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waves using polarization filtering applied to recorded single component seismic data are disclosed.
A second component tor polarization filtering is created by determining interface waves from the
recorded data single component seismic data. The second component seismic data may be gener-
ated using an interface waves propagation model (in frequency or time-frequency domain) or by
differential normal move-out (NMO) interpolation. Polarization filtering may be applied to multi-
component seismic data formed from the recorded single component seismic data and the generated
second component seismic data to attenuate interface noise.
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METHOD OF APPLICATION OF POLARIZATION FILTERING ON SINGLE
COMPONENT SEISMIC DATA FOR INTERFACE WAVE NOISE ATTENUATION

INVENTOR: Mamadou Sanou Diallo

BACKGROUND

Field of the Disclosure

{8081}  The present disclosure generally relates to geophysical exploration using seismic
surveying. More specifically, embodiments of the disclosure relate to the attenuation of noise

from interface waves.

Bescription of the Refated Art

{8002} In geophysical exploration, such as the exploration for hydrocarbons, seismic
surveys are performed to produce images of the varicus rock formations in the carth
{“subsurface”} or underwater (Msubsea”). The scismic surveys obtain seismic data indicating
the response of the rock formations to the travel of elastic wave scismic energy. Various types
of seismic waves may be generated as the seismic data, and such seismic waves include
miterface waves produced at the interface between different waves. These interface waves
mclude Rayleigh waves and Scholie waves. Various technigues may be used to filter these
miterface waves from the seismic data. However, existing filtering techmiques have specific

spatial sampling requirements and depend on the avalability of multicomponent seismic data,

{6003 Interface waves (1.o., Ravieigh/Scholte waves} differ from body waves in many
charactenistics. For example, in heterogencous media, mierface waves” velocities are dispersive
and are generally slower than those of body waves. One charactenistic that enables the
separation of mterface waves from body waves is the polarization nature of particle motions.
For mierface waves, the particles” motion exlubits elliptic polanization, while for body waves
the particles” motions exhibits a generally hnear polanzation. The polarization characteristics
of different wave tvpes in multicomponent data may be characterized by the ellipticity ratio,

fit and azimuth angle attributes.

10604]  Polanzation filtering 5 typically used to filter interface waves such as Rayleigh
waves {m land environments) and Scholte waves (in marine environments) from

mulficomponent seismic data. However, the application of polanization filtering requires the
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availabtlity of multicomponent data-that s, at least two-component data for cach seismic
recciver. This requirement rosults in specific receiver spacing constraints to avoid spatial
aliasing of interface waves nceded for the application of existing vwiltichannel filicung
techniques. Additionally, the multicomponent data requirement may limit the application of
such filtering for land setsmic data, as such data is typically acquired as single component data
{(that is, P-wave component data}. Further, some muftichanne! filtering techniques, such as
those based on frequent wave number (FK), may negatively impact the preservation of relative
amplitudes of reflection signals used for Amplitude Versus Offset (AVO) analysis and

IMVersion.

{6605 In one cmbodiment, a computer-implemented method for producing attenvated
seismic data from single component seismic data generated from a seismic receiver station
configured to sense seismic signals originating from a seismic source station is provided. The
method mcludes obtainimg smgle component seismic data from the seismic recerver station at
a first location, filtering the single component seismic data to identify mterface waves in the
single component seismoic data, and generating, using the identified interface waves, second
coroponent seismic data at a second location. The method further ncludes applving
polarization filtering to multicomponent seismic data having the single component scismic data
and the second component seismie data and producing attenuated seismic data from the
application of polanzation filtening, the attenuated seismic data having attenuvated interface

waves as compared fo the single component seismic data.

[B006]  In some embodiments, the method includes generating a seismic image from the
attenuated seismic data. In some embodiments, the filtering is performed within a velocity
constraint defined by a first velocity and a second velocity. In some embodiments, generating,
using the identified wterface waves, sccond compounent seismic data at a sccond location,
meludes using a differential normal moveout (NMO} mterpolation applied to common
madpoint (CMP) gathers of the dentified interface waves. In some embodiments, gengrating,
using the wlentified mterface waves, second component seismic data at a second location,
meludes determining a dispersion curve using the identificd interface waves and generating a
second component seismic data at the second location using the frequency dependent velocity
variation, the frequency dependent velocity variation determined from the dispersion curve. In
some embodiments, the seismic receiver station is a geophone. In some embodiments, the

