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FIG. 2

(57) Abstract: A system and method for multicomponent noise attenuation of a seismic wavetfield 1s provided. Embodiments may
mclude receiving, at one or more computing devices, seismic data associated with a seismic wavelfield over at least one channel of a
plurality of channels from one or more seismic sensor stations. Embodiments may turther include identifying a noise component on
the at least one channel of the plurality of channels and attenuating the noise component on the at least one channel of the plurality
of channels based upon, at least in part, the seismic data received from the one or more seismic sensor stations.
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Land seismic sensor spread with adjacent multicomponent seismic

sensor pairs on average at least twenty meters apart

Cross Reference to Related Applications

The present application claims priority to United States Patent Application No. 62/261,934
that was filed on December 2, 20135, entitled “Multicomponent Noise Attenuation by Matching

Pursuit” which 1s hereby incorporated by reference 1n its entirety.

Technical Field

The present application relates to seismic surveys and multicomponent sensor arrays.

Background

Hydrocarbons and other mineral deposits may be located 1n an earth formation far below
the surface of the earth. These deposits can be accessed by drilling and/or mining, which involves
digging into the earth in various ways to reach the mineral deposits. In the case of hydrocarbon
retrieval, the digging of an o1l well can be very expensive, and further, due to permitting and other
legalities, can be time consuming and burdensome to even obtain the right to do so.

One way to determine the presence of mineral deposits 1n the subsurface before exploration
1s with seismic surveys. In a seismic survey, a source signal may be generated and sent into the
carth formation, where the signal encounters and reflects / reverberates depending on aspects of
the formation. Components of that signal may return to the surface and can be detected and
recorded by seismic sensors to produce seismic data that, when analyzed and/or processed, can
provide information about the subsurface formation including mineral deposits. The reflected
signal that may return to the surface may be referred to as a seismic wavefield.

In seismic surveys, complications may arise from surface and interface waves (e.g., ground
roll and guided waves). By creating a source signal that travels 1n a generally downward direction
into a formation, a surtace and/or interface wave may be created. The surface wave may travel
along the surface of the ground or along an interface. When the seismic sensors encounter the

surface or interface wave, it can interfere with proper detection of the seismic signal. It can be
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difficult to differentiate the contribution of a seismic signal and the contribution of surface and/or

interface wave noise.
Thus, 1t may be of interest to 1dentify and remove or attenuate the surtace and/or interface

wave noise component from any seismic signal component.

Summary of Disclosure

In one implementation, a method for performing a seismic survey 1s provided. The method
may include deploying a plurality of multicomponent seismic sensors proximate to earth surface,
cach of the multicomponent seismic sensors being capable of measuring rotation, wherein the
average spacing between each adjacent seismic multicomponent sensor pair 1s at least twenty
meters, inputting a seismic signal into the earth surface so that the plurality of multicomponent
seismic sensors detect multiple components of the seismic signal including vertical, horizontal and
rotational components.

In some 1mplementations, the multicomponent seismic sensors may comprise two linear
sensors that are spaced apart from one another 1n a direction that 1s substantially perpendicular to
the earth surface, so that ground roll 1s evidenced by differencing linear signals detected at the two
linear sensors. In some embodiments, the multicomponent seismic sensors may comprise at least
two rotation sensors that are configured substantially orthogonal to one another.

In another i1mplementation, a seismic survey spread may include a plurality of
multicomponent seismic sensors proximate to earth surface, each of the multicomponent seismic
sensors being capable of measuring rotation, wherein the average spacing between each adjacent
multicomponent seismic sensor pair 1s at least twenty meters.

In some 1mplementations, the multicomponent seismic sensors may comprise two linear
sensors that are spaced apart from one another 1n a direction that 1s substantially perpendicular to
the earth surface, so that ground roll 1s evidenced by differencing linear signals detected at the two
linear sensors. In some embodiments, the multicomponent seismic sensors may comprise at least
two rotation sensors that are configured substantially orthogonal to one another.

In another implementation, a system for multicomponent noise attenuation of a seismic

wavelield 1s provided. The system may include a computing device having at least one processor
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configured to receive seismic data associated with a seismic wavefield over at least one channel
of a plurality of channels from one or more seismic sensor stations. In some embodiments, the
one or more seismic sensor stations are disposed relative to a surface with an average distance of
at least twenty meters between each of the one or more adjacent seismic sensor stations. The at
least one processor may be further configured to 1dentify a noise component on the at least one
channel of the plurality of channels. The at least one processor may also be configured to attenuate
the noise component on the at least one channel of the plurality of channels based upon, at least 1n
part, the seismic data receirved from the one or more seismic sensor stations.

In some 1implementations, the at least one processor may be further configured to model
the seismic wavetield as a sum of one or more basis functions. The at least one processor may be
further configured to determine an optimum wavenumber and an amplitude from one or more of
a multichannel cost function and a single channel cost function. The at least one processor may
be further configured to derive a first channel of the plurality of channels from a vertical
translational component of the seismic wavefield and a second channel of the plurality of channels
from a horizontal translational component of the seismic wavefield. In some embodiments, a
relationship between the first and second channel may be described by a physical model of the
noise component based upon, at least 1n part, the ellipticity of the noise component. The at least
one processor may be further configured to apply one or more of the physical model of the noise
component and one or more spatial gradients to the one or more basis functions. The at least one
processor may be further configured to determine a phase shift between the first and second
channel. The at least one processor may be further configured to derive a third channel of the
plurality of channels, from a horizontal translational component of the seismic wavetield at a
depth, relative to the surface, greater than the second channel, and an exponential amplitude decay
between the second and third channel. In some embodiments, the at least one processor may be
further configured to estimate a spatial gradient of the seismic wavefield based upon, at least 1n
part, the amplitude decay. The at least one processor may be further configured to derive a first
channel of the plurality of channels from the vertical translational component of the seismic
wavelield and a second channel of the plurality of channels from a rotational component of the

seismic wavetield.
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In another implementation, a method for multicomponent noise attenuation of a seismic
wavelield 1s provided. The method may include receiving, at one or more processors, seismic data
associated with a seismic wavefield over at least one channel of a plurality of channels from one
or more seismic sensor stations. In some embodiments, the one or more seismic sensor stations
are disposed relative to a surface with an average distance of at least twenty meters between each
of the adjacent one or more seismic sensor stations. The method may also include identifying,
using the one or more processors, a noise component on the at least one channel of the plurality of
channels. The method may further include attenuating, using the one or more processors, the noise
component on the at least one channel of the plurality of channels based upon, at least in part, the
seismic data received from the one or more seismic sensor stations.

In some 1implementations, identifying the noise component on the at least one channel of
the plurality of channels may include modeling the seismic wavefield as a sum of one or more
basis functions. In some embodiments, identifying the noise component on the at least one channel
may also include determining an optimum wavenumber and an amplitude from one or more of a
multichannel cost function and a single channel cost function.. Identifying the noise component
on the at least one channel may further include deriving a first channel of the plurality of channels
from a vertical translational component of the seismic wavefield and a second channel of the
plurality of channels from a horizontal translational component of the seismic wavefield. In some
embodiments, a relationship between the first and second channel may be described by a physical
model of the noise component based upon, at least 1n part, the ellipticity of the noise component.
In some embodiments, identifying the noise component on the at least one channel may also
include applying one or more of the physical model of the noise component and one or more spatial
gradients to the one or more basis functions. Identifying the noise component on the at least one
channel may further include deriving a third channel of the plurality of channels, from a horizontal
translational component of the seismic wavefield at a depth, relative to the surface, greater than
the second channel, and an exponential amplitude decay between the second and third channel. In
some embodiments, the method may also include estimating a spatial gradient of the seismic
wavelield based upon, at least in part, the amplitude decay. In some embodiments, identifying the

noise component on the at least one channel may also include deriving a first channel of the
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plurality of channels from the vertical translational component of the seismic wavetield and a
second channel of the plurality of channels from a rotational component of the seismic wavefield.

