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(57) Abstract: Passive seismic data is collected from measurements of seismic sensors in respective sensor assemblies, where the
passive seismic data is based on measurements collected during periods when no active seismic source was activated. Attenuation of
surface noise in the passive seismic data is performed using data from divergence sensors in at least some of the sensor assemblies.
o The passive seismic data with surface noise attenuated is output to allow for performing an operation related to a subterranean struc-

ture using the passive seismic data with the surface noise attenuated.
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Noise Attenuation in Passive Seismic Data

BACKGROUND

[0001] Seismic surveying is used for identifying subterranean elements,
such as hydrocarbon reservoirs, freshwater aquifers, gas injection zones, and
so forth. In active seismic surveying, seismic sources are placed at various
locations on a land surface or sea floor, with the seismic sources activated to

generate seismic waves directed into a subterranean structure.

[0002] In active seismic surveying, the seismic waves generated by a
seismic source travel into the subterranean structure, with a portion of the
seismic waves reflected back to the surface for receipt by seismic sensors
(e.g., geophones, accelerometers, etc.). These seismic sensors produce
signals that represent detected seismic waves. Signals from seismic sensors
are processed to yield information about the content and characteristic of the

subterranean structure.

[0003] In many cases, noise can interfere with accurate measurement of

seismic waves reflected from the subterranean structure.
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SUMMARY

[0004] In general, according to some embodiments, a method comprises
receiving passive seismic data collected by seismic sensors in respective
sensor assemblies, where the passive seismic data was measured during
periods when no active seismic source was activated. Attenuation of surface
noise in the passive seismic data is performed using data from divergence
sensors in at least some of the sensor assemblies. The passive seismic data
with surface noise attenuated is output to allow for performing an operation in
relation to a subterranean structure using the passive seismic data with the

surface noise attenuated.

[0005] Other or alternative features will become apparent from the

following description, from the drawings, and from the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Some embodiments are described with respect to the following

figures:

Figs. 1 and 2 illustrate example arrangements to perform surveys of a

subterranean structure in accordance with some embodiments; and

Figs. 3-5 are flow diagrams of processes according to various

embodiments.
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DETAILED DESCRIPTION

(IS

[0007] As used here, the terms “above” and “below”; “up” and “down”;
“‘upper” and “lower”; “upwardly” and “downwardly”; and other like terms
indicating relative positions above or below a given point or element are used
in this description to more clearly describe some embodiments of the
invention. However, when applied to equipment and methods for use in wells

that are deviated or horizontal, such terms can refer to a left to right, right to

left, or diagonal relationship as appropriate.

[0008] Seismic data can be collected using active and passive seismic
surveying of a subterranean structure. While active seismic surveying uses
seismic signals produced by active seismic sources, passive seismic
surveying can record seismic activity during periods between seismic source

activations in the active seismic surveying.

[0009] An “active” seismic source refers to a seismic source that is
controllable by a user or controller. For example, an active seismic source
can be connected to the controller, with the controller being programmable to
automatically activate the active seismic source, or to activate the active
seismic source in response to user input. Examples of active seismic sources
include vibrators (which have oscillating impact elements that move back and
forth to impact a surface to cause generation of seismic waves), explosives,
or any other seismic source that is able to produce discrete seismic waves

under user or controller control. An active seismic source is distinguished
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from environmental seismic sources, such as produced by earthquakes,
environmental ambient noise, and so forth. Such environmental seismic

sources can also be referred to as “passive” seismic sources.

[0010] Passive seismic data can be used for performing operations in
relation to a subterranean structure. For example, passive seismic data can
be processed to characterize the content of the subterranean structure. Such
characterization of the subterranean structure allows for a determination of
presence of certain subterranean elements in a subterranean structure, where
subterranean elements of interest can include hydrocarbon reservoirs,
freshwater aquifers, gas injection zones, and so forth. Alternatively, passive
seismic data can be used to produce a model of the subterranean structure,
where the model can be a velocity model (that provides a representation of

various velocities within the subterranean structure), or other types of models.

[0011] The generation of an image or model can use passive seismic
interferometry (discussed further below). In other implementations, other
techniques of producing an image or model using passive seismic data can

be employed.

[0012] As yet another alternative, passive seismic data can be used to
perform passive data reservoir monitoring, which involves monitoring of a
subterranean reservoir during an operation (e.g., production or injection)

relating to the reservoir. The passive seismic data provides some indication
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of changes in characteristics of the reservoir during the operation, which can

be used to monitor the reservoir.