second location is determined by adding a distance to the first location.
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180071  In ancther embodiment, a non-transitory computer-readable storage medium having
executable code stored thercon for producing attenuated seismic data from single component
scismic data generated from a seismic receiver station configured to sense scismic signals
originating from a seismic source station is provided. The executable code mcludes a set of
mstructions that causes a processor to perform operations that include obtaiming single
component seismic data from the seismic roceiver station at a first location, filtering the single
component seismic data to wdentify interface waves 1w the single component seisnuc data, and
generating, using the identified interface waves, second component seismic data at a second
location. The operations further inchude appiving polarization filtering to multicomponent
scismic data having the single component seismic data and the second component seismic data
and producing attenuated scismuc data from the apphceation of polarizavon filtering, the
attenuated seismic data having attenuated interface waves as compared to the single component

seismic data.

{8608}  In some embodiments, the operations include gencrating a seismic image from the
attenuated seismic data. To some embodiments, the filiering is performed within a velocity
constraint defined by a first velocity and a second velocity. In some embodiments, generating,
using the dentified mnterface waves, second component seismi¢ data at a second location,
mcludes using a differential normal moveout (NMO) nterpolation applied to comumon
midpoint (CMP) gathers of the identified interface waves. o some embodiments, generating,
using the dentified mterface waves, second component seismic data at a second location,
meludes determining a dispersion curve using the wdentified interface waves and generating a
second componernt seismic data at the second location using the frequency dependent velocity
variation, the frequency dependent velocity variation determined from the dispersion curve, In
some embodiments, the seismic receiver station is a geophone. In some embodiments, the

second location is determined by adding a distance to the first location.

{8609}  In another embodiment, a system is provided. The system mchides a seisanc source
station, a seisimic receiver station configured to sense seismic signals oniginating from a scismic
soures station, a seismic data processor, and non-transitory computer-readable storage memory
accessible by the scismic data processor and having executable ¢ode stored thercon for
producing aticnuated scismic data from seismic data generated from the seisnuic receiver
station. The executable code meludes a set of instructions that causes a processor to perform

operations that include obtaining single component seismic data from the seismic receiver
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station at a first location, filtering the single component seismic data to wdentify interface waves
in the single component seismic data, and gepcrating, using the identified nterface waves,
second component seismic data at a second location. The operations further taclude appliving
polarization filtering to multicomponent seismic data having the single component seismic data
and the second component seismic data and producing attenuated seismic data from the
application of polarization filtering, the attenuated scismic data having attenuated interface

waves as compared to the single component seismic data.

{3816}  In some embodiments, the operations include gencrating a seismic image from the
attenuated seismic data. In some embodiments, the filtering is performed within a velocity
constramt defined by a first velocity and a second velocity. In some embodiments, generating,
using the identified interface waves, second component seismic data at a second location,
mcludes using a differential normal moveout (NMO} interpolation applied to common
midpomnt (CMP) gathers of the identified mnterface waves. In some embodiments, generating,
using the wdentified mterface waves, second component seismic data at a second location,
mcludes determining a dispersion curve using the wdentified terface waves and generating a
second component seismic data at the second location using the frequency dependent velocity
variation, the frequency dependent velocity variation determined from the dispersion curve. In
some embodiments, the scismic receiver station 18 a geophone. In some embodiments, the

second location is determined by adding a distance to the first location.

BRIEF DESCRIPTION OF THE BRAWINGS

{3011} FIG. 1 s a block diagram of a process for attenuating interface waves osing
polarization filtering and single component seismic data in accordance with an embodiment of

the disclosure;

{3012} FiG. 2 15 a block diagram of a process for filiering recorded single component
seismic data and generating second component seisnuc data from the single component seismic

data  accordance with an embodiment of the disclosure;

{86131  FIGS. 3-6 are example seismuc receiver gathers illustrating the filtering of recorded
single component seismic data and gencration of second component seismic data in accordance

with an embodiment of the disclosure;
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18014]  FIG. 7 15 a schomatic diagram of example seismic receiver gathers of recorded single
component data and generated second component seismic data to produce multicomponent

seisnue data 1o accordance with an embodiment of the disclosure;

10615 FIG. 8 s a block diagran of a system for producing single component seismic data
and attenuating inderface waves using polarization fillering applied fo single component

seismic data m accordance with an embodiment of the disclosure; and

[B816]  FIG. 9 a block diagram of a seismic data processing system in accordance with an

embodiment of the disclosure.