In yet another implementation, a system for multicomponent noise attenuation of a seismic
wavelield 1s provided. The system may include a computing device having at least one processor
configured to receive seismic data associated with a seismic wavefield over at least one channel
of a plurality of channels from one or more seismic sensor stations. In some embodiments, the
one or more seismic sensor stations are disposed relative to a surface with an average distance of
at least twenty meters between each of the one or more adjacent seismic sensor stations. The at
least one processor may be further configured to 1dentify a noise component on the at least one
channel of the plurality of channels. The at least one processor may also be configured to model
the seismic wavefield as a sum of one or more basis functions. The at least one processor may be
further configured to derive a first channel of the plurality of channels from the vertical
translational component of the seismic wavefield and a second channel of the plurality of channels
from a rotational component of the seismic wavetield. The at least one processor may also be
configured to attenuate the noise component on the at Ieast one channel of the plurality of channels
based upon, at least in part, the seismic data received from the one or more seismic sensor stations.

This summary 1s provided to introduce a selection of concepts that are further described

below 1n the detailed description. This summary 1s not intended to i1dentify essential features of

the claimed subject matter, nor 1s 1t intended to be used as an aid 1in limiting the scope of the

claimed subject matter.

Brief Description of the Drawings

Embodiments of the present disclosure are described with reference to the following
figures.

Figure 1 1s a flow diagram of a process in accordance with implementations of various
techniques described herein;

Figure 2 1llustrates a diagram of a land seismic survey system in accordance with

implementations of various techniques described herein;
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Figures 3-8 1llustrate various flow diagrams of processes and workflows in accordance
with implementations of various techniques described herein; and

Figure 9 1llustrates a computing system in accordance with implementations of various
techniques described herein.

Like retference symbols 1n the various drawings may indicate like elements.

Detailed Description

The discussion below 1s directed to certain implementations. It 1s to be understood that the
discussion below 1s only for the purpose of enabling a person with ordinary skill in the art to make
and use any subject matter defined now or later by the patent “claims” found 1n any 1ssued patent
herein.

It 1s specifically intended that the claimed combinations of features not be limited to the
implementations and 1illustrations contained herein, but include modified forms of those
implementations including portions of the implementations and combinations of elements of
different implementations as come within the scope of the following claims. It should be
appreciated that in the development of any such actual implementation, as 1n any engineering or
design project, numerous i1mplementation-specific decisions must be made to achieve the
developers' specific goals, such as compliance with system-related and business related
which may vary from one implementation to another. Moreover, 1t should be appreciated that such
a development effort might be complex and time consuming, but would nevertheless be a routine
undertaking of design, fabrication, and manufacture for those of ordinary skill having the benefit
of this disclosure. Nothing in this application 1s considered critical or essential to the claimed
invention unless explicitly indicated as being "critical” or "essential.”

It will also be understood that, although the terms first, second, etc. may be used herein to
describe various elements, these elements should not be limited by these terms. These terms are
only used to distinguish one element from another. For example, a first object or step could be
termed a second object or step, and, similarly, a second object or step could be termed a first object

or step, without departing from the scope of the invention. The first object or step, and the second
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object or step, are both objects or steps, respectively, but they are not to be considered a same
object or step.

Moreover, as disclosed herein, the term "storage medium" may represent one or more
devices for storing data, including read only memory (ROM), random access memory (RAM),
magnetic RAM, core memory, magnetic disk storage mediums, optical storage mediums, flash
memory devices and/or other machine readable mediums for storing information. The term
"computer-readable medium" includes, but 1s not limited to portable or fixed storage devices,
optical storage devices, wireless channels and various other mediums capable of storing,
containing or carrying instruction(s) and/or data.

Furthermore, embodiments may be implemented by hardware, software, firmware,
middleware, microcode, hardware description languages, or any combination therecof. When
implemented 1n software, firmware, middleware or microcode, the program code or code segments
to perform the necessary tasks may be stored in a machine readable medium such as storage
medium. A processor(s) may perform the necessary tasks. A code segment may represent a
procedure, a function, a subprogram, a program, a routine, a subroutine, a module, a software
package, a class, or any combination of instructions, data structures, or program statements. A
code segment may be coupled to another code segment or a hardware circuit by passing and/or
recelving information, data, arguments, parameters, or memory contents. Information, arguments,
parameters, data, etc. may be passed, forwarded, or transmitted via any suitable means including
memory sharing, message passing, token passing, network transmission, etc. It 1s to be understood
that the following disclosure provides many different embodiments, or examples, for
implementing different features of various embodiments. Specific examples of components and
arrangements are described below to simplify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. In addition, the present disclosure may repeat
reference numerals and/or letters in the various examples. This repetition 1s for the purpose of
simplicity and clarity and does not 1n 1tself dictate a relationship between the various embodiments
and/or configurations discussed. Moreover, the formation of a first feature over or on a second
feature 1n the description that follows may include embodiments in which the first and second

features are formed 1n direct contact, and may also include embodiments in which additional
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features may be formed interposing the first and second features, such that the first and second
features may not be in direct contact.

Embodiments of multicomponent noise attenuation process 100 shown in Figures 1-10
may 1dentify and attenuate noise components on the seismic wavefield during reconstruction of
the seismic waveflield from multiple measurements made at discrete locations. As such,
multicomponent noise attenuation process 100 may be used to reconstruct seismic wavetields
without noise components. As shown 1n Figure 1, embodiments of multicomponent noise
attenuation process 100 may be configured to attenuate noise components on a seismic wavefield.
Embodiments of multicomponent noise attenuation process 100 may include receiving (102), at
one or more computing devices, seismic data associated with a seismic wavetield over at least one
channel of a plurality of channels from one or more seismic sensor stations. In some embodiments
and as discussed above, the one or more seismic sensor stations are disposed relative to a surface
with an average distance of at least twenty meters between each of the one or more adjacent seismic
sensor stations. Multicomponent noise attenuation process may also include identifying (104), at
the one or more processors, a noise component on the at least one channel of the plurality of
channels and attenuating (106), at the one or more processors, the noise component on the at least
one channel of the plurality of channels based upon, at least 1n part, the seismic data received from
the one or more seismic sensor stations. These operations, and others, are discussed 1n further
detaill below. Additionally, multicomponent noise attenuation process 100 may be used 1n
situations with multidimensional geometries (e.g., no limit on dimensions), an arbitrary number of
channels per station, channel transfer functions that can change from point to point and/or the like.

Figure 2 illustrates a data acquisition system for a land seismic survey system 200. Land
seismic survey system 200 may include one or more seismic vibrators 208 (e.g., truck-mounted
device) that may be disposed relative to a surtace 210 (e.g., on, above, or below a surface) and one
Oor more seismic sensor stations 212 that may contain one or more seismic receivers to sense
seismic energy that 1s produced by the vibrator(s) 208. In some embodiments, the one or more
se1smic sensor stations 212 may define an array of seismic sensor stations and/or seismic receivers.
A seismic sensor station 212 may define a region in space that includes one or more seismic

receivers. In some embodiments, a seismic sensor station 212 may be associated with a one-
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dimensional (1-D), two-dimensional (2-D) or three-dimensional (3-D) space. The seismic sensor
stations 212 may also be disposed relative to the surface 210. As part of operations associated
with a vibroseis survey, the seismic vibrator(s) 208 may generate vibroseis seismic sweeps. The
sweeps, 1n turn, may inject corresponding vibroseis sweep signals into the Earth 214 (e.g., into the
land) and these signals may be retlected by the surveyed subsurface geologic structure 214 to
produce corresponding reflected signals 216 that may be detected by the seismic sensor stations
212. In some embodiments involving land seismic survey system 200, the signal can be created
with a land vibrator 208 that impacts the ground or with explosives. A data acquisition system 218
(e.g., within a seismic data recording vehicle, for example) of the land seismic survey system 200
may receive the raw seismic data acquired by the seismic receivers and the raw seismic data (e.g.,
seismic data associated with a seismic wavetield) may then be processed to yield information about
subsurface reflectors and the physical properties of the surveyed geologic structure 214.

In some embodiments, multicomponent noise attenuation process 100 may include
building up / reconstructing an 1image of a survey area for purposes of 1identifying subterranean
geological formations or targets, such as the geological formation 220 based upon the seismic data
received from the seismic receivers. Subsequent analysis of the seismic data may reveal probable
locations of hydrocarbon deposits 1n subterrancan geological formations. Depending on the
particular survey design, portions of the analysis of the seismic data may be performed by a data
acquisition system 218 on a seismic data recording vehicle.

