationship between
sand thickness and the vertical one-way travel time through the sand (also referred to as a
“sand curve”) and may be derived directly from seismic data using the information from the
sand dune signature according to the empirical “sand curve”. The *“sand curve” may provide
estimates of the delay times for the static shift due to the presence of sand dunes. In such
instances, at each receiver or source position located on a sand dune, the time delay obtained
from the empirical sand curve is equal to a gap length parameter used to perform the variable

gap deconvolution described further herein.

[0049] FIG. 4 also shows a graph of the autocorrelation of unprocessed seismic data 404
and a sand dune signature 406 identified directly from the unprocessed seismic data 404 in

accordance with the techniques described herein.

[0050] FIG. 5 depicts the graph 400 of elevations, an example graph of derived sand dune
statics 402, and an example graph of sand dune statics 504 (obtained from an empirical
relationship between sand thickness and the vertical one-way travel time through the sand or
“sand curve’) after application of a variable gap deconvolution to the seismic data from

receiver stations along the elevation graph 400 and from all source stations. As noted above,
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the sand dune statics 404 depicts the autocorrelation of the seismic traces of theses receiver
stations (along a receiver line along the elevation profile 400) before the application variable
gap deconvolution. FIG. 5 also depicts a sand dune signature 506 after application of a
variable gap deconvolution to attenuate the sand dune signature 406. In some embodiments,
the variable gap length may be determined from the derived sand dune statics 402. As
discussed above, for example, at each receiver or source position located on a sand dune, the

gap length parameter may be equal to the time delay obtained from the empirical sand curve.

[0051] In other embodiments, the variable gap length may be determined from the sand
dune signature 406, i.e., the geometry of the sand dune observed directly from the signature
identified from unprocessed seismic data. As discussed above, for example, at each receiver
or source position on a sand dune, the gap length parameter may be one-half of the time delay

obtained from a sand dune signature.

[0052] As described below, in some embodiments the correction of seismic data may
include a surface consistent frequency-dependent amplitude correction to correct for
anomalous amplification of seismic signals due to the presence of sand dunes or other
outcropping geobodies. Paragraphs [0036]-[0042] describe a first surface consistent approach
to correct for anomalous amplification of the seismic signal due to the presence of sand dunes

or other outcropping geobodies in accordance with an embodiment of the disclosure.

[0053] FIG. 6 depicts an example configuration 600 of seismic shot stations 602 and 604
(as represented in FIG. 6 by stars) and seismic receiver stations 606 (as represented in FIG. 6
by triangles) in accordance with an embodiment of the disclosure. As shown in FIG. 6, some
seismic stations 602 may be positioned on sand dunes and some seismic stations 604 may be

positioned on smooth, flat planes (also referred to as a “sebkhas™).

[0054] The example configuration depicted in FIG. 6 includes common offsets from a
receiver cable. For this example configuration, the frequency dependent site amplification
may be estimated by assuming the following seismic models described in Equations 1 and 2
below. In the frequency domain, the seismic traces from the sand dunes, S;j(w), may be

modeled according to Equation 1:
Sij(w) = si(w) - Gyj(w) - 13 (w) (1

[0055] Where si({®) is the source term, Gy{w) is the subsurface or geology term, and ri(w)

is the site amplification term.
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[0056] For the receivers in the sebkhas, the site amplification may be assumed to be 1,
such that r;(w) = 1. Thus, the seismic traces from the sebkhas, Sg;(w), may be modeled

according to Equation 2:
Si(w) = sp(w) - Gy (w) (2)

[0057] Where si(w) is the source term and Gy(w) is the geology term. After the correction
for the site amplification effect, the corrected seismic trace, S';;(w), may be expressed

according to Equation 3:
§'i(w) = Sij(w)/dAj(w)l +€) 3
[0058] Where € is a small stabilization factor to avoid a division by zero.

[0059]  The amplification correction factor A;(w) may be determined as follows: A time
gate T may be applied around the first arrival waveform of the offset gather. Using a taper
around the gate T, a new offset gather may be generated which only includes the first arrival
waveform. Next, the average amplitude (in the frequency domain) of all the traces from
receivers located in the sebkha may be determined from the new offset gather by selecting all
n traces with receivers located in the sebkhas and determine a reference trace as the average
amplitude spectrum. The resulting amplitude spectrum is a reference for the new offset gather

and may be represented by Ref (w), as determined according to Equation 4:

Ref(w) = XSy (w)|/n 4

[0060]  For each trace S;;(t), the corresponding amplitude correction factor (also referred
to as the “amplitude scaling factor”) may be determined in the frequency domain according to

Equation 5:

_ Sk
" (Ref(0)+95)

Aj(w) (&)

[0061] where S LT] (w) is the Fourier transform of the part of trace S;;(t) delimited by the

time gate T, and & is a small stabilization factor to avoid a division by zero. This amplitude
scaling shown in Equation 5 may computed for each trace with a receiver station on a sand

dune and then may be applied to that trace using Equation 3.
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[0062] FIG. 7 depicts seismic graphs 700 and 702 and the offset gathers 704 and 706 in
accordance with an embodiment of the disclosure. The left side of FIG. 7 depicts a seismic
plot 700 and corresponding offset gather 702 before correction for the site amplification of
seismic traces described above. The seismic plot 702 depicts portions 708 associated with salt
flats and portions 710 associated with sand dunes. The right side of FIG. 7 depicts a seismic
plot 702 and offset gather 706 after correction for the site amplification of seismic signals

using the site amplification correction described above in Equation 3.

[0063] In some embodiments, the correction of seismic data may include a surface
consistent deconvolution and surface amplitude correction for less prominent near-surface
geobodies that have less delay time and amplification effects than outcropping geobodies
such as sand dunes. Paragraphs [0045]-[0051] describe a surface consistent deconvolution
and surface amplitude correction to correct for anomalous amplification of the seismic signal
due to the presence of such near-surface features in accordance with another embodiment of
the disclosure. In some embodiments, for example, the identification of a sand dune
signature, the variable gap deconvolution , and the frequency-dependent amplitude correction
described herein may be applied to seismic data to correct for or the seismic amplitude
distortion caused by the presence of sand dunes or other outcropping geobodies. After the
correction for the effects of sand dunes or other outcropping geobodies, the  surface
consistent deconvolution and surface amplitude correction described in paragraphs [0045]-
[0051] may be applied to seismic data to correct for effects caused by near-surface features

having less prominent effects than the sand dunes or other outcropping geobodies.