BETAILED DESCRIPTION

{0017]  The present disclosure will be described more fully with reference to the
accompanyimng drawings, which llustrate embodiments of the disclosure. This disclosure may,
however, be embodied in many different forms and should not be construed as limited to the
tHustrated embodiments. 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.

[B618]  Embodiments of the disclosure mclude svstems, methods, and computer-readable
media for the attenuation of mterface waves (that s, Rayleigh waves or Scholte waves) using
polarization filiering applied to single component scismic data. As described in the disclosure,
the polanization filtering described 1n the disclosure uses single component scismie data (for
example, P-wave components of a seismic wavefield). A second component for the
polarization filtering 18 created by gencrating the mterface waves from the recorded single
coraponent seismic data. As used herem, the term “recorded” seistuc data refers to the seismic
data (for example, seismic traces} recorded at one or more seismuc receivers. The ferm
“generated” seismic data refers to seismic data generated from the recorded seismic data and

not obtained direetly from a scismie receiver.

{8619}  Asdescribed in the disclosure, the generated second component seismic data may be
gencrated using interface waves propagation characteristic {for example, using an mterface
waves propagation model in frequency or time~frequency domain) or by differential normal
move-out (NMO). The generated second component seismic data provides mterface wave

seismic data at a surface location without an actual receiver at that location.
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8628}  Advantageously, the attenuation of mtferface waves via the apphcation of
poiarization filtering to single component seismic data may enabic an ncrease in the spacing
between seisnuc receivers. Consequently, the number of seismic receivers used for a given
acquisition operation may be significantly reduced, thus reducing tumaround time and the cost
of seismie data acquisition. As a result, seismic operations tmplementing embodiments of the
disclosure may focus surveving efforts on optimizing parameters for signal acquisition {for

example, recording relatively large signal to noise (5N} ratio data).

{8021} FIG. 1 depicts a process 100 for attenuating interface waves using polarization
filtering and smgle component seismic data in accordance with an embodiment of the
disclosure. Inmitially, single component scismic data (for example, raw receiver gathers or
traces} may be obtained (block 102}, such as by recording the single component seismic data
at a seismic recetver (also referred to as a “recerver station™). The single component seismic
data may melude noise from interface waves. The single component seismic data may be

filtered to 1dentify the interface waves e the data (block 104}

180221 Next, second component seismic may be generated using differential normal move-
out (NMQO} or an interface waves propagation model (block 106} The recorded single
component  seismic data and the generated second component seismuc data form
multicomponent seismic data for subsequent attenuation of the mterface wave noise via

polarization filtering.

{60231 Polarization filtering may be applied to the multicomponent seismic data formed by
the single component scismie data and the second component seismic data to attenuate the
mterface waves {block 108}, Seismic data having attenuvated noise from various sources,
mehuding interface waves, 1s produced (block 110}, The attenuvated seismic data may be used

to generate a seismuc image of a region of interest (for example, a subsurface rock formation}.

66247  FIGS. 2-7 describe the filtering of single component seismic data and generating of
second component seisnuc data in accordance with an embodiment of the disclosure. FIG 2
depiets a process 200 for filtering single component seismic data and geuerating of sccond
component seismic data in accordance with an embodiment of the disclosure. FIGS. 3-7 depict
example seismic traces ilhustrating the process 200 i accordance with an embodiment of the

disclosure.

G
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{8625}  As shown the process 200 i FIG. 2, single component seismic data (for example,
raw receiver gathers or traces) with interface wave noise are recorded at one of more seismic
receiver stations {block 202} FIG. 3 depicts an example recorded single component scismic
trace 300 in accordance with an embodiment of the disclosure. Next, the single component
seisonc traces may be filtered to the frequency range of the nterface waves to obtain an
estimate of the interface wave noise (block 204}, The frequency range for the filtering may be
deternmined by a velocity constraint defined by a mununum apparcot velocity (V1) and a

maximum apparent velocity (V2) range.