[0013] Fig. 1 illustrates a land-based survey arrangement 100 to perform
surveying of a subterranean structure 105 in accordance with some
implementations. The subterranean structure 105 is underneath a ground
surface 110 and contains a reflector 115, which can represent a subterranean
element of interest. The surveying performed can include active and passive

surveying.

[0014] During active surveying, an active seismic source 120 can fire
seismic waves 125 into the subterranean structure 105. The seismic waves
125 can include a compressional wave ("P-wave") and a shear wave ("S-
wave"). The component(s) of the seismic waves 125 can be reflected and
converted by the reflector 115, and the reflections 130 can be detected by

multiple sensor assemblies 135.

[0015] The sensor assemblies 135 can each include a seismic sensor 136
(e.g., a geophone, an accelerometer, etc.) and a divergence sensor 138
(discussed further below). The seismic sensors 136 can generate electrical
signals (measurements) representative of the received reflections 130, which
provide information regarding the subterranean structure 105. The measured
data can be transmitted over lines 140 (e.g., electrical lines, wireless links,

optical lines, etc.) to a recording truck 145, where the measurement data can
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be captured as a record of seismic data. Note that the subterranean structure
105 can include multiple reflectors, some of which can include dipping events,
and can generate multiple reflections (including wave conversion) for receipt

by each of the seismic sensors 136.

[0016] Further, not all of the seismic waves propagate downward into the
geological formation. Some of the seismic waves are surface waves that
propagate along an interface between two media instead of through a
medium. A surface wave can travel at the interface between the earth and air
or the earth and a body of water. Surface waves can lead to ground roll noise
(a type of surface noise). Ground roll noise is a type of coherent noise
generated by a surface wave that can obscure signals reflected from the
reflector 115 and can degrade the overall quality of the seismic data resulting
from the survey. Examples of ground-roll noise include Rayleigh waves and
Love waves. Other types of surface noise include flexural waves present in
data acquired over frozen surfaces such as a body of water or permafrost.
More generally, “surface noise” refers to unwanted noise traveling along a

surface, such as a land surface.

[0017] Surface waves can be high-frequency waves, generated by the
active seismic source 120. However, surface waves can also be
predominantly generated by noise from the surrounding environment. For

example, surrounding noise can come from natural phenomena, such as
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earthquakes and water movement. Surrounding noise can also come from

human activity, such as road traffic, drilling, and the like.

[0018] As noted above, passive surveying can be configured to record
seismic data continually during periods between active surveying. When the
active seismic source 120 is not activated, the seismic sensors 136 can still
record seismic data generated by the surrounding noise. In this manner, the
passive surveying can record seismic data resulting from the surrounding
noise, where the recorded passive seismic data can include contributions
from various sources: surface noise (such as ground roll noise), body waves,

and reflections from structures within the subterranean structure 105.

[0019] While the passive seismic data can provide relevant information
about the subterranean structure 105, surface noise (such as ground roll
noise) can be large enough such that it is difficult to separate the relevant

information from the surface noise.

[0020] In accordance with some embodiments, data (referred to as
“divergence data”) collected by divergence sensors 138 that are also part of
the sensor assemblies 135 is used for measuring a horizontally propagating
noise (surface noise) along the ground surface 110. The divergence data can

be used to attenuate noise in passive seismic data.

[0021] Fig. 2 shows further details regarding a divergence sensor 138 that

is part of a sensor assembly 135. As shown in Fig. 2, the divergence sensor
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138 has a closed container 156 that is sealed. The container 156 contains a
volume of liquid 158 (or other material such as a gel, a solid such as plastic or
sand, and so forth) inside the container 156. Moreover, the container 156
contains a pressure sensor 150 (e.g., a hydrophone) that is immersed in the
liquid 158 (or other material). The pressure sensor 150 being immersed in the
material 158 means that the pressure sensor 150 is surrounded by or
otherwise attached to or in contact with the material 158. In the ensuing
discussion, reference is made to the hydrophone 150 that is immersed in the
liquid 150—note that in alternative embodiments, other types of pressure

sensors 150 can be immersed in other types of material 158.

[0022] The hydrophone 150, which is neutrally buoyantly immersed in the
liquid 158, is mechanically decoupled from the walls of the container 156. As
a result, the hydrophone 150 is sensitive to just acoustic waves that are
induced into the liquid 158 through the walls of the container 156. To
maintain a fixed position, the hydrophone 150 is attached by a coupling
mechanism 152 that dampens propagation of acoustic waves through the
coupling mechanism 152. Examples of such a coupling mechanism 152
include elastic bands or a suitable arrangement of springs and/or dashpots,

for example.