For simplicity, the above examples may be related to seismic 1maging in seismic
exploration, 1n which the waves emitted by sources are reflected by the target and received by
seismic recervers. The subsurface media 214 may contain different layers and interfaces between
the layers. The different layers may cause undesirable internal reverberations that need to be dealt
with or avoided. However, multicomponent noise attenuation process 100 may be equally
applicable to propagating wave systems that have interfaces in the wave traveling path i1n any
arrangement, as long as the waves emitted by the sources are disturbed in some way by the target
or interfaces and the disturbed waves are received by receivers. In some embodiments, the

receivers may be on both sides.
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The different waves (propagative and/or dissipative), sources, or receivers in different
industries do not atfect the wave propagation properties and the 1maging processes. In seismic
imaging, the wavefield may be an elastic wave or an acoustic wave. The target may be a subsurface
geological structure. The sources may be elastic or acoustic wave generators (e.g., airguns,
vibrators, etc.) and the receivers may be pressure or particle motion receivers (e.g., geophones,
hydrophones, accelerometers or similar).

As discussed above, complications may arise 1n seismic surveys from ground roll noise.
Ground roll, as used herein, may be a type of coherent noise generated by a surface wave, a low-
velocity, low-frequency, high-amplitude Rayleigh wave. Ground roll can obscure signal and
degrade overall data quality during seismic acquisition. Ground roll may be created when a source
signal travels 1n a generally downward direction into a formation. The ground roll may travel
along the surface of the ground and when the seismic sensors encounter the ground roll, 1t can
interfere with proper detection of the seismic signal.

In some embodiments of multicomponent noise-attenuation process 100, the one or more
se1smic sensor stations are disposed relative to a surface with an average distance of at least twenty
meters between each of the one or more adjacent seismic sensor stations. In one example, each of
the one or more seismic sensor stations may be disposed relative to a surface with a distance of at
least twenty-five meters between each of the one or more adjacent seismic sensor stations.
Referring again to Figure 2, 1in land seismic survey systems, survey spreads using single
component sensor stations (also referred herein to as sensors) have been constrained by way of
sensor spacing in order to attenuate ground roll noise. One instance of this may be seen from
WesternGeco’s commercially available UniQ land seismic acquisition platform. In configurations
that have been deemed commercially and technically viable on land, the sensor spacing 1s below
25 (twenty-f1ve) meters 1n order to provide proper ground roll attenuation. In fact, the commercial
applications of the UniQ platform may be formatted so that the sensors are spaced approximately
12.5 meters from one another 1n order to provide adequate seismic signal sensing and ground roll
attenuation by way of modeling of the ground roll and subsequent removal / attenuation, as will

be discussed below 1n greater detail.
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The commercial dynamics are also constrained by this sensor spacing requirement since a
large component of the capital cost of a land seismic system may be tied to the cost of the sensors,
which may be directly related to the number of sensors that are required. Therefore, if fewer
sensors are needed, the overall cost of the sensors may be reduced 1n a related manner.

As discussed above, 1t may be of interest to attenuate ground roll noise components during
seismic surveys. One way this 1ssue may be addressed 1s by modeling the ground roll. This can
be done with various methods based on sensing single component signals at sensors that are spaced
at a defined distance from one another in a seismic spread. Because of constraints that will be
discussed 1n more detail herein, in order to adequately model and attenuate ground roll noise with
single component sensors, land seismic sensors may be limited functionally to being at most 25
meters apart from one another 1n practice on land.

In one example, a ground roll may be created 1n response to a seismic survey. The velocity
of the ground roll may range from 300 — 1000 meters per second (m/s), other ranges may be
between 500 — 900 m/s. Frequencies of the ground roll may range from 10 — 40 Hz. with most
between 20 — 30 Hz. The main modes of the ground roll may have a velocity of 600 — 900 m/s
with a frequency of 25 — 30 Hz. There may be a second mode with a velocity of 900 — 1400 m/s
with a frequency of 35 — 40 Hz. The wavelength of the ground roll may be anywhere from
approximately 10 — 150 meters, and may be around 25 — 35 meters. Because of these ground roll
characteristics, the UniQ land system, and other current systems, may limit sensor spacing to 12.35
meters. At this spacing, the UniQ land system may handle ground roll wavelengths down to 25
meters (€.g., 2x sensor spacing) without the seismic data being spatially aliased.

Additionally, the coherent noise, caused by surface and interface waves (1.e., ground roll),
may propagate slowly compared to reflections (e.g., acoustic signal 216) from a deeper part of the
subsurface 214. The low propagation velocity of these types of waves may put a constraint on the
spatial sampling of the seismic data in the field and hence may reduce the efficiency and quality
of seismic surveys.

According to embodiments of the present disclosure, using multicomponent seismic sensor
stations with multicomponent noise attenuation process 100 as described herein, may enable a

sensor spread configuration where the sensors are spaced apart from one another at an average
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distance of at least 20 meters. In some embodiments, the sensors may be spaced 25 meters apart
from one another, and often times at a distance greater than 50 meters.

Referring to Figures 1-10, various embodiments consistent with multicomponent noise
attenuation process are provided. As shown in Figure 1, embodiments of multicomponent noise
attenuation process may attenuate noise components on a seismic wavetield. Embodiments of
multicomponent noise attenuation process may include receiving (102), at one or more processors,
seismic data associated with a seismic wavefield over at least one channel of a plurality of channels
from one or more seismic sensor stations. In some embodiments and as discussed above, each of
the one or more seismic sensor stations may be disposed relative to a surface with an average
distance of at least twenty meters between each of the one or more adjacent seismic sensor stations.
Multicomponent noise attenuation process may also include identifying (104), using the one or
more processors, a noise component on the at least one channel of the plurality of channels and
attenuating (106), using the one or more processors, the noise component on the at least one
channel of the plurality of channels based upon, at least 1n part, the seismic data received from the
one or more seismic sensor stations. These operations, and others, are discussed in further detail
below.

In some embodiments, multicomponent noise attenuation process 100 may include
receiving (102), at one or more processors, seismic data associated with a seismic wavefield over
at least one channel of a plurality of channels from one or more seismic sensor stations. The
seismic data may be acquired from a land seismic survey system 200 (a borehole survey, a
vibroseis survey, and so forth). The survey may comprise seismic monitoring of hydrocarbon
production from a subterranean reservoir. Referring again to Figure 2, the seismic data may be
acquired by a plurality of multichannel sensors (e.g., sensors / receirvers within seismic sensor
stations 212), such as hydrophones, inline (e.g., horizontal along x-axis of axes 222) particle
motion receivers, vertical particle motion recervers, gradient receivers, and so forth. Each seismic
sensor station 212, through one or more component sensors / receivers, may measure displacement,
velocity, acceleration, and/or rotation associated with components of a seismic wavetield. The one
Or more component sensors may also measure displacement, velocity, acceleration, and/or rotation

in, for example, three orthogonal directions. In one example, a seismic sensor station 212 may

12



10

15

20

25

CA 03006953 2018-05-30

WO 2017/096081 PCT/US2016/064481

include three component sensors (e.g., a 3C multicomponent sensor) configured to measure
displacement, velocity, acceleration, rotation, etc. with each sensor oriented in one of three
orthogonal directions. It should be appreciated that as used herein, adjacent sensor stations mean
the nearest two sensor stations along a straight line between that respective pair. As shown in
Figure 2, the two sensor stations 212 to the right of the vibrator 208 are adjacent to one another,
while the sensor station 212 farthest to the right 1s not adjacent to the sensor station 212 farthest to
the left of the vibrator 208, because there 1s an interceding sensor station 212 there between along
the straight line between the pair.