[B026]  FHGS. 4 and 5 depicts the application of filtering to the frequency range of the
mterface waves as apphied to the example seismic trace 300 of FIG. 3. FIG 4 depicts a seismic
trace 400 with the application of filtering for uderface waves based on apparent velocities V1
and V2. As shown in FIG. 4, the domain of application of the filtering may be deluuited by an
area 402 as defined by a nunimum apparent velocity (V1) and a maximum apparent velocity
{(V2}. FIG. 5 depicts the interface wave notse 502 in a setsmic trace 500 after the filtering of

the seisouc trace 400 depicted 1o FIG. 4.

{0627 Next, the filtered seismic traces may be spatially interpolated 0 a new spatial
location (block 206}. By assuouiug an tnitial location of xi, the new spatial location may be
defined as x + Ax. For example, FIG. § depicts an mmtial location x; in the filtered seismic trace
500, and FIG. 6 depicts a new spatial location x: + Ax in accordance with an embodiment of
the disclosure. The distance AJx may be selected such that the effective time window that spans
the interface wave arrivals in the recorded seismic data and the interface wave amivals in the
generated second component seismic data is the same. For example, in some embodiments, the
distance Ax shouid be less than 0.5 of the ratio of the lowest phase velocity of the interface

waves over the highest frequency of the mterface waves.

{8628}  In some embodiments, the generation of the second component seismic data may be
performed using differential NMO or a dispersion charactenistic of the interface waves (that is,
a dispersion curve} and an mierface wave propagation model. As described in the disclosure,
the generation of the sccond component seismic data using differcntial NMO or an interface
wave propagation model results in a relatively small travel time shift or delay of the reflection
events and produces an observable phase shuft or delay from the mterface waves of the recorded

seismic data.
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180281  The differential NMO may be applied on common midpoint {CMP} gathers after
attenuvation of noise, such as from interface waves. As known in the art, the CMP location refers
to the coordinate in between the source and receiver coordinates. Differential NMO is typically
applied to reflection arrivals and may be used to perform trace interpolation for the application

of surface related multiple chimination (SRME),

{8638} In the context of the attenuation of mterface waves and the technigues of the
disclosurg, differential NMO may be applied to create a seismic trace dominated by imterface
wave armivals at a surface location where no receiver station was present during the original

acquisition of seismic data.

100311 The wmput data to the differontial NMO imierpolation are CMP sorted gathers
dominated by interface waves, not reflection arrivals. The differential NMO interpolation
simulates a seismic trace at a surface station x: + 4x from an actual seismic trace recorded at a
surface location xi. As will be appreciated, mterface wave velocities are significantly slower
than body wave velocitics. The application of differential NMO on CMP soried gathers
dominated by mterface waves to stmmdate a trace at Xy + Ax using a relatively small Ax (that 15,
less than the actual distance between receiver stations used to record the original seismic trace}
may generate a new seismic trace have a residual reflection event with a relatively small travel
ume shuift 47 (because of a relatively large propagation velocity) as compared to interface wave
events. The differential NMO interpolation may be performed m terms of offsets (that is the
offsct # between source and receiver) to simulate a measurement at a particular offset. The
travel time at offset #+4% may be expressed as a function of the travel time at offsct A{h), the

offset 4, the offset +4h, and the velocity v, as shown i HEquation 1

m AR - B2
'fh*-,f\h(th! h, i+ Ah,v} = \iiié + M (E)

p2

{8632}  In which # 1s defined according to Equation 2:

6, (g, Bv) = \;'! £+ = {2}

{8833}  where 7o 15 1n the travel time at zero offset.

10634}  Using Equation 1, the travel time in the measurement at offset k44 that corresponds

to the travel time 7 i the measurement at offsct # may be determined. The travel time mapping

8-
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provides for the generation of seismic traces at specific offsets from the traces in the CMP

gather.

16635} The relatively large A7 of the interface wave events in the extrapolated traces induces
a phase shift in comparison o the asseciate surface wave events in the actual seismic trace and
may be used to apply polarization filtering to the multicomponent seismic data made of the
actual seismie trace and the extrapolated seismic trace. For the application of polarization
filtering, the extrapolated scismis trace may be assumed o be at the same location as the actual
seismoic frace. The amplitude maccuracy m the extrapolated trace does vot affect the application
of polarization filtering and attenuation of mterface wave noise. As will be appreciated, the
purpose of the extrapolation is to create a scismic trace with a slightly phase shifted interface

arrival and with an amplitude of the same order of magnitude as the actual recorded trace.