[0064] FIG. 8 depicts another example configuration 800 of seismic shot stations 802 and
804 (as represented in FIG. 8 by stars) and seismic receiver stations 806 (as represented in
FIG. 8 by triangles) in accordance with an embodiment of the disclosure. As shown in FIG. §,
some seismic stations 802 may be positioned on sand dunes and some seismic stations 804

may be positioned on sebkhas.

[0065] For the example configuration 800 depicted in FIG. 8, the logarithm of the

amplitude of the seismic traces from the sand dunes may be modeled according to Equation

o:

log |S;j(w)| = log|s;(w)| +log|G;;(w)| + [logrj(w) | (6)
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[0066] Equation 6 may thus be solved for Gy and r; As shown below in Equation 7, the
receiver term and the geology term may be estimated by assuming that the source term is

equal to one for source stations located in the sebkhas, such that s;(w) = 1:
log |S;;(w)| = 0+ log|G;;(w)| + log| 7 (w)] (7

[0067] All traces with source stations located in the sebkhas ( s;(w) = 1) may be collected
and expressed according to Equation 7 to obtain an overdetermined system of equations that

can be solved for G and r;

[0068] Similarly, as shown below in Equation 8, the source term may be estimated by
assuming that the site amplification is equal to one for receiver stations located in sebkhas,

such that r;(w) = 1:
log Sij(w) = log| s;(w) | +1og|G;;(w)| + 0 (8

[0069] All traces with receiver stations located in the sebkhas ( 7r;(w) = 1) may be

collected and expressed according to Equation 8§ to obtain an overdetermined system of

equations that can be solved system for G;; and s;

[0070] Accordingly, to derive the surface consistent amplitude correction, the two
overdetermined system of equations formed using Equations 7 and 8 may be iteratively
solved for the optimal solutions for s; and 7j. In each iteration, the solution G; from one of the
system of equations may be used as the initial guess for the corresponding solution in the
other system of equations. The optimal solutions for s; and rj may be used to determine

corrected seismic data, S’; j(w), having a surface consistent amplitude compensation (SCAC),

as shown by Equation 9:

Sij(w)

5%4(@) = S @ire

9

[0071] The corrected seismic trace thus includes surface consistent amplitude
compensation for near-surface amplitude distortions induced by the presence of sand dunes.
The resulting data may be used as an input to further surface consistent amplitude correction
for near-surface amplitude distortions not related to the sand dune or other outcropping near-

surface geobodies as described further below.

[0072] In some embodiments, the correction of seismic data may include a surface
consistent deconvolution and surface amplitude correction for less prominent near-surface

features that have less delay time and amplification effects than outcropping geobodies such
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as sand dunes. Paragraphs [0056]-[0076] describe a surface consistent deconvolution and
surface amplitude correction to correct for anomalous amplification of the seismic signal due
to the presence of such near-surface features in accordance with another embodiment of the
disclosure. In some embodiments, for example, the identification of a sand dune signature,
the variable gap deconvolution , and the frequency-dependent amplitude correction described
herein may be applied to seismic data to correct for or the seismic amplitude distortion
caused by the presence of sand dunes or other outcropping geobodies. After the correction for
the effects of sand dunes or other outcropping geobodies, the surface consistent
deconvolution and surface amplitude correction described in paragraphs [0056]-[0076] may
be applied to seismic data to correct for effects caused by near-surface features having less

prominent effects than the sand dunes or other outcropping geobodies.

[0073] As described below, the input to the surface consistent deconvolution and
amplitude correction does not require filtering of coherent noise such as multiples and surface
waves, and does not require the application of normal move-out (NMO). Accordingly, no
velocity data is required for application of the surface consistent deconvolution and amplitude
correction to obtain corrected seismic data. Further, the correction terms of the surface
consistent deconvolution and amplitude correction do not depend on the order in which the

different convolution terms have been derived.

[0074] In the discussion below, a seismic trace from an ith source station to a jth receiver
station is denoted by S(7,j) and the medium Green’s function between source 7 and receiver j
is denoted by Gij. By assuming the validity of a convolutional model, a seismic trace may be

modeled by Equation 10:
NNIGERORETORINT (10)

[0075] Where sy(t) is the waveform component associated with the source, ry(r) is the
waveform component associated with the receiver, and Gy(1) is the waveform component of
the earth impulse response between the locations of the shot and receiver. The seismic trace

S(i,p) from the ith source and pth receiver may be described by Equation 11:
5@, p)(8) = 5:(8) x 1, () * Gip (1) (1D

[0076] The pth receiver station may be used as a reference trace for the shot gather. The
ratio of the temporal Fourier transforms of Equations 10 and 11 may be expressed by

Equation 12:
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$(©).£().G;j(w) _ [$;()? ()] Gij(w)
5/ (@).Gip@)  [$i(w)Pp(w)].Gip(w)

Q(i,j, P) ((1)) =

12)

[0077] Within a shot gather, the source term s; may be assumed to be invariant from trace
to trace. Thus, the notation for traces may be simplified by replacing [§i(w)fp (w)] with
[s/ﬁ, (w)] to show that the receiver term is scaled by the invariant source term. Using this

notation for traces and collecting the amplitude terms (the real parts of the logarithm of

Equation 12), Equation 13 may be derived:
Q3. j, p)(@) = §7() + Gy (@) = 7 (W) = Gip(@)  (13)

[0078] The following notations expressed in Equations 14, 15, 16, and 17 may be used in

subsequent derivations:

in[[s: ()7 (@)]] = &7 (@) = 7j(w) (14)
In[[si (@) ()] = §7 () = Fip (@) (15)
]Gy ()] = Gij(w) (16)
In[[Gip ()] = Gip (@) a7

[0079] Where [n is the natural logarithm function. By assuming a weak validity of the
source and receiver reciprocity—such that S(i,j)(1) may be different than S(j,i)(1) but Gy(t) =
Giji(t) is always true—any discrepancy between reciprocal traces may be attributed to the
surface consistent source term s;(z) and surface consistent receiver term ry(¢). This assumption
is equivalent to assuming that the reciprocated source and receiver have different radiation

patterns.