According to some embodiments, multicomponent sensors can measure rotation and also
measure linear seismic signals. According to some embodiments, this can be done by combining
multiple linear sensors 1n a single sensor unit so that linear sensors detect vertical seismic signals,
and horizontal signals, and by way of two linear sensors that are spaced apart from one another
can thereby calculate the ground roll effect by differencing linear signals. United States Patent
Application Publication No. US2014/0219055 1s entitled “Computing rotation data using a
gradient of translational data™ and 1s incorporated by reference 1n its entirety herein, and discloses
some of such designs. A style of multicomponent sensor uses linear sensors and rotation sensors
with rotating members that rotate about an anchor, combined 1nto a single sensor unit, so that the
sensor unit can measure linear seismic signals with linear sensors, and measure angular (rotation)
movement and effects directly with the rotating member. The rotation sensors can use MEMS
sensors. United States Patent Application Publication No. US2015/0316667 entitled “Mems-
based rotation sensor for seismic applications and sensor units having same” and 1s incorporated
by reference 1n 1its entirely herein, discloses some of such designs.

Multicomponent data (e.g., seismic data) may be measured directly with three component
sensors (measuring displacement, velocity, acceleration, rotation or any combination of these)
and/or estimated from two or more three component sensors (e.g., three component sensors 1n two
or more separate seismic sensor stations 212) separated laterally or vertically as shown 1n Figures
2-3. Multicomponent data, as used herein, may include but 1s not limited to the combination of
data from the components of a seismic wavefield and/or gradients of the seismic wavefield. In

some embodiments, a particular type of measurement from the one or more seismic sensor stations
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212 may be associated with a channel. As such, a particular channel may measure a property, such
as pressure, of the seismic wavetield and another channel may measure another property of the
seismic wavefield, such as vertical particle motion (e.g., a vertical component) of the seismic
wavelield, and so forth. In combination with one or more component sensors / receivers {rom one
Or more se1smic sensor stations, seismic data associated with a seismic wavefield may be received
over at least one channel of a plurality of channels from one or more seismic sensor stations 212.

In some embodiments, single component sensors may be used with multicomponent noise
attenuation process 100. However, single component sensors may be unable to model and/or
attenuate noise when the ground roll / surface waves are not adequately sampled 1n a spatial
dimension (e.g., when adjacent single component sensors are separated by a greater distance). In
other embodiments, multicomponent sensors (€.g., seismic sensor stations with more than one
seismic sensor / receiver) may be used to model and attenuate noise with multicomponent noise
attenuation process 100. In such embodiments and as will be discussed 1n greater detail below, a
multicomponent sensor may be able to more effectively model and attenuate the ground roll 1n a
spatial dimension and the distance between multicomponent sensors and/or seismic sensor stations
212 may be increased.

In some embodiments, multicomponent noise attenuation process 100 may also include
identifying (104 ), at the one or more processors, a noise component on the at least one channel of
the plurality of channels. As discussed above, noise may be introduced 1nto seismic data and/or
on at least one channel from ground roll 1n land. In some embodiments, and as will be discussed
in greater detail below, noise and signal components of a seismic wavetield may be i1dentified and
separated using model-based constraints and a matching pursuit approach. The model-based
constraints may {1t the noise component(s) 1n the seismic data (e.g., measurements over the at least
one channel) which, in some embodiments, may be assumed to be spatially aliased. The noise
component may be reconstructed by a matching pursuit approach and subtracted from the input
measurements. The signal components may be left as much as possible in the residual. Depending
on the available knowledge of the shallow subsurtace, physical models of the noise component
may be either formulated 1n a cost function used 1n the matching pursuit approach and/or used as

an additional noise/signal 1dentification activity.
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In some embodiments, 1dentifying the noise component on the at least one channel of the
plurality of channels may include modeling the seismic wavetield as a sum of one or more basis
functions. In some embodiments, data representative of measurements of a signal may be used to
reconstruct the signal. In one example, the signal may be a seismic wavetield (a pressure wavetield
or particle motion wavefield, as examples), and seismic data (acquired by seismic receivers),
which may represent one or more properties of the seismic wavetield are processed for purposes
of reconstructing the seismic wavetield. More specifically, a parametric matching pursuit-based
technique or approach, called an "Extended Generalized Matching Pursuit-based technique,” or
"EGMP-based technique,” herein, may be for signal reconstruction. The EGMP-based technique,
as applied to the reconstruction of seismic wavetields, 1s described 1n commonly assigned co-
pending United States Patent Application No. PCT/US2015/028002, entitled, "Wavefield
Reconstruction” which 1s incorporated herein by reference. The EGMP-based technique may be
used to reconstruct a seismic wavefield or, in general, reconstruct any signal of which no direct
samples of the signal may be available.

In some embodiments, processing of the seismic data to reconstruct the seismic wavefield
may take into account one or more actual measurement channels (pressure and particle motion
channels, for example) that may directly measure properties of the seismic wavetield, and/or at
least one constructed measurement channel that measures a property of the seismic wavetield after
the seismic wavetield has undergone a known forward transformation. Moreover, a given forward
transformation may be used to derive a given constructed measurement channel from one or more
of the actual measurement channels.

In some embodiments, the seismic wavelield, may be considered to be an unknown signal
called "s(x)," and the seismic wavefield may be modeled as a sum of parametric basis functions

B(x; Op) with parameter set 0,, as described below:

s(x) = ¥,B(x; 0,) Eq. 1

In Eq. 1, "x" may denote a point in multi-dimensional coordinates. There are various basis
functions that may be used. As an example, for seismic applications, the following exponential

basis function may be used:
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B(x; Gp) = ¢, exp(Jk, * x) Eq. 2

where the parameter set "0," includes a complex amplitude “c,” and wavenumber vector “kp.”
With this choice, the basis functions may correspond to local plane waves. It 1s assumed that an
additional dimension may be present (such as time or temporal frequency), but this dependence 1s
suppressed 1n the following discussion for the sake of simplicity, without loss of generality. It 1s
assumed, therefore, in the following equations, for purposes of clarity and simplicity that the
temporal frequency 1s fixed.

From a seismic survey or the like, measurements of the unknown signal s(x) may be
available at discrete positions in space. In the following discussion, the discrete positions are the
positions of the seismic sensor stations 212. At each seismic sensor station, one or more seismic
receivers may record multichannel measurements of the unknown signal s(x). The number of
channels per seismic sensor station 212 may be one or more.

With multichannel sampling (sometimes called "generalized sampling”) each channel may
not sense the signal itself, but a version of the signal after 1t has undergone a known transformation
(a filter, for example). Thus, as noted above, the channels may include actual measurement
channels and/or constructed measurement channels. By way of example, a gradient of the
unknown signal s(x) may be sensed at a seismic sensor station 212.

It there are M types of channels 1in a multichannel sampling scenario, the set of seismic
sensor stations 212 as may be denoted as follows:

X; ={X{, X5, . Xps} Eq. 3
where a given station vector, Xy, may be represented as Xm = { Xmi1, Xm2, ... XmNm}. In this

notation, "'m" = 1,2,. . .M and represents the set of N positions that correspond to channel m. A

measurement vector m(Xs) may be described as follows:

m, (X;)

m(Xs) = 2 gx?‘) Eq. 4

my, tXM)

where each measurement vector m,, (X,,) contains all the measurements of channel type m, as

described below:
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m,, (Xmn1)
M (%) = | ) Eq. S
m,, (XmNm)
Each entry mm(xmn) may be described as follows:
mm(xmn) — Zp nm(kp’ xmn)cp EXP (jkp ' xmn) Eq- 6

where "nm(kp,xmn)" 1S a function that describes a forward transformation from the unknown

signal s(x) to the measurement channel at spatial positions xmn. This formulation 1s quite general
and 1n some cases the forward transformation may be independent of spatial coordinates, 1.e., could

be described by the following function:

Nm(Kp) Xmn) = n(kp) Eq. 7

In some embodiments and referring also to Figure 3, identifying the noise component on
the at least one channel may include determining an optimum wavenumber and an amplitude from
one or more of a multichannel cost function and a single channel cost function. In accordance
with the EGMP-based technique, forward transformations that describe the actual and constructed
measurement channels may be applied to candidate basis functions. The candidate basis functions
may be optimized by iteratively matching the basis functions to one or more multichannel
measurements (e.g., from seismic data). In some embodiments, parameters of parameter set "0,"
for one or more basis functions may be determined 1n an iterative fashion. At one or more
iterations, the candidate basis functions may be matched to the measurements that are associated
with each channel. In some embodiments, the candidate basis function may not be matched to the
measurement directly, but after 1t undergoes the transformation that describes the channel.