180361  As noted supra, FIG. 6 illastrates the spatial miterpolation of the seismie trace 500
using differential NMO to produce a sccond component seismic trace 600 at new spatial

location x;: + Ax 1 accordance with an embodiment of the disclosure.

160371 1o other emboduments, the generation of the second seismic frace may be performed
by deternuning the dispersion characteristic {also referred as the “dispersion curve™) of the
mterface waves and using the dispersion characteristic to extrapolate the interface waves using
an interface wave propagation model. As will be appreciated, in horizontally layered media,
Rayleigh waves travel along the air/solid interface, and Scholie waves travel along the
water/solid mterface. Both of these mterface waves exhibit exponential decay m the depth
direction. An example approach is describes supra. However, in other embodiments, other
cchuiques for estimating the dispersion curve in the frequency baod of the mterface waves

may be used.

[8638]  The dispersion characteristic of dominant surface waves may be estimated from a
dispersion analysis of the interface from the actual seismic record to obtamn its frequency
dependent velocity variation v{w}. Using the frequency dependent velocity vanation v{w}, a

second seismic frace at X+Ax may be extrapolated using the following equation:

2 ahx

TX+Ax, @)y = T{X, w)* PR (3)

{303%]  where 715 the seismic trace at a location and frequency ().

0.
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{8648}  This interpolation performed on a shot or recetver gather 1s driven by the frequency
dependent surface wave velocity and thus will primarily affect surface wave arrivals. For a
small Ax, the time shift of the reflection arrival will be relatively small. Here again, the
mterpolated seismic frace 18 assumed to occupy the same spatial location as the recorded

SEiSIIC trace.

10041} Next, polarization filtering may be applied to smulticorponent seismic data formed
from the single component seismic trace (that is, the recorded seismic trace) and the
mterpolated seismic trace (block 208). FIG. 7 depicts the formation of multicomponent seismic
data from an cxampie single component seismic frace 700 at location x and the interpolated
seismue trace 702 at new spatial location x: + Ax in accordance with an embodmment of the
disclosure. The combination of the two seismic traces {also referred to as “gathers™} may
produce multicomponent seismic data 704 that may be used for the application of polarization

filtering.

{8642}  After polanzation filering, seismic data may be produced with attenuated noise from
various sources. The attenuated seismic data may be used to generate a seismic image of a

region of interest {for example, a subsurface rock formation).

180431 FIG. 8 depicts a system 800 for producing single component seismic data and
attenuvating interface waves using polarization filtering applied to simgle component seismic
data in accordance with an embodiment of the disclosure. The system 800 can mehude, for
example, a seisnuc source 802 (also referred to as a “seisnuc station™), a single component
seismic receiver 804 (also referred o as a “receiver station”), a seismic data processing
computer 806 that stores and processes single component seismic data 8308, sach as a shot
gather responsive o seismic goergy signals received by the seismic receiver, and scismic image
processing module 810 that produces a seismuc image 812 from seismic data. According to
various embodiments of the present disclosare, the seismmie source 802 can inchude any seismie
or acoustic energy whether from an explosive, implosive, swept-frequency or random sourees.
The seismic source, for example, can generate a seismic encrgy signal that propagates wito the

carth 816.

{8644}  Generally, the seismuc source 802 can emit seismic waves mito the carth 816 to
evaluate subsurface conditions and to detect possible concentrations of ¢, gas, and other

subsurface minerals. Seismic waves may travel through an elastic body (such as the earth 816}

-10-
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The propagation velocity of setsmic waves can depends on the particular elastic medium
through which the waves travel, particelarly the density and elasticity of the medium as is
known and understood by those skilled m the art. The refraction or reflection of scismic waves
onto a seisnug receiver 804 can be used to research and investigate subsurface structures of the

carth 816,

{8645}  Accordingly, the seismic receiver 804 can be positioned o recetve and record
seismic gnergy data or seismic field records in any form mcluding, but not himied to, a
geaphvsical time series recording of the acoustic reflection and refraction of waveforms that
travel from the seismic source 802 to the seismic recetver 804. Vanations i the travel times of
reflection and refraction events in one or more field records i seismic data processing can
produce seismic data 808 that demonstrates subsurface structures according to the techniques
desenibed berein. Scismic rmages produced from the seismic image data may be used to axd in

the search for, and exploitation of, subsurface mineral deposits in the geological structure.