[0080] Equation 13 may be rewritten with the notations defined in Equations 14, 15, 16,

and 17 to be expressed as Equation 18:
03, j, p)(w) =7 (w) + Gij(w) — Fip(w) — Gip(w) (18)

[0081] By assuming that the reference trace with index p is the last trace of the shot gather
{any trace within the shot gather may be chosen as a reference), Equation 18 may be rewritten

for all traces of the shot gather except for the reference trace, as expressed by Equation 19:
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F
Iip
i .
1000 ~1 100 0 ~1 f QG 1)
0100 ~1 01 0 0 ~1 , 3G, 2)
0010 ~1. 00 1 0 ~1 , 0(i,3)
000 1 ~1 00 0 1 ~1 , ,
~1.0 0 0 1| wm |
~1.0 0 0 1| 7 |7
-1 00 0 _1 || ¢®D
~1 0 0 0 1| 6@
~1 .0 0 0 T : ,
1 -1 00 0 L1 -1 : 0Gp—1)
G(i,p)
(19)

[0082] Equation 19 may be expressed in matrix notation as Equation 17 below:

AX =0 (20)
[0083] Where A is a sparse matrix with dimensions (p — 1) x (2 x p), X is a column
vector with (2 X p) unknowns (consisting of p surface consistent receiver terms scaled by the
source term and p earth impulse response components) and § is a column vector with
(p — 1) elements derived from the recorded data. The set of matrices expressed by Equation
17 has more unknowns than equations and may be solved by, in some embodiments, using

inverse theory to find the pseudo-inverse least squares solution X,,; as expressed by

Equation 21:
Xsor = AT(AAT)1Q @21
[0084] In other embodiments, other inversion schemes may be used to solve the set of

matrices of Equation 20.

[0085] From X,,,, the scaled receiver component terms shown in Equations 14, 15, 16,
and 17 may be obtained. Given the estimated solutions for the source scaled receiver terms,
the combined surface consistent terms s;(t) = 7;(t) may be derived using a minimum phase
wavelet assumption. In such an embodiment, the derivation of the scaled receiver terms may

not take into account the redundancy implied by the surface consistency assumption.
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[0086] In some embodiments, the surface consistent deconvolution may take advantage of
the redundancy implied by a surface consistency assumption by using the equations derived
below and discussed in paragraphs [0078]-[0084]. In such embodiments, the scaled receiver

terms from each shot i may be expressed according to Equation 22:

In[[8:(@)7;;()]] = In[|5;() |] + In[| 7 (@)]] = 7ij(w) (22)

[0087] The set of model equations for shot i may be expressed according to Equation 23

{omitting « for clarity):

1100 00 0 o0 o /sl %)

1010 00000 In[|r;] Figj+1)

1 0 0 0 0 0 0 00 1H[|7ij+1|]

1 0 0 1 0 0 0 0 O = (23)
0 0 0 0 O
0 00 00 .

1 0 00 00 1n[|’}ip|] Tip-1)

[0088] Equation 23 may be expressed in matrix form as Equation 24:

AKX, =R, (24)

[0089] Where A; is a sparse matrix with dimensions (p — 1) X (p + 1), X; is a column
vector with p + 1 unknowns (consisting of p surface consistent receiver terms and the source
term for shot 7). The set of matrices described by Equation 24 from different shots may be
combined into a single set of equations. The form of the resulting system of equations and the
number of unknowns may depend on the acquisition design, and the resulting system of

equations may be expressed in generic matrix form according to Equation 25:

BY =R (25)
[0090] Where B is a sparse matrix resulting from the combination of the A;s from
different shots, ¥ is the unknowns column matrix resulting from the combination of the X;’s

(accounting for the repeated receiver terms on different shots to reduce its size) and R is a

column matrix resulting from the combination of different R;’s.

[0091] In some embodiments, the estimated solutions for Equation 25 may be derived
using a similar approach to that applied to Equation 20. For example, in some embodiments,
Equation 25 may be solved by using inverse theory to find an optimal least-squares solution.

In other embodiments, other inversion schemes may be used to solve Equation 25.
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[0092] From the solutions to Equation 25, the frequency dependent amplitudes of the
surface consistent source and receiver terms may be obtained. The actual surface consistent
source and receiver waveforms may be obtained under a minimum phase assumption, and a
deconvolution operation may be performed to remove their effects and determine the
components of the seismic record associated with the G;(z) terms and that carry the desired

information about the subsurface.

[0093] FIG. 9 depicts a process 900 for processing seismic data to produce corrected
seismic data using the techniques described above and in accordance with an embodiment of
the disclosure. As described below, a first portion 901 of the process may correct for effects
caused by sand dunes or other outcropping geobodies, and a second portion of the process
902 may correct for less prominent effects caused by near-surface features other than sand
dunes and other outcropping geobodies. It should be appreciated that in some embodiments,
depending on the seismic data obtained, either portion 901 or 903 of the process 900 may be
applied without application of the other portion.

[0094] Initially, unprocessed seismic data may be obtained from source and receiver
stations (block 902). In some embodiments, some seismic stations may be positioned on
outcropping geobodies (e.g., sand dunes) and some seismic stations may be positioned on
other surface geological features (e.g., sebkhas). In some embodiments, the unprocessed
seismic data may be analyzed without any processing to identify a signature associated with
the outcropping geobody from the unprocessed seismic data (block 904). For example, in
some embodiments image-recognition (which may refer to or include “object recognition™)
may be performed on a plot of seismic data to identify a geobody signature, and multiples of
the signature, from the data. In some embodiments, the unprocessed seismic data may be
sorted in a cross-spread configuration static, such that the autocorrelation sections associated

with the same receiver stations or source stations are stacked.