As will be discussed 1n greater detail below, at every iteration, a least-squares optimization
problem may be solved to determine the optimal parameters of the candidate basis function. A
condition of optimality may be derived, which may relate the optimal values of the complex
amplitude and the wavenumber. Using this relationship, the optimization problem may be reduced
to finding an optimal wavenumber. This may include finding the maximum of the generalized
Lomb spectrum, as shown 1n Eq. 20 below. In the special case of a single channel being present,

this may reduce to the ordinary Lomb spectrum. As used herein, the generalized Lomb spectrum
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and the ordinary Lomb spectrum may refer to the multichannel cost function and the single channel
cost function, respectively. The multichannel cost function may be used to constrain the selection
of the optimum wavenumber 1n the case of spatial aliasing, as it may help distinguish between the
true optimum wavenumber and any replicas.

At the p-th iteration, 1.e., after P — 1 basis functions have been determined previously, the

residual 1n the measurements may be represented as follows:

P (x,) = m(x) — Y521 cph(ky, xs) Eq. 8
where
ry (X;)
r?(xg) = ry (.Xz) Eq. 9
rﬁ(;(M)

1s the vector of residuals after iteration p. Here,
p
I (Xim1)
p
Ly (X)) = rm(}:‘mz) Eq. 10

r??@ (XmNm)

denotes the vector of residuals for channel m. Vector h(K,, Xs) of Eq. 8 may be defined as follows:

h(k,, xs) = n(k,, x5) ® d(K,, Xs) Eq. 11
where & denotes the Kronecker product, and

N (K Xq)
n(k xs) = | "2 (k X2) Eq. 12

v (K Xp)
1s the transtfer function vector, with "nMm(K, xm)" describing the transfer function from the unknown

signal to the measurement channel m at spatial positions xp.

In Eq. 11, "d(k, x;)," the overall steering vector, may be described as follows:

d; (K x;)

d; (K x;)

dy (K xp)

The components of d(K, x;) is the overall steering vector, whose components may be described

as follows:

18



10

15

20

25

CA 03006953 2018-05-30

WO 2017/096081 PCT/US2016/064481

eXp(JK - Xm1)
d (KX, )= eXpORE Xm2) Eq. 14
exp(JK- Xy, )
The components of d(K, X;) are defined for each channel m for the spatial positions X, =

{Xml,xmz, ...mem} that correspond to that channel. Entries of the d(K,X;) steering vector

contain the phase shifts at the measurement locations.

At 1teration P, if a new candidate basis function ¢, exp (jkp -x) 1s added to the existing

representation of the signal, the residual becomes the following:

r’(Xs; cp,Kp) = "1 (Xs) — cph(kp, X;) Eq. 15
where the parameters of the new term, 1.e., ¢p and Kp are to be determined by minimizing a metric
of the residual calculated over measurement locations. One possible formulation of the
optimization problem 1s set forth below:

(c9P", K%Y = arg min [rP (Xg; cp, Kp)]? ATP(Xg; cp, Kp) Eq. 16
where the superscript "H" represents the Hermitian operator, and "A" represents a positive definite
matrix. The role of the A matrix 1s to weight the contributions of different measurements to the
cost function to be minimized. This weighting may take into account the difference of energy
content due to the different physics of the input measurements, as well account for a signal-to-
noise ratio, which may vary in time, space, and frequency.

Solving the optimization problem, it can be shown that the optimal values of ¢, and K

satisty the following constraint:

gl = ‘iggig Eq. 17
where
g(Kp) = [h(Kp,x:)]" AT77H(X,) Eq. 18
and
y(Kp) = [h(kp,x,)]" A h(Kp, X;) Eq. 19

Substituting Eq. 17 into Eq. 16, provides a cost function for the optimal wavenumber vector

that 1s described below:

k&°" = arg max L(Kkp) Eq. 20
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where the cost function may be described as follows:

(kp)|?
L(k,) = % Eq. 21

In some embodiments, 1dentifying the noise component on the at least one channel may
include deriving a first channel of the plurality of channels from a vertical translational component
of the seismic wavefield and a second channel of the plurality of channels from a horizontal
translational component of the seismic wavefield. While vertical and horizontal translational
components of the wavefield have been discussed, one or more of the plurality of channels may
be derived from any component(s) of the seismic wavefield. In some embodiments, physical
model(s) may relate the first and second channel and/or one or more components of the wavetfield.
Physical models may be applied for noise attenuation because multicomponent noise attenuation
process 100 may remove the noise component and retain as much of the signal component as
possible 1n the residual.

In some embodiments, a relationship between the first and second channel may be
described by a physical model of the noise component based upon, at least in part, the ellipticity
of the noise component. In some embodiments, physical models relating a vertical translational
component and a horizontal translational component may be based upon ellipticity. In one
example with surface waves (e.g., ground roll), the ellipticity may relate a horizontal component

to a vertical component.

Vx| _ o JI=CZ/P
E = || =25 Eq. 22

where c 1s the phase velocity of the surface wave and [ 1s the shear wave velocity at the receiver.
Generally, the shear wave velocity 1s closely related to the phase velocity of the surface wave (¢ =
(0.8-0.9)* ). This expression for the ellipticity 1s formulated for a halfspace but can be modified
to account for a model with a layer over a halfspace.

In another example, the ellipticity may relate a horizontal component to a vertical

component for an interface wave (1.e., Scholte waves).

1 1
—>=25-2dpds
1 2 2 p
S R Eq. 23
Cdp 1/B%

Vx
Vz

=
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11 1 1 .
where g, = [—=—— and g, = |— —— are the P- and S-wave vertical slownesses,
p \ 2 o2 S \ 2 52

respectively. In some embodiments, 1identifying the noise component on the at least one channel
may also include deriving a first channel of the plurality of channels from the vertical translational
component of the seismic wavefield and a second channel of the plurality of channels from a
rotational component of the seismic wavefield. In some embodiments, one or more se1smic sensor
stations 212 may include one or more rotational sensors configured to measure a rotational
component of a seismic wavefield. The one or more seismic stations may be positioned relative
to a surface (e.g., surface 210) with an average distance of at least twenty meters between each
seismic sensor station. In some embodiments, the one or more seismic sensor stations may be
separated by an average distance of twenty-five meters. In some embodiments, the one or more
se1smic sensor stations may be separated by an average distance of fifty meters. For example, at
the surface of the earth, rotations along two horizontal axes may be equal to the vertical gradient
of the horizontal translational component and also to horizontal gradient of the vertical
translational component (e.g., R, = 0, v, = —0d,v, and R, = 0,v, = —0,V, ). Because of at least
least this relationship, the velocity and the direction of the noise component may be determined
and/or deduced at the one or more seismic sensor stations. With the velocity and the direction of
the noise component, the noise component may be reconstructed.

In some embodiments and as discussed above, identifying the noise component on the at
least one channel may also include applying one or more of the physical model of the noise
component and one or more spatial gradients to the one or more basis functions. As shown above,
different constraints may be implemented to formulate the multichannel cost function. For
example, 1n some embodiments, spatial gradients (e.g., true gradient and/or finite-difference
gradients) may be used to formulate the multichannel cost function. In another example, one or
more spatial gradients determined from the one or more seismic sensor stations may be
implemented 1in the multichannel cost function of the matching pursuit algorithm as a transfer
function (e.g., Eq. 12) relating one or more measurements to other measurements. As will be
discussed 1n greater detail below, an amplitude decay may be used to estimate a spatial gradient of
the seismic wavefield. In some embodiments, a physical model may be used to constrain the

multichannel cost function. The described physical relations may be implemented in the
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multichannel cost function of the matching pursuit algorithm as a transfer function relating one or
more measurements to other measurements.

As discussed above and referring again to Figure 3, multicomponent noise-attenuation
process 100 may compute a multichannel cost function (326) and determine/select (328) an
optimum wavenumber and/or optimum wavenumber vector from the multichannel cost function.
In some embodiments, the multichannel cost function may be constrained by spatial gradients
and/or physical models. Multicomponent noise-attenuation process 100 may also include
computing (330) a single channel cost function and determining (332) an amplitude for each
channel from the single cost function. A single channel cost function may be used to compute the
amplitude corresponding to the picked optimum wavenumber. In some embodiments, the single
cost function may be formulated using each measurement of the seismic data separately and may
be used to obtain the amplitude of the noise component. As will be discussed 1n greater detail
below, the multichannel cost function and the single cost function may allow for the attenuation
of noise on one or more input measurements that record the same noise.

