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OCEAN BOTTOM SEISMIC SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 62/249,0935, filed Oct. 30, 2013, entitled

OCEAN BOTTOM SYSTEM, which i1s incorporated by
reference herein, i the entirety and for all purposes. This
application 1s related to copending U.S. application Ser. No.

, by inventor Kees Faber, filed on even date herewith
and entitled MULTI-AXIS, SINGLE MASS ACCELER-

OMETER, attorney Docket No. P256885.US.03, which 1s
incorporated by reference herein, in the entirety and for all
pUrposes.

BACKGROUND

[0002] This application relates generally to geophysical
exploration, and more specifically to seismic data acquisi-
tion and sensor technologies. In particular, the application
relates to sensor systems for marine seismic surveys, includ-
ing, but not limited to, ocean bottom cables and autonomous
seismic node applications.

[0003] Petrochemical products are ubiquitous in the mod-
ern economy, and can be found 1n everything from o1l and
gasoline to medical devices, children’s toys, and a wide
range of everyday household i1tems. To meet the continuing,
demand for these products, o1l and gas reserves must be
accurately located and surveyed, so that these important
resources can be eflectively managed. As a result, there 1s an
ongoing need for new seismic sensor systems and more
advanced exploration technologies.

[0004] Scientists and engineers typically utilize seismic
wave-based exploration to locate new o1l and gas reservoirs,
and to survey and manage existing reserves over time.
Seismic surveys are performed by deploying an array of
se1smic sensors or recervers over the region of interest, and
monitoring the response to controlled emission of seismic
energy via a seismic source such as a vibrator, air gun array,
or explosive detonation. The response depends upon the
seismic energy reflected from mineral reservoirs and other
subsurface formations, allowing an 1mage of the correspond-
ing structures to be generated.

[0005] Conventional marine seismic surveys typically
proceed by towing an array of seismic sensors or receivers
behind a survey vessel, with the receivers distributed along
one or more streamer cables. A set of air guns or other
seismic sources 1s used to generate the seismic energy,
which propagates down through the water column to pen-
etrate the ocean tloor (or other bottom surface). A portion of
the seismic energy 1s retlected from subsurface structures,
and returns through the water column to be detected 1n the
streamer array. Alternatively, seismic receivers can also be
disposed along an ocean-bottom cable, or provided in the
form of individual, autonomous seismic nodes distributed on
the seabed.

[0006] Seismic receivers include both pressure sensors
and particle motion detectors, which can be provided as
individual sensor components or combined together with
both sensor types provided in close proximity within a
receiver module or seismic node. For example, a set of
pressure sensors can be configured 1in a hydrophone array,
and adapted to record scalar pressure measurements of the
seismic wavelield propagating through the water column or
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other seismic medium. Particle motion sensors include
accelerometers and geophones, which can provide single-
axis or three-dimensional vector velocity measurements that
characterize motion of the medium 1n response to propagat-
Ing S€1Smic waves.

[0007] Geophysical data pertaining to subsurface struc-
tures 1s acquired by observing the retlected seismic energy
with an array of such receiver components. The resulting
seismic signals can be used to generate an 1mage character-
1zing the subsurface composition and geology 1n and around
the survey area. The overall image quality depends on noise
and signal sensitivity, creating a demand for more advanced
sensor and receiver technologies.

SUMMARY

[0008] This application 1s directed to a seismic sensor
system with one or more of the sensors enclosed 1n a region
or housing with an acoustic impedance similar to that of the
surrounding water column or other medium. Acoustic sig-
nals travelling through the medium are transmitted to the
sensors, with minimal or reduced reflection.

[0009] For example, a seismic sensor system may include
a sensor housing in communication with a seismic medium,
and an acoustic medium disposed within the sensor housing.
The acoustic medium can be selected based on the acoustic
impedance of the seismic medium, 1 order to transmit
pressure wave energy. A seismic sensor such as an acceler-
ometer or geophone can be suspended within the acoustic
medium, with the sensor housing configured to dissipate
incident shear wave energy. Thus, the pressure wave energy
can be preferentially transmitted to the seismic sensor 1n the
form of acoustic waves propagating through the acoustic
medium, while the shear wave energy can preferentially
dissipated or absorbed.