[0095] Next, a variable gap length for a variable gap deconvolution may be determined
{block 906). In some embodiments, the variable gap length may be determined from the
identified geobody signature, i.e., the geometry of the outcropping geobody observed directly
from the unprocessed seismic data. In other embodiments, the variable gap length may be

determined from sand dune statics derived from the unprocessed seismic data.

[0096]  After determination of a variable gap length, a variable gap deconvolution may be

applied to the unprocessed seismic data to attenuate the sand dune signature (block 908) to
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generate seismic data in which the undesirable near-surface reverberations between the top
and base of a sand dune or other outcropping geobody has been filtered out. Next, the
frequency-dependent amplitude correction described herein may be applied to the seismic
data (block 910) to correct for the amplification of the seismic waveform caused by sand
dunes or other outcropping geobodies. For example, in some embodiments the applied

surface consistent amplitude correction may be described by Equation 9.

[0097] Next, the surface consistent deconvolution and amplitude correction described
herein may be applied to the seismic data (block 912) to correct for the effects caused by
near-surface features having less prominent effects than sand dunes or other outcropping
geobodies. For example, in some embodiments, the surface consistent deconvolution may be
described by Equation 20 which, in some embodiments, may be solved using inverse theory
to find a best least squares solution, as described by Equation 21. In other embodiments, the
surface consistent deconvolution may account for the redundancy of the surface consistency
assumption may be described by Equation 24 and, in some embodiments, may be solved

using inverse theory to find a best least squares solution.

[0098] Finally, corrected seismic data may be provided (block 914). In some
embodiments, further analysis may be performed on the seismic data to produce AVO
compliant processes (block 916). In some embodiments, seismic shot stations, seismic
receiver stations, or both may be modified based on the corrected seismic data. For example,
the position, configuration, or both of seismic shot stations, seismic receiver stations, or both

may be modified based on the corrected seismic data.

[0099] FIG. 10 depicts components of a seismic data processing computer 1000 in
accordance with an embodiment of the disclosure. In some embodiments, seismic data
processing computer 1000 may be in communication with other components of a system for
obtaining and producing seismic data. Such other components may include, for example,
seismic shot stations (sources) and seismic receiving stations (receivers). As shown in FIG.
10, the seismic data processing computer 1000 may include a seismic data processor 1002, a
memory 1004, a display 1006, and a network interface 1008. It should be appreciated that the
seismic data processing computer 1000 may include other components that are omitted for
clarity. In some embodiments, seismic data processing computer 1000 may include or be a
part of a cloud-computing system, a data center, a server rack or other server enclosure, a

server, a virtual server, a desktop computer, a laptop computer, a tablet computer, or the like.
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[00100] The seismic data processor 1002 (as used the disclosure, the term *“processor”
encompasses microprocessors) may include one or more processors having the capability to
receive and process seismic data, such as data received from seismic receiving stations. In
some embodiments, the seismic data processor 1002 may include an application-specific
integrated circuit (AISC). In some embodiments, the seismic data processor 1002 may
include a reduced instruction set (RISC) processor. Additionally, the seismic data processor
1002 may include a single-core processors and multicore processors and may include
graphics processors. Multiple processors may be employed to provide for parallel or
sequential execution of one or more of the techniques described in the disclosure. The
seismic data processor 1002 may receive instructions and data from a memory (for example,

memory 1004).

[00101] The memory 1004 (which may include one or more tangible non-transitory
computer readable storage mediums) may include volatile memory, such as random access
memory (RAM), and non-volatile memory, such as ROM, flash memory, a hard drive, any
other suitable optical, magnetic, or solid-state storage medium, or a combination thereof. The
memory 1004 may be accessible by the seismic data processor 1002. The memory 1004 may
store executable computer code. The executable computer code may include computer
program instructions for implementing one or more techniques described in the disclosure.
For example, the executable computer code may include seismic data correction instructions
1014 to implement one or more embodiments of the present disclosure. In some
embodiments, the seismic data correction instructions 1014 may implement one or more
elements of process 900 described above and illustrated in FIG. 9. In some embodiments, the
seismic data correction instructions 1014 may receive, as input, unprocessed seismic data
1010 and provide, as output, corrected seismic data 1012. The corrected seismic data 1012
may be stored in the memory 1004. In some embodiments, seismic data correction
instructions 1014 may include a sand dune signature identifier 1016 that identifies a sand
dune signature from the unprocessed seismic data 1010. As described above, for example, the
sand dune signature identifier 1016 may include image recognition functionality to recognize
a sand dune signature (and mirrors of the sand dune signature) from the unprocessed seismic

data 1010.

[00102] The display 1006 may include a cathode ray tube (CRT) display, liquid crystal
display (LCD), an organic light emitting diode (OLED) display, or other suitable display. The

24



WO 2018/026875 PCT/US2017/045007

display 1006 may display a user interface (for example, a graphical user interface) that may
display information received from the plant information processing computer 1006. In
accordance with some embodiments, the display 1006 may be a touch screen and may
include or be provided with touch sensitive elements through which a user may interact with
the user interface. In some embodiments, the display 1006 may display a graph 1018 of
corrected seismic data as determined by the seismic data correction instruction 1010 in
accordance with the techniques described herein. In some embodiments, the display 1006

may display a notification in response to the determination of corrected seismic data 1012.

[00103] The network interface 1008 may provide for communication between the
seismic data processing computer 1000 and other devices. The network interface 1008 may
include a wired network interface card (NIC), a wireless (e.g., radio frequency) network
interface card, or combination thereof. The network interface 1008 may include circuitry for
receiving and sending signals to and from communications networks, such as an antenna
system, an RF transceiver, an amplifier, a tuner, an oscillator, a digital signal processor, and
so forth. The network interface 1008 may communicate with networks, such as the Internet,
an intranet, a wide area network (WAN), a local area network (LAN), a metropolitan area
network (MAN) or other networks. Communication over networks may use suitable
standards, protocols, and technologies, such as Ethernet Bluetooth, Wireless Fidelity (Wi-Fi)
(e.g., IEEE 802.11 standards), and other standards, protocols, and technologies. In some
embodiments, for example, the unprocessed seismic data 1010 may be received over a
network via the network interface 1008. In some embodiments, for example, the corrected
seismic data 1012 may be provided to other devices over the network via the network

interface 1008.