In some embodiments, once the wavenumber and the amplitude of the basis function are
obtained, the distinction between signal and noise components may be determined based on
wavenumber filtering, a phase shift between at least two components of the wavefield, and/or
exponential amplitude decay between at least two components of the wavefield. In some
embodiments, the amplitude decay may be used to estimate a spatial gradient of the seismic
wavelield. Identifying the noise component on the at least one channel may include wavenumber
filtering. Wavenumber filtering may provide a way to distinguish between signal components and
noise components on the at least one channel. Wavenumber filtering may include identifying a
wavenumber bandwidth within which noise 1s expected to occur. Basis functions with
wavenumbers within this range may be 1dentified as noise components and subtracted from the
residual. The signal components may be left in the residual. Wavenumber filtering may be valid
for all input measurements.

In some embodiments, 1dentifying the noise component on the at least one channel may
include determining a phase shift between the first and second channel. For example, a phase shift

between horizontal and vertical components may indicate a ground roll (e.g., surface wave). For
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example, there may be a phase shift between horizontal and vertical components of the ground roll
as follows:

v, =11(Kk,z, w)exp|j(kx — wt)] Eq. 24

v, = Jr(k, z, w)exp|j(kx — wt)] Eq. 25

By computing the cost function, the wavenumber £ and the amplitude of each component,
r; and r, may be determined. The 1maginary component “;” may 1dentify the ground roll (e.g.,
noise component) from the signal component.

In some embodiments, 1dentifying the noise component on the at least one channel may
include deriving a third channel of the plurality of channels, from a horizontal translational
component of the seismic wavefield at a depth, relative to the surface, greater than the second
channel, and an exponential amplitude decay between the second and third channel. In some
embodiments, exponential amplitude decay of horizontal components may identify noise
components on the at least one channel. For example, in the presence of a certain sensor
configuration where the horizontal component of the wavetield 1s measured at two levels (such as,
for example, different vertical levels). In some embodiments, the single channel cost function may
be computed for both components and the peak may be selected to estimate the amplitude value.
If the amplitude 1s decreasing with depth (e.g., meaning the amplitude of the sensor of seismic
sensor station 233 1s larger than the amplitude of the sensor of seismic sensor station), the basis
function may describe a ground roll (e.g., noise component) mode rather than a signal component.

Ux,top = 11 (K, Z, w)expli(kx — wt)] Eq. 26

Uy bottom — T1(K, Z, w)exp(—alz)exp|i(kx — wt)] Eq. 27

This may generally be true for the fundamental mode but not be true for complicated, higher
modes. Additionally and/or alternatively, in some embodiments, the amplitude decay may be used
to estimate a spatial gradient of the seismic wavefield.

In some embodiments, multicomponent noise attenuation process 100 may also include
attenuating (106), the noise component on the at least one channel of the plurality of channels
based upon, at least 1n part, the seismic data received from the one or more seismic sensor stations.
In some embodiments, attenuating the noise component, may include noise reconstruction and/or

signal reconstruction. Once an event (e.g., measurement within the seismic data) 1s picked and
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identified as noise, the corresponding basis function may be added to a noise component bin and
subtracted from the residual. This may be repeated for each input measurement separately. If the
picked event 1s 1dentified as signal, the corresponding basis function may be computed and may
be added to the signal component bin. In some embodiments, this may be done for each channel
separately. The reconstructed basis function may be subtracted from the input measurement. In
some embodiments, the reconstruction of the noise components and/or signal components may
occur 1teratively as each candidate basis function 1s optimized, as described above. When the
iterations are stopped, the residual may be added to the signal component bin to generate a noise-
attenuated seismic wavetield.

Multicomponent noise-attenuation process 400, an embodiment of which 1s depicted 1n
Figure 4, may be used to reconstruct a noise-attenuated seismic wavefield. Referring also to Figure
4, pursuant to multicomponent noise-attenuation process 400, seismic data may be received (434)
over one or more channels from a plurality of seismic sensor stations as multi-measurement and/or
multicomponent input data. As discussed above, the plurality of seismic sensor stations may be
disposed relative to a surface 210 and spaced with an average distance of at least twenty meters
between each seismic sensor station. In one example, the plurality of seismic sensor stations may
be disposed relative to a surface 210 and spaced with a distance of at least twenty-five meters
between each seismic sensor station. In some embodiments, the seismic data may be recorded by
a plurality of seismic receivers and may represent measurements of at least one property of the
seismic waveflield. Each channel may measure a property of the seismic wavefield and/or measure
a property of the seismic wavefield after the seismic wavefield has undergone a known forward
transformation. Multicomponent noise attenuation process 400 may include computing (436) cost
functions. These cost functions may include a multichannel cost function for determining an
optimum wavenumber and/or a single cost function for determining an amplitude corresponding
to the optimum wavenumber. Additionally, a single cost function may be used for determining an
optimum wavenumber and a multichannel cost function may be used for determining an amplitude
corresponding to the optimum wavenumber.

In some embodiments, multicomponent noise-attenuation process 400 may include

identifying (438) the noise component on at least one channel and distinguishing the noise
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component from signal components. Signal components may be i1dentified and the corresponding
basis function may be computed and added (440) to a signal component bin. In some
the signal component may be added to a signal component part of the seismic data. Noise
components may be 1dentified and the corresponding basis function may be computed and added
(442) to a noise component bin. In some embodiments, the noise component may be subtracted
from the residual. Multicomponent noise-attenuation process 400 may iteratively repeat until the
residual 1s sutficiently small. In some embodiments, when the iterations are stopped, the residual
may be added to the signal component part of the seismic data.

Referring also to Figures 3-8, three examples or workflows describing multicomponent
noise-attenuation process are provided. In each example, a sensor which measures three
components of the wavefield at two different positions (such as different vertical positions) may
attenuate the coherent noise on the data (e.g. ground roll). Referring now to Figure 6, the first
example/workflow 1s based on reconstruction by the matching pursuit approach using gradients.
The input seismic data may be received (544) and may include a vertical component of the
wavelield measured at a sparse grid and its approximated gradient. This may include computing
(546) a cost function which may combine the vertical component and the gradient. The maximum
value, related to the optimum wavenumber, may be selected (548) and the corresponding basis
function may be reconstructed. An amplitude for the corresponding optimum wavenumber may
also be calculated. The resulting basis functions (e.g., coherent noise) may be reconstructed (550)
on a dense spatial grid. The process may be repeated (552) until the energy in the input data (e.g.,
the residual) 1s minimized. Subsequently, the reconstructed data (sum of all selected basis
functions) may be filtered (554) using a velocity filter resulting in a noise reference. This noise
reference may be decimated (556) to the input spatial grid and may be subsequently subtracted
from the mnput data. The output may be a noise attenuated vertical component on a sparse grid.

Referring now to Figure 6, the described workilow 1n Figure 5 may be adapted to account
for multicomponent input data (e.g., V2, Vx and/or gradient(s)). In the example worktlow of Figure
6, the noise component(s) may be reconstructed on one or more input channels by computing (638)
the multichannel cost function for wavenumber selection and computing (660) the single channel

cost function for the amplitude. The seismic data may be reconstructed on a dense grid for the one
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or more input channels. Using any array-based filter, the noise components may be filtered from
the reconstructed results. The filtered, reconstructed noise components may be decimated and
subtracted (662, 664, 666) from each input channel separately.

Referring now to the workflow of Figure 7. The worktlow of Figure 7 may differ from the
previous workflows in that noise components and signal components may be separated within the
reconstruction algorithm. While reconstructing the seismic data to the same sparse grid using a
matching pursuit approach, the amplitude and the wavenumber of each basis function (picked by
selecting the maximum of the different cost functions) may also be used to 1dentify (768) the signal
components from the noise components. Once the basis function 1s identified as a noise
component using one of the criteria described above, the basis function may be subtracted from
the vertical component and the spatial gradient. In some embodiments, because the same coherent
noise (e.g., noise components) may also present on the horizontal components, the complex
amplitude corresponding to the same wavenumber may be selected from the cost function of each
component and may be subsequently subtracted from the input measurement. With this approach,
signal components (770) and noise components (772) may be constructed and separated on all
input channels. In some embodiments, after the iterations are stopped, the signal components may
be added (774) to the residual.