[0023] Examples of the liquid 158 include the following: kerosene, mineral
oil, vegetable oil, silicone oil, and water. In other embodiments, other types of

liquids can be employed. As yet another example, instead of a liquid, the
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hydrophone 150 is immersed in another type of material, such as gel, or a
solid such as a plastic or sand. In some examples, a liquid with a higher
viscosity can be used to change the sensitivity to different types of waves,
including P (compression) waves, S (shear) waves, Rayleigh waves, and
Love waves. Moreover, the amount of liquid 158 provided in the container
156 of the divergence sensor 138 determines the sensitivity of the
hydrophone 150. A container 156 that is only partially filled with liquid records

a weaker signal.

[0024] As further shown in Fig. 2, the sensor assembly 135 also includes
electronic circuitry 154 that is electrically coupled to both the seismic sensor
136 and the divergence sensor 138. The electronic circuitry 154 can include
storage elements, processing elements, and communications elements for
communicating data acquired by the seismic sensor 136 and divergence
sensor 138 over the electrical cable 140 to a controller 166, which can be part
of the recording truck 145 of Fig. 1. The controller 166 includes a processor

168 (or multiple processors) and a storage medium 160.

[0025] As depicted in Fig. 2, the seismic sensor 136 is positioned above
and external to the container 156 of the divergence sensor 138. In other
implementations, the seismic sensor 136 can have another arrangement with
respect to the divergence sensor 138. At least a portion of the divergence
sensor 138 is below the ground surface 110, such that the hydrophone 150 is

at or below the ground surface 110, but not above the ground surface 110.

10
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When planted, the divergence sensor 138 of the sensor assembly 135 is
firmly in contact with the earth medium underneath the ground surface 110,
which improves data quality of signals acquired by the hydrophone 150 in the

divergence sensor 138.

[0026] In embodiments that employ the cable 140, power is provided from
a remote power supply (such as a power supply located at the controller 166)
through the cable 140 to the sensor assemblies 135. In embodiments that
employ wireless communications and that do not use the cable 140, the

sensor assembly 135 can be provided with batteries to provide local power.

[0027] As further shown in Fig. 2, the seismic sensor 136 and divergence
sensor 138 are part of an overall shell or housing 151, such that the sensor
assembly 135 can be considered to be a single sensor device. In an
alternative embodiment, the seismic sensor 136 and divergence sensor 138
can be provided in different shells or housings, and each of the seismic
sensor 136 and divergence sensor 138 can be associated with its own
respective electronic circuitry, such that the sensor assembly 135 would be
considered to be formed of two separate sensor devices. In such an
implementation, the two separate sensor devices would be located relatively

close together (such as less than one meter or some other distance apart).

[0028] Fig. 3 is a flow diagram of a process according to some

embodiments. The process of Fig. 3 can be performed by the controller 166,

11
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for example. The controller 166 receives (at 172) passive seismic data
collected from measurements of various seismic sensors 136 in respective
sensor assemblies 135. The passive seismic data is based on measurements
collected during periods when no active seismic source (such as 120 in Fig. 1)

was activated.

[0029] The controller 166 performs (at 174) attenuation of surface noise in
the passive seismic data using divergence data from divergence sensors in at
least some of the sensor assemblies. As noted above, the divergence data
from the divergence sensors represents the surface noise. To attenuate the
surface noise in the passive seismic data, the divergence data from the
divergence sensors can be subtracted from the passive seismic data.
Alternatively, the divergence data can be combined with the passive seismic
data using other techniques, such as discussed by in U.S. Patent Application

Serial No. 12/573,266, referenced above.

[0030] By using divergence data collected by the divergence sensors 138
to enable the removal of surface noise, without the need for well-sampled
(7.e., unaliased) recording of surface noise. Arrays to achieve well-sampled
recording of surface noise can add to the complexity of the arrays, which can

increase survey costs and can be time consuming.