[00104] In some embodiments, seismic data processing computer may be coupled to an
input device 1020 (for example, one or more input devices). The input devices 1020 may
include, for example, a keyboard, a mouse, a microphone, or other input devices. In some
embodiments, the input device 1020 may enable interaction with a user interface displayed on
the display 1006. For example, in some embodiments, the input devices 1020 may enable the
entry of inputs that control the acquisition of seismic data, the processing of seismic data, and

SO on.

[00105] Further modifications and alternative embodiments of various aspects of the

disclosure will be apparent to those skilled in the art in view of this description. Accordingly,
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this description is to be construed as illustrative only and is for the purpose of teaching those
skilled in the art the general manner of carrying out the embodiments described herein. It is
to be understood that the forms shown and described herein are to be taken as examples of
embodiments. Elements and materials may be substituted for those illustrated and described
herein, parts and processes may be reversed or omitted, and certain features may be utilized
independently, all as would be apparent to one skilled in the art after having the benefit of
this description. Changes may be made in the elements described herein without departing
from the spirit and scope of the disclosure as described in the following claims. Headings
used herein are for organizational purposes only and are not meant to be used to limit the

scope of the description.
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CLAIMS
What is claimed is:

1. A computer implemented method for producing corrected seismic data from seismic
data generated from a plurality of seismic receiver stations configured to sense seismic
signals originating from a plurality of seismic source stations, wherein at least one of the
plurality of seismic source stations or one of the plurality of seismic receiver stations is
positioned on an outcropping geobody, the method comprising:

obtaining, by a processor, at least one seismic trace, the at least one seismic trace
comprising unprocessed seismic data;

identifying, from the unprocessed seismic data, a signature associated with the
geobody, the signature corresponding to a geometry of the geobody;

performing, by the processor, a variable gap deconvolution to attenuate the signature
and generate processed seismic data without near-surface reverberations caused by the
outcropping geobody; and

performing, by the processor, a frequency-dependent amplitude correction on the

processed seismic data to produce corrected seismic data.
2. The method of claim 1, wherein the outcropping geobody comprises a sand dune.

3. The method of any one of the preceding claims, wherein identifying, from
unprocessed seismic data, a signature associated with the geobody comprises performing

image-recognition on the unprocessed seismic data to identify the signature.

4. The method of any one of the preceding claims, wherein performing a variable gap
deconvolution to attenuate the signature and generate processed seismic data comprises

determining a variable gap length from the signature.

5. The method of any one of the preceding claims, wherein at least one of the plurality
of seismic source stations or plurality of seismic receiver stations is positioned on a near-
surface feature having less distortion effects than the outcropping geobody and the corrected
seismic data comprises first corrected seismic data, the method comprising performing, by
the processor, a surface consistent deconvolution and amplitude correction on the corrected

seismic data to produce second corrected seismic data.
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6. The method of claim 5, wherein performing the surface consistent deconvolution and
amplitude correction on the first corrected seismic data to produce second corrected seismic
data comprises:

scaling a surface consistent receiver term by a source term, the receiver term
corresponding to one of the plurality of receiver stations and the source term corresponding to
one of the plurality of source stations;

determining the scaled surface consistent receiver term; and

determining, using the scaled surface consistent receiver term, a surface consistent

source waveform and a surface consistent receiver waveform.

7. The method of claim 5, wherein performing, by the processor, a surface consistent
deconvolution and amplitude correction comprises defining as S(7,j) a first seismic trace as a

function of time 7 from an /™ source station to a ;* , such that S(i,j) comprises:

SN = 5:(8) x1;(2) * Gy;(t)

wherein s,(¢) is the waveform component associated with the ith source station, 74t} is the
waveform component associated with the jth receiver station, and Gy(t) is the waveform
component of the earth impulse response between the locations of the i source station and ;*

receiver station.

8. The method of claim 7, wherein performing, by the processor, a surface consistent
deconvolution and amplitude correction comprises defining as S(i,p) a second seismic trace

as a function of time ¢ from the /" source and p™ receiver, such that S(i,p) comprises:

S, p)(@) = 5i(t) * 1, (8) * G (1)

wherein s,(¢) is the waveform component associated with the " source station, ry(t} is the
waveform component associated with the jrh receiver station, and Giy(t) is the waveform
component of the earth impulse response between the locations of the ™ source station and ;"

receiver station

9. The method of claim 8, wherein performing, by the processor, a surface consistent
deconvolution and amplitude correction comprises defining Q(i, j, p) (w) as the amplitude of
a ratio of the temporal Fourier transforms of the first seismic trace and the second seismic

trace, such that Q (i, j, p) (w) comprises:

0@, j,p) (@) = §7(w) + Gi(w) — 57 (0) — Gy (w)
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wherein 7 (w) = §7(w) = ln[fqi(w)fj(w)ﬂ, fip(w) = $7(w) = ln[Bi(w)fp(w)H, and

Gyj (@) = [[Gyy(@)]], and Gy (@) = n[[Gp (@)]]-

10. The method of claim 9, wherein performing, by the processor, a surface consistent
deconvolution and amplitude correction comprises defining p as a last seismic trace of a shot

gather, such that Q (i, j, p) (w) comprises:

T
iz
fis -
1000 ~1 100 0 ~1 f Q1)
01 00 -1 01 0 O -1 . Q(@i,2)
0 010 -1 0 0 1 0 -1 . 0(i,3)
0 0 0 1 -1 0 0 0 1 -1 . .
-1 0 0 O -1 fip _
-1 0 0 O -1 = B
~1.0 0 0 _1 || ¢ED
-1 0 0 O —1 || G2
-1 0 0 O o =1 ' )
1 -1 0 0 0 W1 =1 : 0G,p—1)
G, p)
11. The method of claim 10, wherein performing, by the processor, a surface consistent

deconvolution and amplitude correction comprises defining Q (i, j, p) (w) in matrix notation,
such that Q(i,j, p)(w) comprises:
0 =A4X

Wherein A is a sparse matrix with dimensions (p — 1) X (2 x p), X is a column vector with
(2 X p) unknowns (consisting of p surface consistent receiver terms scaled by the source
term and p earth impulse response components) and § is a column vector with (p — 1)

elements.