Referring also to Figure 8, multicomponent noise-attenuation process 800 may be used to
reconstruct noise-attenuated seismic wavetields, 1n accordance with example implementations. In
some embodiments, seismic data may be received (802), and the seismic wavefield may be
modeled (876) as a sum of basis functions.

Next, multicomponent noise-attenuation process 800 may begin an iterative process to
determine the basis functions for the seismic wavefield. In this manner, for the example
implementation depicted 1in Figure 9, the basis functions may be determined one at a time. This
iterative process may involve providing (878) 1nitial parameters for the next basis function;
applying (880) forward transformations (linear filters, physical models, physical constraints,
spatial gradients, etc.) to the basis functions and based on the resultant basis function(s), evaluating

(882) a cost function. If 1t 1s determined (884 ) that the multichannel cost function has not been
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minimized, one or more parameters for the basis function may be adjusted (886) and control
returns to applying additional constraints and/or transformations (880).

Otherwise, 1f the multichannel cost function 1s minimized, it may be determined (888) 1f
the basis function 1s a noise component or a signal component. If it 1s determined that the basis
function 1s a noise component, the basis function may be added (890) to the current summation of
basis functions already determined as noise components (€.g2., a noise component bin) and the basis
function may be subtracted (892) from the residual. If it 1s determined that the basis function 1s a
signal component, the basis function may be added (894) to the current summation of basis
functions already determined as signal components (e.g., a signal component bin) and the basis
function may be subtracted (896) from the input measurement. If a determination 1s made (898)
that the residual 1s sufficiently small, then residual may be added (899) to the signal component
bin and the process may end. Otherwise, control may return to providing (878) 1nitial parameters
for the next basis function.

Figure 9 1llustrates a computing system 900 that may be used in connection with various
implementations described herein that may be implemented. The computing system 900 (system
computer) may include one or more system computers 901, which may be implemented as any
conventional computer or server. However, those skilled in the art will appreciate that
implementations of various techniques described herein may be practiced in other computer
system configurations, including hypertext transfer protocol (HTTP) servers, hand-held devices,
multiprocessor systems, microprocessor-based or programmable consumer electronics, network
PCs, minicomputers, mainframe computers, and the like.

The system computer 901 may be in communication with disk storage devices 903, 903,
and 907, which may be external hard disk storage devices. It 1s contemplated that disk storage
devices 903, 9035, and 907 are conventional hard disk drives, and as such, will be implemented by
way of a local area network or by remote access. Of course, while disk storage devices 903, 903,
and 907 are illustrated as separate devices, a single disk storage device may be used to store any
and all of the program instructions, measurement data, and results as desired.

In some 1mplementations, seismic data from the sensors may be stored in disk storage

device 905. The system computer 901 may retrieve the appropriate data from the disk storage
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device 905 to process seismic data according to program instructions that correspond to
implementations of various techniques described herein. The program instructions may be written
in a computer programming language, such as C™, Java and the like. The program instructions
may be stored 1n a computer-readable medium, such as program disk storage device 907. Such
computer-readable media may include computer storage media and communication media.
Computer storage media may include volatile and non-volatile, and removable and non-removable
media implemented 1n any method or technology for storage of information, such as computer-
readable 1nstructions, data structures, program modules or other data. Computer storage media
may further include RAM, ROM, erasable programmable read-only memory (EPROM),
clectrically erasable programmable read-only memory (EEPROM), flash memory or other solid
state memory technology, CD-ROM, digital versatile disks (DVD), or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, or any
other medium which can be used to store the desired information and which can be accessed by
the system computer 901. Communication media may embody computer readable instructions,
data structures or other program modules. By way of example, and not limitation, communication
media may include wired media such as a wired network or direct-wired connection, and wireless
media such as acoustic, radio frequency (RF), infrared (IR), and various other wireless media.
Further, combinations of any of the above may also be included within the scope of computer
readable media.

In some implementations, the system computer 901 may provide output primarily onto
graphics display 909, or via printer 911. The system computer 901 may store the results of the
methods described above on disk storage 903, for later use and further analysis. Further, the
keyboard 913 and/or the pointing device 9135 (e.g., a mouse, trackball, or the like) may be provided
with the system computer 901 to enable interactive operation.

The system computer 901 may be located at a data center remote from the survey region.
The system computer 901 may be 1n communication with the receivers (either directly or via a
recording unit, not shown), to receirve signals indicative of the reflected seismic energy. These
signals, after conventional formatting and other 1nitial processing, may be stored by the system

computer 901 as digital data in the disk storage 905 for subsequent retrieval and processing in the
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manner described above. In one implementation, these signals and data may be sent to the system
computer 901 directly from seismic sensor stations 212, such as geophones, hydrophones, and the
like. When receiving data directly from seismic sensor stations 212, the system computer 901 may
be described as part of an 1n-field data processing system. In another implementation, the system
computer 901 may process seismic data already stored 1n the disk storage 905. When processing
data stored in the disk storage 905, the system computer 901 may be described as part of a remote
data processing center, separate from data acquisition. The system computer 901 may be
configured to process data as part of the in-field data processing system (e.g., data acquisition
system 218), the remote data processing system or a combination thereof.

While Figure 10 may illustrate that the disk storage 9035 as directly connected to the system
computer 901, 1t 1s also contemplated that the disk storage device 905 may be accessible through
a local area network or by remote access. Further, while disk storage devices 903, 905 are
illustrated as separate devices for storing input seismic data and analysis results, the disk storage
devices 903, 905 may be implemented within a single disk drive (either together with or separately
from program disk storage device 907), or in any other conventional manner as will be fully
understood by one of skill in the art having reference to this specification.

The flowchart and block diagrams in the figures illustrate the architecture, functionality,
and operation of possible implementations of systems and methods and according to various
embodiments of the present disclosure. In this regard, each block in the flowchart or block
diagrams may represent a module, segment, or portion of code, which comprises one or more
executable instructions for implementing the specified logical function(s). It should also be noted
that, in some alternative implementations, the functions noted in the block may occur out of the
order noted 1n the figures. For example, two blocks shown 1n succession may, 1in fact, be executed
substantially concurrently, or the blocks may sometimes be executed in the reverse order,
depending upon the functionality involved. It will also be noted that each block of the block
diagrams and/or tlowchart illustration, and combinations of blocks 1in the block diagrams and/or
flowchart illustration, can be 1mplemented by special purpose hardware-based systems that
perform the specified functions or acts, or combinations of special purpose hardware and computer

instructions.
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As used 1n any embodiment described herein, the term “‘circuitry” may comprise, for
example, singly or 1n any combination, hardwired circuitry, programmable circuitry, state machine
circuitry, and/or firmware that stores instructions executed by programmable circuitry. It should
be understood at the outset that any of the operations and/or operative components described 1n
any embodiment or embodiment herein may be implemented in software, firmware, hardwired
circuitry and/or any combination thereof.

The terminology used herein 1s for the purpose of describing particular embodiments and
1s not intended to be limiting of the disclosure. As used herein, the singular forms "a", "an" and
"the” are intended to include the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms "comprises” and/or "comprising,” when
used 1n this specification, specify the presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components, and/or groups thereof.

The corresponding structures, materials, acts, and equivalents of means or step plus
function elements 1n the claims below are intended to include any structure, material, or act for
performing the function 1n combination with other claimed elements as specifically claimed. The
description of the present disclosure has been presented for purposes of 1llustration and description,
but 1s not intended to be exhaustive or limited to the disclosure in the form disclosed. Many
modifications and variations will be apparent to those of ordinary skill in the art without departing
from the scope and spirit of the disclosure. The embodiment was chosen and described 1n order
to best explain the principles of the disclosure and the practical application, and to enable others
of ordinary skill in the art to understand the disclosure for various embodiments with various
modifications as are suited to the particular use contemplated.