[0031] The controller 166 next outputs (at 176) the passive seismic data

with surface noise attenuated to allow for an operation to be performed in

12
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relation to the subterranean structure 105 of Fig. 1 or 2. For example, the
operation can include characterization of the subterranean structure 105 using
the passive seismic data with the surface noise attenuated. Based on the
characterization, the controller 166 can develop a subsurface image of the
subterranean structure 105. Alternatively, the controller 166 can generate a
model, such as a velocity model, of the subterranean structure 105 based on
the passive seismic data with surface noise attenuated. As noted above, the
generation of the image or model can employ passive seismic interferometry
or another technique. As yet a further alternative, the passive seismic data
can be used for passive data reservoir monitoring. Passive data reservoir
monitoring refers to monitoring the progress of a reservoir in the subterranean
structure 105 during an operation (e.g., production or injection) performed with

respect to the reservoir.

[0032] The following discussion provides further details regarding
performance of passive seismic interferometry according to some
embodiments. As discussed, passive seismic interferometry can be used to
produce an image of a subterranean structure or to produce a model of the
subterranean structure. For improved performance, the passive seismic
interferometry uses surface noise attenuation based on divergence data

collected by divergence sensors 138 as discussed above.

[0033] In performing passive seismic interferometry, it is desired to

recover reflection seismograms from recordings (in the form of passive

13
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seismic data) of ambient noise (when no active seismic source is active).
Generally, passive seismic surveying causes recording of low-frequency
seismic responses, while active seismic surveying causes recording of high-
frequency seismic responses. There can be some overlap in the higher and
lower frequency ranges associated with active and passive seismic surveys,
respectively. Collected seismic data can be split between high and low
frequencies, which can be based on a predefined threshold, such as a
frequency threshold in the 4-5 Hz (hertz) range. In other implementations,
other frequency thresholds can be used. For example, seismic waves at 5 Hz

or less are considered to be low frequency waves.

[0034] Attempting to recover reflection seismograms from recordings of
ambient noise can be difficult because passive seismic data at lower

frequencies can be dominated by surface noise.

[0035] Fig. 4 is a flow chart of a technique 200 for generating a seismic
image of the subterranean structure 105 using passive seismic interferometry
in accordance with some implementations. Seismic data can be received (at
210) from two seismic sensors 136 in a seismic survey, for example. The
received seismic data can include both active and passive seismic data. The
seismic data resulting from the combination of active and passive surveying

can include a broad spectrum of low and high-frequency acoustic waves.

14
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[0036] Low-frequency seismic data can be classified (at 220). In some
implementations, all seismic data that is below and equal to a predefined
frequency threshold fuin (€.9., 5 Hz) can be classified as low-frequency
seismic data. While 5 Hz is used as an example here, it should be
understood that other predetermined frequencies can instead be used to
distinguish low-frequency seismic data. Here, the predetermined frequency

threshold is referred to as fuin.

[0037] The seismic data at f,in (Or in a range containing fuin), €.9., 5 Hz,
can be classified as both high and low-frequency. In implementations of
various techniques described herein, the seismic data that overlaps between
high and low-frequency can be used to generate a velocity model. The
velocity model generation is described in greater detail with reference to Fig.

5.

[0038] The low-frequency seismic data can be re-sampled (at 230) based
on fmin. The amount of recorded seismic data can be large. Therefore, in
some implementations, a re-sampling of the low-frequency seismic data can

be used to generate the seismic image.

[0039] The low-frequency seismic data can be re-sampled according to a
time interval and a spatial interval. In other words, seismic data recorded at
each time interval can be used in the re-sampling. Similarly, seismic data

recorded at each spatial interval can be used in the re-sampling. The time

15
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interval can be based on fyin and a Nyquist sampling theorem. In some
implementations, the time interval, dt, can be determined according to the

following formula:

1
dt < ——
2* fmin
[0040] The spatial interval can be based on f,in, @ Nyquist sampling
theorem, and vmin, where vmin can represent the frequency of the ground roll

noise. In some implementations, the spatial interval, dx, can be determined

according to the following formula:

ymin

dx<——
2* fmin

[0041] Surface noise in the re-sampled low-frequency seismic data can be
attenuated (at 240). The attenuation is based on the divergence data from

the divergence sensors 138 depicted in Fig. 2.