[3845]  Generally speaking, seismic receivers 804 can record sound wave echoes {otherwise
known as seismic encregy signal reflections) that come back up through the ground from a
seispic source 302 to a recording surface. Such seismic receivers 804 can record the indensity
of such sound waves and the time 1t took for the sound wave to travel from the seismic source
802 back to the seismic receiver 804 at the recording surface. According to various exemplary
cembodiments of the present disclosure, for example, during the seismic imaging process, the
reflections of sound waves emitted by a seisnic source 802, and recorded by a seismic snergy
recording 804, can be processed by a computer to generate a seismic image, of the subsurface.
The setsmic image of the subsurface can be used to identify, for example, the placement of

wells and potential well flow paths.

{8647}  More specifically, the term seismic receiver 804 ag 1s known and understood by
those skilled in the art, can include geophones, hydrophones and other sensors designed to
receive and record seismic energy. Accordingly, by placing a plurality of geophone seismic
recetvers 804 at a recording sarface, a two-dimensional seismic tmage can be produced
responsive to seismic data recorded by the geophone seismic receivers 804, Embodiments of
the system 800 may include a pluralty of single compouent seismic receivers having a
designated spacing between ecach receiver 804, The single component scismic receiver may
record a smgle component of seismic wavefield, such as the P-wave component).

Advantageously, embodiments of the disclosure enable the use of single component seismic

-1~
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data that may be produced by receivers 804 having a relatively greater spacing between each
recetver, as opposed to the recording of multicomponent seismic data that requires a relatively

smaller spacing between receivers.

10648]  According 1o an embodiment of the present disclosure, a seisnuic receiver 804 can
he positioned to recetve and record seismic cnergy data or seismic field records m any form
meluding a geophysical time series recording of the acoustic reflection and refraction of
waveforms that travel from the seismic source 802 to the seismic receiver 804, Vanations in
the travel times of reflection and refraction events i one or more field records in a plurality of
seismic signals can, when processed by the seismic data processing computer 806, produce
seisnnc data 808 that demonstrates subsurface structures. As desceribed herein, prior {o using a
seismic data 808 to aid i the search for, and exploitation of, mineral deposits, the seismic data
808 may be processed to enable the application of polanzation filtermg to the single component
seismic data. The mierpretation of the seismic image 812 generated from such data may be
psed to determine the location of wells drilling mto the earth 816. Thus, one or more drills may
be drilled iuto the carth 816 in response to the generation and micrpretation of the seismic

nmage 812

10649}  FIG. 9 depicts components of a seismic data processing computer 900 n accordance
with an embodiment of the disclosure. In some embodiments, seismuc data processmg
computer 900 may be in communication with other components of a system for obtaining and
producing seisnuc data. Such other components may include, for example, seismic shot stations
{sources) and seismic receiving stations {receivers). As shown m FIG. 9, the seismuc data
processing computer 900 may include a seismic data processor 902, a memory 904, a display
506, and a network mterface 908, ¥t should be appreciated that the seismic data processing
computer 900 may wnclude other components that are onutted for clarity. In some embodiments,
seismic data processing computer 900 may mclude or be a part of a computer cluster, 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.

10650 The scismic data processor 902 {as used the disclosure, the term “processor”
encompasses microprocessors) may mclude 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 scismic data processor 902 may include an apphication-specific mtegrated

circutt (AISC). In some embodiments, the scismic data processor 902 may inchude a reduced
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mstruction set (RISCY processor. Additionally, the seismic data processor 902 may include a
single-core processors and multicore processors and may inchude graphics processors. Multiple
processors may be eroployed to provide for parallel or sequential execution of one or more of
the technigues descrnibed n the disclosure. The seismic data processor 902 may receive

mstructions and data from a memory {for example, memory 804).