Although a few example embodiments have been described 1n detail above, those skilled
in the art will readily appreciate that many modifications are possible in the example embodiments
without materially departing from the scope of the present disclosure, described herein.
Accordingly, such modifications are intended to be 1included within the scope of this disclosure as

defined 1n the following claims. In the claims, means-plus-function clauses are intended to cover

the structures described herein as performing the recited function and not only structural
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equivalents, but also equivalent structures. Thus, although a nail and a screw may not be structural
equivalents 1n that a nail employs a cylindrical surface to secure wooden parts together, whereas a
screw employs a helical surface, in the environment of fastening wooden parts, a nail and a screw
may be equivalent structures. It 1s the express intention of the applicant not to invoke 35 U.S.C. §
112, paragraph 6 for any limitations of any of the claims herein, except for those in which the
claim expressly uses the words ‘means for’ together with an associated function.

Having thus described the disclosure of the present application in detail and by reference
to embodiments thereof, it will be apparent that modifications and variations are possible without

departing from the scope of the disclosure defined 1n the appended claims.
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What Is Claimed Is:

1. A method of performing a seismic survey, comprising;:

deploying a plurality of multicomponent seismic sensors proximate to earth surface, each
of the multicomponent seismic sensors being capable of measuring rotation,
wherein the average spacing between each adjacent multicomponent seismic sensor pair 1s at least
twenty meters; and

inputting a seismic signal into the earth surface so that the plurality of multicomponent
seismic sensors detect multiple components of the seismic signal including vertical, horizontal and

rotational components.

2. The method of claim 1, wherein the multicomponent seismic sensors comprise two linear
sensors that are spaced apart from one another 1n a direction that 1s substantially perpendicular to
the earth surface, so that ground roll 1s evidenced by differencing linear signals detected at the two

linear sensors.

3. The method of claim 1, wherein the multicomponent seismic sensors comprise at least two

rotation sensors that are configured substantially orthogonal to one another.

4. A seismic survey spread, comprising:
a plurality of multicomponent seismic sensors proximate to earth surface, each of the
multicomponent seismic sensors being capable of measuring rotation, wherein the average spacing

between each adjacent multicomponent seismic sensor pair 1s at least twenty meters.

d. The seismic survey spread of claim 2, wherein the multicomponent seismic sensors
comprise two linear sensors that are spaced apart from one another in a direction that 1s
substantially perpendicular to the earth surface, so that ground roll 1s evidenced by differencing

linear signals detected at the two linear sensors.
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6. The seismic survey spread of claim 2, wherein the multicomponent seismic sensors

comprise at least two rotation sensors that are configured substantially orthogonal to one another.

7. A system comprising a computing device having at least one processor configured to
receive seismic data associated with a seismic wavefield over at least one channel of a plurality of
channels from one or more seismic sensor stations, wherein the one or more seismic sensor stations
are disposed relative to a surface with an average distance of at least twenty meters between each
of the adjacent one or more seismic sensor stations, the at least one processor further configured
to 1dentify a noise component on the at Ieast one channel of the plurality of channels, and the at
least one processor further configured to attenuate the noise component on the at Ileast one channel
of the plurality of channels based upon, at least 1in part, the seismic data received from the one or

more seismic sensor stations.

3. The system of claim 7, wherein the at least one processor 1s further configured to model

the seismic wavefield as a sum of one or more basis functions.

9. The system of claim 8, wherein the at least one processor 1s further configured to determine
an optimum wavenumber and an amplitude from one or more of a multichannel cost function and

a single channel cost function.

10. The system of claim 8, the at least one processor 1s further configured to derive a first
channel of the plurality of channels from a vertical translational component of the seismic
wavelield and a second channel of the plurality of channels from a horizontal translational

component of the seismic wavefield.

11. The system of claim 10, wherein a relationship between the first and second channel 1s
described by a physical model of the noise component based upon, at least in part, the ellipticity

of the noise component.

33



20

CA 03006953 2018-05-30

WO 2017/096081 PCT/US2016/064481

12. The system of claim 11, wherein the at least one processor 1s further configured to apply
one or more of the physical model of the noise component and one or more spatial gradients to

the one or more basis functions.

13. The system of claim 10, wherein the at least one processor 1s further configured to

determine a phase shift between the first and second channel.

14. The system of claim 10, wherein the at least one processor 1s further configured to derive
a third channel of the plurality of channels, from a horizontal translational component of the
seismic wavelield at a depth, relative to the surface, greater than the second channel, and an

exponential amplitude decay between the second and third channel.

13. The system of claim 14, wherein the at least one processor 1s further configured to
estimate a spatial gradient of the seismic wavetield based upon, at least in part, the amplitude

decay.

16. The system of claim 8, wherein the at least one processor 1s further configured to derive a
first channel of the plurality of channels from the vertical translational component of the seismic
wavelield and a second channel of the plurality of channels from a rotational component of the

seismic wavetield.

17. A method for multicomponent noise attenuation of a seismic wavetield comprising:
receiving, at one or more computing devices, seismic data associated with a seismic
wavelield over at least one channel of a plurality of channels from one or more seismic sensor
stations, wherein the one or more seismic sensor stations are disposed relative to a surface with an
average distance of at least twenty meters between each of the adjacent one or more seismic sensor
stations;
1dentifying a noise component on the at least one channel of the plurality of channels; and

attenuating the noise component on the at least one channel of the plurality of channels
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based upon, at least 1n part, the seismic data received from the one or more seismic sensor stations.

18. The method of claim 17, wherein identifying the noise component on the at least one

channel includes modeling the seismic wavefield as a sum of one or more basis functions.

19. The method of claim 18, wherein identifying the noise component on the at least one
channel includes determining an optimum wavenumber and an amplitude from one or more of a

multichannel cost function and a single channel cost function.

20. The method of claim 18, wherein identifying the noise component on the at least one
channel includes deriving a first channel of the plurality of channels from a vertical translational
component of the seismic wavefield and a second channel of the plurality of channels from a

horizontal translational component of the seismic wavetield.

21. The method of claim 20, wherein a relationship between the first and second channel 1s
described by a physical model of the noise component based upon, at least in part, the ellipticity

of the noise component.

22. The method of claim 21, wherein identifying the noise component on the at least one
channel 1includes applying one or more of the physical model of the noise component and one or

more spatial gradients to the one or more basis functions.

23. The method of claim 20, wherein identifying the noise component on the at least one

channel includes determining a phase shift between the first and second channel.

24. The method of claim 20, wherein identifying the noise component on the at least one
channel includes deriving a third channel of the plurality of channels, from a horizontal
translational component of the seismic wavefield at a depth, relative to the surface, greater than

the second channel, and an exponential amplitude decay between the second and third channel.

35



10

15

20

CA 03006953 2018-05-30

WO 2017/096081 PCT/US2016/064481

25. The method of claim 18, wherein identifying the noise component on the at least one
channel includes deriving a first channel of the plurality of channels from the vertical
translational component of the seismic wavefield and a second channel of the plurality of

channels from a rotational component of the seismic wavetield.

26. A system comprising a computing device having at least one processor configured to
receive seismic data associated with a seismic wavefield over at least one channel of a plurality of
channels from one or more seismic sensor stations, wherein the one or more seismic sensor stations
are disposed relative to a surface with an average distance of at least twenty meters between each
of the one or more adjacent seismic sensor stations, the at least one processor further configured
to 1dentify a noise component on the at least one channel of the plurality of channels, the at least
one processor 18 further configured to model the seismic wavefield as a sum of one or more basis
functions, the at least one processor 1s further configured to derive a first channel of the plurality
of channels from the vertical translational component of the seismic wavetield and a second
channel of the plurality of channels from a rotational component of the seismic wavetield, and the
at least one processor further configured to attenuate the noise component on the at least one
channel of the plurality of channels based upon, at least in part, the seismic data received from the

one or more seismic sensor stations.
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100
receiving, at one or more processors, seismic data associated with a seismic
wavefield over at least one channel of a plurality of channels from one or
more seismic sensor stations
102
1dentifying a noise component on the at least one channel of the plurality of
channels
104
attenuating the noise component on the at least one channel of the plurality
of channels based upon, at least in part, the seismic data received from the
One Or more se1smic sensor stations
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