[0042] A set of low-frequency Green’s functions can be calculated (at 250)
using interferometry on the attenuated low-frequency seismic data. The set of
low-frequency Green’s function can describe the impulse responses at a pair
of sensors. In the implementation where attenuation is optional, the set of
low-frequency Green'’s functions can be calculated using Interferometry on the
re-sampled low-frequency seismic data. An example of the Green’s function

for two seismic sensors at locations, x4 and x> is as follows:

16
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(G(x1,x2,8)+ G(x1,x2,-1)) * a(t) = Y (A(x1,—£) * W(x2,2))

where v(x1, t) and v(x2, t) represents vertical component noise records
recorded at locations x4 and xz; G(x1,x2,t) can be the Green’s function
between locations x4 and x, corresponding to a recorded particle velocity at x;
and a vertical point force (impulse) at x¢; and a(t) can be the auto-correlation
of the source time function of all noise records. Although implementations of
various techniques have been described with reference to continuous seismic
recording, it should be understood that some implementations contemplate
breaks or pauses between seismic recordings. Regardless, all records that
are included in the sum come from the same locations and are recorded
simultaneously across the sensors. Additionally, in some implementations,
the formula above can be generalized to other source types and other

recorded quantities such as horizontal components of particle velocity.

[0043] Interferometry is a technique of constructing Green’s functions
between pairs of points. One sensor can be located at each of the points.

For each pair of sensors in the attenuated low-frequency seismic data, a
seismic data set can be produced for one of the pair. The seismic data set
produced can represent reflected waves from a virtual source. In other words,
the other of the pair of seismic sensors is treated as the source. The full set
of seismic data produced for every sensor pair is referred as an

interferometric reflection seismic data set.

17
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[0044] High frequency seismic data can be processed (at 260) to create a
set of high-frequency Green’s functions. The high-frequency seismic data can
be from the active seismic survey data that is at or above f, described

above.

[0045] The set of low-frequency Green’s functions can be merged (at 270)
with the set of high-frequency Green’s functions. By merging the low and high

frequencies, a set of broadband Green’s functions can be created.

[0046] In some implementations, a regularization process can be used to
perform the merger. The regularization process can interpolate the virtual
source locations of the set of low-frequency Green’s functions to locations of
actual sources in the set of high-frequency Green’s functions. The
overlapping data in the fyi, frequency band can also be used to tie and

calibrate the sets of high and low-frequency Green’s functions to each other.

[0047] Next, a seismic image can be generated (at 280) of the
subterranean structure 105. The image can be generated using the set of

broadband Green’s functions.

[0048] Alternatively, the set of broadband Green’s functions can also be
used to generate a velocity model of the subterranean structure 105. In some
implementations, the velocity model can be generated using a full waveform
inversion procedure. The full waveform inversion procedure can be an

iterative process that uses a range of frequencies within the set of broadband

18
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Green’s functions to produce the velocity model. A low frequency (below fiin)
can be selected within the set of broadband Green'’s functions. Seismic data
at the selected frequency can be inverted to generate a low-resolution model

that fits the seismic data at the selected frequency.

[0049] A higher frequency can then be selected. The seismic data at the
higher frequency can then be inverted with the low-resolution velocity model
to generate a higher resolution model. The process can then be repeated,
using seismic data from progressively higher frequencies and each
progressively generated model, until a velocity model of desired resolution is

generated.

[0050] To generate the seismic image, the set of high-frequency Green’s
functions can be imaged by performing a reverse time migration using the

velocity model and the set of high-frequency Green’s functions.

[0051] Fig. 5 is a flow chart of a technique 300 for generating a seismic
image of the subterranean structure 105 in accordance with further
implementations. With exception of task 320, tasks 310-350 of technique 300
are the same as respective tasks 210-250 in technique 200 of Fig. 4. In task
320, in addition to the classification of low-frequency seismic data, a
classification of high-frequency seismic data is also performed. Seismic data

that is at or above f, is classified as the high-frequency seismic data.

19
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[0052] The high-frequency seismic data can be indexed (at 360) by the
locations of the sources of the high-frequency seismic data. The sources can
be the sources of the active surveying. The indexed data is referred to herein

as an active source seismic dataset.

[0053] A seismic image can be generated (at 370) using the active source
seismic dataset and the set of low-frequency Green’s functions. In some
implementations, the seismic image is generated by performing the full
waveform inversion described above. Alternatively, the seismic image can be

generated using a prestack depth migration, or an impedance inversion.

[0054] The tasks depicted in Figs. 3-5 can be performed by machine-
readable instructions that are loaded for execution on a processor (such as
processor(s) 168 in Fig. 2). A processor can include a microprocessor,
microcontroller, processor module or subsystem, programmable integrated

circuit, programmable gate array, or another control or computing device.