{8051} The memory 904 (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 siorage medium, or a combmation thereof, The memory 904
may be accessible by the seismic data processor 902, The memory 904 may store executable
computer code. The executable computer code may nclude computer program instractions for
mmplementing one or more technigues described 1o the disclosure. For example, the executable
computer code may include seismic imaging instructions 912 that define a seismic image
processing moditde to implement embodiments of the present disclosure. In some embodiments,
the seismic imaging mstructions 912 may implemerd one or more elements of process 200
described above and ilustrated m FIG. 2. In some embodiments, the secismic imaging
mstructions 912 may receive, as inpat, single component seismic data 910 and may prodace,
as output a seismic data with attenuated interface waves 914 In some ¢mbodiments, a seismic
mmage 916 may be produced, stored in the memory 904 and, as shown 1 FIG. 9, displaved on

the display 906,

{88632} The display 906 may imclude a cathode ray tube (CRT) display, hquid crvstal display
(LCD), an organic ight emitting diode (OLED} display, or other suitable display. The display
506 may display a user inderface (for example, a graphical user interface) that may display
mformation received trom the plant information processing computer 906, In accordance with
some embodiments, the display 906 may be a touch screen and may include or be provided
with touch sensitive clements through which a user may interact with the user imterface. The
display 906 may display the scismic image %16 produced using the scismic imaging
mstructions 912 m accordance with the technigues described herein. For example, the seismic
tmage 916 may be produced from single component setsmic data after the application of

polarization filtering and attenuation of urerface wave noise, as described m the disclosure.

180531  The network interface 908 may provide for communication between the setsmic data

processing computer 960 and other dovices. The network interface 908 may mchude a wired
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network interface card (NIC), a wircless (e.g., radio frequency) network interface card, or
combination thercof. The network interface 908 may include circwitry 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 mterface 908 may communicate with networks, such as the Internct, an mtranet, 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 Blustooth, Wueless Fidelity (Wi-Fi) {c.g., IEEE 802 11
standards), and other standards, protocols, and technologies. In some embodiments, for
cxample, the unprocessed seismic data 9010 mav be received over a network via the network
mierface 908, In some embodiments, for example, the seismic image 916 may be provided to

other devices over the network via the network mnterface 908,

{6654}  In some embodiments, seismic data processing computer may be coupled to an input
device 920 (for example, one or more input devices}). The inpuat devices 920 may include, for
example, a keyboard, a mouse, a microphone, or other input devices. In some embodiments,
the input device 920 may enable mnteraction with a user interface displaved on the display 906,
For exampie, in some embodiments, the input devices 920 may enable the entry of mputs that

control the acquisition of scismic data, the processing of seismic data, and so on.

{80551  Ranges may be expressed m the disclosure as from about one particalar value, to
about another particular value, or both, When such a range 1s expressed, it is to be understood
that ancther embodiment is from the one particular value, to the other paricular value, or both,

along with all combmations within said range.

{8656}  Further modifications and alternative embodiments of various aspects of the
disclosure will be apparent o those skilled in the art in view of this deseription. Accordingly,
this description is to be construed as dlustrative only and is for the purpose of teaching those
skilled m the art the general manmner of carrving out the embodiments described in the
disclosure. It 18 to be understood that the forms shown and described in the disclosure are to be
taken as examples of cmbodiments. Elements and materials may be substituted for those
iHustrated and described in the disclosure, parts and processes may be reversed or omutted, and
certain features may be utilized mdependently, all as would be apparent to one skilied 1o the
art after having the benefit of this description. Changes may be made in the elements described

i the disclosure without departing from the spirit and scope of the disclosure as described 1o
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the following claims. Headings used in the disclosure are for organizational purposes only and

are not meant 1o be used to bt the scope of the description,
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CLAIMS

What s claimed 1s:

1. A computer-implemented method for producing attenuated seismic data from single
component seisoiic data generated from a seismic recetver station configured o sense seismic
signals originating from a seismic source station, the method comprising:

obtaming single component seismic data from the seismic receiver station af g first
Iocation;

filtering the single component seismic data to identify mterface waves m the single
component seismic data;

generating, using the identified interface waves, second component seismic data at a
second location;

applying polarization filtering to multicomponent data compnising the single
component seismie data and the second component seismic data; and

producing attenuated seismic data from the application of polarization filtering, the
attenuated seismic data having attenuated interface waves as compared to the single

component seismic data.

2. The method of claim 1, comprising generating a scismic image from the aitenuated

seismic data.

3. The method of any of the preceding claims, wherein the filtering is performed within

a velocity constraint defined by a first velocity and a second velocity,

4, The method of any of the preceding claimg, wherein generating
¥ g Z

g, asing the identified
merface waves, second component seismic data at a second location, comprising using a
differential normal moveout (NMO) interpolation apphied to common mudpoint (CMP)

gathers of the identified interface waves.