12. The method of claim 9, wherein performing, by the processor, a surface consistent
deconvolution and amplitude correction comprises defining the scaled receiver term for each

shot 7 as 7;;(w), such that 7;;(w) comprises:
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110 0 00 0 0 o (ol %
1 010 0 0000 In[ry] Ficj+n)
1 0 0 O 0 00 0O 1n[|’;i].:1|]
1 0 0 1 0 0 0 0O =
0 0 0 0O ) .
0 00 0O \ ) / .
1 0.0 0 0 0\ Inffr,] Tip-1)
13. The method of claim 12, wherein performing, by the processor, a surface consistent

deconvolution and amplitude correction comprises defining 7;;(w) in matrix notation, such

that 4;(w) comprises:

Ri - ALX i
wherein 4; is a sparse matrix with dimensions (p — 1) X (p + 1), X; is a column vector with
p + 1 unknowns (consisting of p surface consistent receiver terms and the source term for

shot 7).

14. A non-transitory computer-readable storage medium having executable code stored
thereon for producing corrected seismic data from seismic data generated from a plurality of
seismic receiver stations configured to sense seismic signals originating from a plurality of
seismic source stations, wherein at least one of the plurality of seismic source stations or one
of the plurality of seismic receiver stations is positioned on an outcropping geobody, the
executable code comprising a set of instructions that causes a processor to perform operations
comprising:

obtaining, by the processor, at least one seismic trace, the at least one seismic trace
comprising unprocessed seismic data;

identifying, from the unprocessed seismic data, a signature associated with the
geobody, the signature corresponding to a geometry of the geobody;

performing, by the processor, a variable gap deconvolution to attenuate the signature
and generate processed seismic data without near-surface reverberations caused by the
outcropping geobody; and

performing, by the processor, a frequency-dependent amplitude correction on the

processed seismic data to produce corrected seismic data.

15. The non-transitory computer-readable storage medium of claim 14, wherein the

outcropping geobody comprises a sand dune.
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16. The non-transitory computer-readable storage medium of claims 14 or 15, wherein
identifying, from unprocessed seismic data, a signature associated with the geobody,
comprises performing image-recognition on the unprocessed seismic data to identify the

signature.

17. The non-transitory computer-readable storage medium of claims 14, 15, or 16
wherein performing a variable gap deconvolution to attenuate the signature and generate

processed seismic data comprises determining a variable gap length from the signature.

18. The non-transitory computer-readable storage medium of claims 14, 15, 16, or 17,
wherein at least one of the plurality of seismic source stations or plurality of seismic receiver
stations is positioned on a near-surface feature having less distortion effects than the
outcropping geobody and the corrected seismic data comprises first corrected seismic data,
the executable code comprising a set of instructions that causes a processor to perform
operations further comprising: performing, by the processor, a surface consistent
deconvolution and amplitude correction on the corrected seismic data to produce second

corrected seismic data.

19. The non-transitory computer-readable storage medium of claim 18, wherein
performing a surface consistent deconvolution and amplitude correction on the attenuated
seismic data to produce corrected seismic data comprises:

scaling a surface consistent receiver term by a source term, the receiver term
corresponding to one of the plurality of receiver stations and the source term corresponding to
one of the plurality of source stations;

determining the scaled surface consistent receiver term; and

determining using the scaled surface consistent receiver term, a surface consistent

source waveform and a surface consistent receiver waveform.

20. A system, comprising:

a plurality of seismic source stations, wherein at least one of the plurality of seismic
source stations is positioned on an outcropping geobody;

a plurality of seismic receiver stations configured to sense seismic signals originating
from the plurality of seismic source stations;

a seismic data processor;

a non-transitory computer-readable storage memory accessible by the seismic data
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processor and having executable code stored thereon for producing corrected seismic data
from seismic data generated from the plurality of seismic receiver stations, the executable
code comprising a set of instructions that causes the seismic data processor to perform
operations comprising:

obtaining at least one seismic trace, the at least one seismic trace comprising
unprocessed seismic data;

identifying, from the unprocessed seismic data, a signature associated with the
geobody, the signature corresponding to a geometry of the geobody;

performing a variable gap deconvolution to attenuate the signature and
generate processed seismic data without near-surface reverberations caused by the
outcropping geobody; and

performing a frequency-dependent amplitude correction on the processed

seismic data to produce corrected seismic data.
21. The system of claim 20, wherein the outcropping geobody comprises a sand dune.

22 The system of claims 20 or 21, wherein identifying, from unprocessed seismic data, a
signature associated with the geobody, comprises performing image-recognition on the

unprocessed seismic data to identify the signature.

23. The system of claims 20, 21, or 22, wherein performing a variable gap deconvolution
to attenuate the signature and generate processed seismic data comprises determining a

variable gap length from the signature.

24. The system of claims 20, 21, 22, or 23, wherein at least one of the plurality of seismic
source stations or plurality of seismic receiver stations is positioned on a near-surface feature
having less distortion effects than the outcropping geobody and the corrected seismic data
comprises first corrected seismic data, the executable code comprising a set of instructions
that causes a processor to perform operations further comprising: performing, by the
processor, a surface consistent deconvolution and amplitude correction on the corrected

seismic data to produce second corrected seismic data.

25. The system of claim 24, wherein performing a surface consistent deconvolution and
amplitude correction on the attenuated seismic data to produce corrected seismic data
comprises:

scaling a surface consistent receiver term by a source term, the receiver term
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corresponding to one of the plurality of receiver stations and the source term corresponding to
one of the plurality of source stations;

determining the scaled surface consistent receiver term; and

determining using the scaled surface consistent receiver term, a surface consistent

source waveform and a surface consistent receiver waveform.