[0055] Data and instructions are stored in respective storage devices,
which are implemented as one or more computer-readable or machine-
readable storage media. The storage media include different forms of
memory including semiconductor memory devices such as dynamic or static
random access memories (DRAMs or SRAMSs), erasable and programmable
read-only memories (EPROMSs), electrically erasable and programmable read-

only memories (EEPROMSs) and flash memories; magnetic disks such as

20
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fixed, floppy and removable disks; other magnetic media including tape;
optical media such as compact disks (CDs) or digital video disks (DVDs); or
other types of storage devices. Note that the instructions discussed above
can be provided on one computer-readable or machine-readable storage
medium, or alternatively, can be provided on multiple computer-readable or
machine-readable storage media distributed in a large system having possibly
plural nodes. Such computer-readable or machine-readable storage medium
or media is (are) considered to be part of an article (or article of manufacture).
An article or article of manufacture can refer to any manufactured single

component or multiple components.

[0056] In the foregoing description, numerous details are set forth to
provide an understanding of the subject disclosed herein. However,
implementations can be practiced without some or all of these details. Other
implementations can include modifications and variations from the details
discussed above. ltis intended that the appended claims cover such

modifications and variations.

21
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What is claimed is:

1. A method comprises:

receiving, by a system having a processor, passive seismic data
collected from measurements of seismic sensors in respective sensor
assemblies, wherein the passive seismic data is based on measurements
collected during periods when no active seismic source was activated;

performing, by the system, attenuation of surface noise in the passive
seismic data using data from divergence sensors in at least some of the
sensor assemblies; and

outputting, by the system, the passive seismic data with surface noise
attenuated to allow for performing an operation related to a subterranean

structure using the passive seismic data with the surface noise attenuated.

2. The method of claim 1, further comprising:
using the passive seismic data with surface noise attenuated to

develop a subsurface image of the subterranean structure.

3. The method of claim 1, further comprising:

using the passive seismic data with surface noise attenuated to

develop a model of the subterranean structure.
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4, The method of claim 1, further comprising:
using the passive seismic data with surface noise attenuated to

perform passive seismic interferometry.

5. The method of claim 4, wherein performing the passive seismic
interferometry comprises:
classifying the passive seismic data as seismic data below a

predefined frequency threshold.

6. The method of claim 5, wherein performing the passive seismic
interferometry comprises calculating a set of Green’s functions based on the
passive seismic data, the method further comprising using the set of Green’s

functions to produce an image of the subterranean structure.

7. The method of claim 1, further comprising:
using the passive seismic data with surface noise attenuated to
perform passive data reservoir monitoring to monitor a reservoir in a

subterranean structure.
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8. The method of claim 1, further comprising:
receiving the data from the divergence sensors, wherein each of the
divergence sensors includes a container containing a material and a pressure

sensor immersed in the material.

9. The method of claim 8, wherein the material includes liquid.

10.  An article comprising at least one machine-readable storage medium
storing instructions that upon execution cause a system having a processor
to:

receive seismic data collected from measurements of seismic sensors
in respective sensor assemblies;

identify passive seismic data in the received seismic data, wherein the
passive seismic data is based on measurements collected by the seismic
sensors during periods when no active seismic source was activated;

perform attenuation of surface noise in the passive seismic data using
data from divergence sensors in at least some of the sensor assemblies; and

perform an operation related to a subterranean structure using the

passive seismic data with the surface noise attenuated.

11.  The article of claim 10, wherein the operation includes generating an

image of the subterranean structure.
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12.  The article of claim 10, wherein the operation includes generating a

model of the subterranean structure.

13.  The article of claim 12, wherein the model is a velocity model.

14.  The article of claim 10, wherein the operation includes reservoir

monitoring of a reservoir in the subterranean structure.

15. A system comprising:
sensor assemblies, wherein at least some of the sensor assemblies
each includes a seismic sensor and a divergence sensor; and
a controller to:
receive passive seismic data collected from measurements of
the seismic sensors, wherein the passive seismic data is based on
measurements collected during periods when no active seismic source was
activated;
perform attenuation of surface noise in the passive seismic data
using data from the divergence sensors; and
output the passive seismic data with surface noise attenuated to
allow for performing an operation related to a subterranean structure using the

passive seismic data with the surface noise attenuated.
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16.  The system of claim 15, further comprising:
wherein each of the divergence sensors includes a container

containing a material and a pressure sensor immersed in the material.

17.  The system of claim 16, wherein the material includes liquid.

18.  The system of claim 15, wherein the operation is selected from the

group consisting of: generating an image of the subterranean structure;

generating a model of the subterranean structure; performing passive seismic

interferometry; and performing reservoir monitoring.
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