5. The method of any of the preceding claims, wherein generating, using the identified
miterface wave noise, second component seismic data at a second location, comprises:
determining a dispersion curve using the identified interface waves; and
generating a second component seismic data at the second location using the
frequency dependent velocity variation, the frequency dependent veloceity vanation

determined from the dispersion carve.

16~
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6. The method of any of the preceding claims, wherein the seismic receiver station

comprises a geophone.

7. The method of any of the preceding claims, wherein the second location is determingd

by adding a distance to the first location.

8. A non-transitory compuicr-readable storage medium having executable code stored
thereon for producing atienuated seismic data from single component seisnuc data gonerated
from a seismic receiver station configured o sense seismic signals originating from a seismic
source station, the executable code comprising a set of instructions that causes a progessor {0
perform opcrations comprising:

obtaining single component seismic data from the seismic receiver station at a first
location;

filtering the single component seismic data to identify mterface waves m the single
component seismic data;

gencrating, using the identified interface waves, second component seismic data at a
second location;

applying polarization filtering to multicomponent data comprising the single
component seisoiic data and the sccond component scismic data; and

producing attenuated seisnuc data from the application of polarization filtering, the
attenoated seismic data having attenuated interface waves as compared to the single

component seismic data.

9. The non-transtiory computer-readable storage medium of claim 8, the operations

comprising generating a seisnuc Unage from the attenuated seismic data.

16.  The non-transitory computer-readable storage medium of claims 8 or 9, wherein the
filtering is performed within a velocity constraint defined by a first velocity and a second

velocity,

11, The non-transitory computer-readable storage medium of claims 8, 9, or 10, wherein
generating, asing the identified interface waves, second component setsmic data at a second
location, comprising using a differential normal moveout (NMO) interpolation applied to

coromon midpoint {CMP) gathers of the identified interface waves,

-7~
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12. The non-transitory computer-readable storage mediom of claims 8,9, 18, or i1,
wherein generating, using the dentified mterface waves, second component seismic data at a
second location, comprises:

determining a dispersion curve using the identified interface waves;

generating a second component seismic data at the second location using the
frequency dependent velocity variation, the frequency dependent velocity varation

deternmined from the dispersion curve.

13, The non-transitory computer-readable storage medium of claims 8,9, 10, 11, or 12,

wherein the scismic receiver station comprises a geophone.

14. The non-transttory computer-readable storage mediurn of claims 8, 9, 10, 11, 12 or

13, wheremn the second location is determined by adding a distance to the first location,

-
(¥

A gvstem, comprising:
a 8eISHe source station;
a seismic receiver station configured to sense seismic signals originating from a
seismic source station;
a seismic data processor;
non-transitory computer-readable storage memory accessible by the seismic data

processor and baving executable code stored thereon for producing attenuated seismic data
from seismic data generated from the seismic receiver station, the executable code
comprising a set of instructions that causes the seismic data processor to perform operations
COmMprising:

obtaining single component seismic data from the seismic receiver station at a
first location;

filtering the single component seismic data to wdentify mterface waves in the
single component seismic data;

gencrating, using the identified interface waves, second component seismic
data at a second location;

applying polarization filtering to molticomponent data comprising the single
component seisoiic data and the sccond component scismic data; and

producing attenuated seismic data from the application of polanization
filtering, the attenuated seispnc data having attenuated mterface waves as compared to the

sigle component seismis data.

-1 8~
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16. The system of claim 15, the operations comprising generating a seismic image from

the attenuated seisnuc data.

17. The system of claims 15 or 16, wherein the filterimg is performed within a velocity

constraint defined by a first velocity and a second velocity,

8. The system of claims 13, 16, or 17, wherein generating, using the identified interface
waves, second conponent seismic data at a sccond location, comprising using a differcutial
normal moveout (NMO) mterpolation apphied to common nidpoint {CMP) gathers of the

wdeniified interface waves.

19 The system of claims 13, 16, 17, or 18, wherem generating, using the identified
miterface waves, second component scismic data at a second location, comprises:
deterrating a dispersion curve using the identified wnderface waves;

generating a second component seismic data at the second location using the
frequency dependent velocity variation, the frequency dependent velocity variation

determined from the dispersion carve.

20, The system of claims 13, 16, 17, 18, or 19, wherein the seismic receiver station

comprises a geophone.
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