33



WO 2018/026875 PCT/US2017/045007

AMENDED CLAIMS
received by the International Bureau on 07 December 2017 (07.12.2017)

What is claimed is;
1. A computer implementad method for producing corvicted seismic dat from
seismic data-generated fram a olurality of selsmic receiver stations configurdad 1o sense
sefsimic -si:gnaﬁs@ﬁg‘in&ti‘ng_ﬁrbm.;a' plurality of selsmit source stations, whiarein at lsast one of
‘the plurality-of selsmit sourte stations:or one of the plurality of seismic radaiver stationsis
positiones anan autcropaing geobody, the method comprising:
obtaining, by 8 processor, at laast one selsmic traee,_-tﬁa'at!easr ore seismictrace
comprisiag Gnprocessed selsmic data;
iie fxt_'ifgiirug,- from the unprocessed seismic data, 3 signaturs associated with the
_geobady, the signature corresponding to a geametry of the geobody;
performing, by the processor, a-variable gap deconvaiution (o dttemuate the
signatire an_dge_nera'te processed seismic data without near-surface reverberations caused
by'the qutcrapping geabody, wheredn performing @ variable gap deconvolution to atfenudte
the signature and generate processed selsmic data t_.cn*ibﬂ:ses defermihing avariable gap
ieng'th from the signature; and !
performing, by the processor, a frégquency-dependent ardpiitude corfection on the

processed selsnyic data to produce corrscted seismic data,

2. The method of claim 1, wherein the cutcrogping geobody tomgtises a sand dune,
3. “The method of any one of the preceding dlaiims, wherein identifying, from

unprocessed seisnic data, 3 signature assodiated with the geohody eomprises performing

imaga-recognition on the unprocessed seisric dats to identify the signature.

4, Thie miethod of any ane ofthe ;}rtéc'&d'i_nig £ia ime, wherein at least one of the nlurality.
of seismic source stations:or plurality of seismic receiver stations is positioned or a near-
strface feature having less distortion effects than the outoropiping geobody and the
correciad seismic data comprises first corvedted seismic dats; the method comprising
performing, by the processor, 3 surface consistent daconvoiution and amplitude correction

ah thie cdirected seisric data 1o produte second corracted seisiic data.
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5. The method of claim 4, wherein performing the surface consistent Heconvolution
and amphitude '(:t}?recfﬁiﬂn'm}: thie first corrented selsmic'data to produce secand corrected
seigmic data comprises:

scaling & surface consistent receiver term by a sogres term, the receiverierm
corresponding to one of the plorality of recelver stations and the source term carresganding
‘toone of the plurality of source stations;

determining the scaled surface consistent receiver term; and

determining, using the scaled surface consistent receiver term, & strface consistent

souree waveform and a surface consistent recgiver waveform,

6. Themethod of claim 4, wherein performing, by the processor,. a surface consistent
decanvelutian and amplittde corfectioh comprises defining as 30,7} o fikst seismic taceas a
faniction of tme tfrom an ™ source station to a7, such that 5i) comprises:

ST, = 50 1) » Gl

wherein sift}is the waveform component associated with the ith source station, rft] is the
waveferm component assodated with the / receiver station, and Gy(t} is the waveform
companent of the earth Impulse resparize betwean the locations of the M source station

ah

and;" receiver station.

Z The method of claim 6, wherein performing, by the processor, a surface consistent
deconvolution and amplitude corvection comprises defining as Sf p}a second ssisrilc traze
as afunction.of time ¢ from the M source and ¢ receiver, such that §{ip} comprises:

SERHE) = 0 v (B G {23

wherein-sf] is the waveform spmponent assosiated withthe /™ source statian, ryft) is the
wavaform component associated with the jih receiver station, and Gpft}is the waveform
component of the sarth impulse Yesponse hetween the locations of the /' source station

and /" receiver station

& 'Ti:we:f:ne-'Ihr)d of claien 7, wherein performing, by the processor, & surface consistent
deconvolition and amplitude cofrection comprisss defining {j‘.(iﬁ,‘j;p) {i) ms the amplituge
of a-ratio of the temporal Fourter transforms of the first seismic trace and the second
seismic trace, such that {f}(t §pHew) comprises:
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Qi pda) = G la) + Byla) — 5w} ~ &y, {w)

 wherein 7, {w) = - £F () = {5 (w)f{af], fpla) = $7,(0) = tnfJs; s ﬁ,(mjﬂ and

& j{m) == {nf TG {w) ], and Giplw) = &[G,
9. Themethod of tlaim 8, whereld performing, by the pracessor, a surface consistent
deconvolution and amplitidie correction comprises defini ing o as @ last sefsmic trace of a

shot gather, stch that @41, §,p1() comprises:

Yinoox
Y \‘
¥ o
A0 g0 1%t e o -1 Sk f gun
01 0 @ ~1 0 18 9 -1 Gt
601 @ ~1 0 0 1 8 ~1 _ 84,3
00 01 -1 0 6 0 1 -1
~1 0 0 0 -1 G ” q
C e e =1 000 | R (3
S A N O v =1 S S A
! g S SRS W (O T SRS SR ¥ < \Q(_{,pwl})

| \{}’(t ;}_}/'

10, The methodof claim 9, wherein garforming, by the processar, a surface consistent
deconvolution dnd amplitude cortettion comprises defining Q(L 7, p) () in matix
notatian, such that Q{J,,, p){w) comprises:

0w A%

Wherein 4 is & sparse matrix with dimensions (p— 1) X (2 X p), ¥ is a column vectorwith
(Zxph unksawns (cansisting of p surface con sistent recelver terms scaled by the source
term and pearth impulse response companems) and & is 2 column vector with (p~—1)

:e_iﬁn':sﬁn.'ts;

36
AMENDED SHEET (ARTICLE 19)



WO 2018/026875 PCT/US2017/045007

11, Themethod of cleim 8, wherein performing. by the processor, 8 surface conyistent
decanvolution and amplitude correction comprises defining the scaled recaiver term for

each shot F as 7, (w), such that 7y {a) comprises:

P10 0 .0 00 o o MRN8
/1 g1 0 .0 00 ¢ 0\ Wjmg Pieist
1880 . 0008 0 mfll :

21 G0 1 . D008 0 'E D
L. . . 000 D ;

\\ . 800 0 0y , b

U ST w U000y E“[mp*} } g1/

12, The method of claim 11, wherein parforming, by the processor, a surface congistent
deconvotution anci3amp§'itudac;0rrec§imﬁn camp:r'is:e‘s_.deﬁning Fip(os) o matix notation, such

that 7i;{w) comprises:
Ry = A%,

wharein 4, ¥ 2 sparse matri with divensions (n - 11 (o + 1), 5 i 2 column vector with
o+ 1 Unkriowrs {consisting of p surface consistem recelver terms and the sourse term for

shot'fk

13, Anon-transitory computer-readable storagé madium h:av'i_rz_ge_xemame-é:_ad& stored
thergon for produsing corrected selsmic data from seishic data generated from = pherality
of seismic receiver stations configured to sense sgismic signals ofiginating from a plurality of
seismin source stations, wherein at laastone of the plurality of selsmic source stationsor
one of the plurality of selsmic receiver stations is positioned on an outcropping geabiody,
the sxecutable-code comprising @ set of instructions that causas a g:rmzie‘s_sbr to perform
Gperations comprising:

abtaining, by the processor, atleast.one selumic trace, the atieast one selamic trace
comprising unprocessed seismic datay

identifying, from the ungrocessed Seismic::ciéta_,. & signature dssociated with the
geobody, the sigrature corresponding toa geomatry of the gesbody;

performing, .by-t_he processor, § variable gap deconvelution o attentste the.
signature and generate processed selsiic data without near-surface reverbsrations caused

by the putcrogping geobody, wherein performing 8 variable gap deconvolution to sttenuate:
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the signature and gensrate processed seismic data comprises determining a variakie gap
ferigth from the signature; and
performing, by the processor, 3 frequency-dependent amplitude correction on the

orocessad selsmic dats W produce correcied seismic data.

14, The nop-transitory compuier-readable storage medivm of claim 13, wherein the

outcropping geobody comprises & sand durne:

15.  The nonswransitory computer-readabie storage medium of cfaims 13 or 14, wherein
identifying, froby unprocessed selsmic data, a sighature associated with the geobady,
comprises performing image-recognition on the unprocessed seismic data to fdentify the

signatare.

16, The non-transitary compister-readable starage iedium of claims 13, 14, or 15,
whaerein at least one of the pluraiity of selsmic source stations or plurality of seismic receiver
stations is positionad on a fear-surface feature having less distortion effects than the
gutcropping gévbody and the torrectéd seivmic data comprises fitst cotrected sedsinic data,
the executable cotde comprising 2 set of instructions that causes & procassor to perform
aperations further comprising: perferming, by the processor, a siirface consistent
deconvolution and amplitude corvection on the corrected sefsmic data to produce second

correctad sedsmic data.

17, The non-transitory computer-readable storage meadium of claim 18, wherein
performing a surface consistent deconvoiulion and amplittde corraction oh the attenuated
sefsmic data to produce corrected seismic data comprises:

séaling a surface consistent revejver tefim bya source e, the réﬁe‘ivet tarm
corresponding to one of the plurality of receiver stations and the source term corresponding
ta ana of the plurafity of source stations;

determining the scaled surface consistent récéiver teray; and

datermining usmg_-the's‘caiedﬁsm‘fac-e consistent recdiver term, @ surface consistent

solrce wavelorm dnd a swirlface consistent recelver waveTorm.

18 Asystem, comprising:

a plurality of selsmic source stations, whereln at least oneof the plurality of seismig:
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saurce stations is pdsitioned of ah outCropping geobody;
a plurality of seismic receiver stations sonfigived ta sense seisaic signals cr_iginati_:i-{g
frowm the plirality of seismic source stations;
a seismic data processor;
anon-transitory computer-rendalde storage memory accessible by the seismic data
processar and having executable codé stored theteon for producing cortected selsmic data
from seismic data generated from the plurality of seismic receiver stations, the executable
code comprising @ set of instructions that causesthe selsmic data processorto perform
operations compristng:
‘olitaining at least one seismic trace, the at least one seismic trace comprising
unprocessed selsmic data;
identifying, from the usiprocessed sefsmiic d&ta_,, a-signature asstciated with
the geobody; the sigrature cosresponding to & geonmietry of the geobady;
performing a variable gap deconvolution to attenuate the signature snd
generate processed seismic data without near-surface reverberations caused by the
outcrapning gechody, wherdin performing a varieble gap deconvalutiarn to attenvate the
signature and generate processed seismic data comprises detevmining » variable gap length
from the signature; and
performing o frequency-dependent amplitude correction on the processed

~ seismic data fo produce corrected selsmic data.
18, The systern af claim 18, wherein the outcropping geobady comprises a sand dune;

2D, The systernof claims 18 or 18, wherein identifying, frora unprocessed selsmic data, &
signature-assaciated with the geobody, comprises performing image-recognition on‘the

pnprosessed seicmis data 1o identify the signature,

4. . Thesystem of claims 18, 19, oy 20, whevein at feast one of the plurality of sefemic
teature having less distortion effects than the altcropping geobody and the corvected
sedsmie data comprises firstorrected seismic dats; the executable code comprising a set of

jnstriictions that tayses a procassor 1o perform operations further tompri‘:ing; performing,.
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by the precessar, & surface cansistent deconvolution and amplitude corvection on the

corrected seismic data to produce second corrected seismic data,

22, Thesystem of claint 23, whevein-performing a surface consistent deconvehstion and
arnplitude correction on the attenuated seisinic data toproduce corracted seistic dats
COmMprises;

scaling s surface consistent receiver term _ﬁby a source ferm, the receiver term
corresponding (o one of the plarality of féceiver stations ant the source tarm correspanding
o one.of the plurality of source stations; B

detarinining the scaled surfate cansistent receiver term; and

determining using the scaled surface consistent receiver term, 2 surface consistent

spurce wavelorm and a surfage consistent receiver wavefarm,
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