[0010] The exterior of the sensor housing can be formed of
or comprise a perforated, ngid housing covered with a
flexible, acoustically transparent skin. The interior of the
housing can be filled with a fluid, gel or other acoustic
medium, where the skin and fluid may both have acoustic
impedances substantially equal to that of the surrounding
water column (or other seismic medium). An accelerometer
or geophone can then be suspended 1n the acoustic medium,
and at least partially or substantially 1solated from motion of
the exterior housing. This shields the accelerometer or
geophone from shear noise incident from the seismic
medium, which would otherwise be transferred to the sensor
via mechanical coupling to the exterior housing.

[0011] This application also encompasses a multi-axis
particle motion sensor or accelerometer suitable for use in
such a system. For example, a plurality of sensor compo-
nents can be coupled to a single mass, with sensitivity to
linear motion and acceleration along three independent or
orthogonal directions, and sensitivity to rotational motion
and acceleration about the three independent or orthogonal
axes. The individual sensor components can be configured to
sense linear and rotational motions based on dynamic cou-
pling to the mass, including, but not limited to, force-
sensitive linear coupling and torque-sensitive rotational cou-
pling. The rotational couplings may be substantially
sensitive to shear waves, allowing for suppression or
enhancement of shear effects in a combined sensor signal, as
described herein.

[0012] This summary 1s provided to introduce a selection
of concepts 1 a simplified form that are further described
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below 1n the detailed description. This summary 1s not
intended to 1dentify key or essential features of the claimed
subject matter, nor 1s 1t intended to be used to limit the scope
of the claimed subject matter. A more extensive presentation
of features, details, utilities, and advantages of the claimed
invention 1s provided in the following written description,
including various representative embodiments of the inven-
tion, and as 1illustrated 1n the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 1s a block diagram 1llustrating a represen-
tative modular seismic sensor station or node.

[0014] FIG. 2 1s an 1sometric view of a modular seismic
sensor station, in an embodiment with an integrated housing.
[0015] FIG. 3 1s an 1sometric, disassembled view of a
modular seismic sensor station, i an embodiment with
modular housing components.

[0016] FIG. 4 1s a block diagram 1llustrating exemplary
components for a modular seismic sensor station or seismic
node.

[0017] FIG. 5 1s an 1sometric view of a modular seismic
sensor station, 1n an embodiment configured for coupling to
a rope.

[0018] FIG. 6 1s a schematic 1llustration of an exemplary
seismic survey utilizing a plurality of modular seismic
sensor stations or nodes.

[0019] FIG. 7 1s a schematic diagram of an exemplary
modular, multiple-sensor seismic station or node.

[0020] FIG. 8 1s schematic diagram of an exemplary
seismic sensor configuration for a modular seismic sensor
station or seismic node.

DETAILED DESCRIPTION

[0021] In this disclosure, reference 1s made to examples
and embodiments of the invention. However, 1t should be
understood that the invention 1s not limited to these or any
other specifically described embodiments. Any combination
of the disclosed features and elements, whether related to
different embodiments or not, 1s contemplated to implement
and practice the invention. Furthermore, 1n various examples
and embodiments the invention provides numerous advan-
tages over the prior art. Although certain embodiments may
achieve these and other advantages over different potential
solutions, and over the prior art, whether or not a particular
advantage 1s achieved by a given embodiment 1s not limiting
of the invention as claimed. Thus, the following aspects,
features, embodiments and advantages are merely 1llustra-
tive, and should not be considered elements or limitations of
the claims, except where explicitly specified 1n the claim
language. Likewise, references to “the invention” shall not
be construed as a generalization of any inventive subject
matter disclosed herein, and shall not be considered to
represent an element or limitation of any claim except where
expressly recited therein.

[0022] Some embodiments of the invention may be imple-
mented as a program product or executable method for use
with a computerized system. Suitable programs may define
functions of the various embodiments and methods
described herein, and can be provided via a variety of
computer-readable media. Illustrative computer-readable
media 1include, but are not limited to: (1) mformation per-
manently stored on non-writable storage media (e.g., read-
only memory within a computer such as ROM devices or

May 4, 2017

CD-ROM disks); (11) alterable information stored on writ-
able storage media (e.g., random access or RAM devices,
flash memory and other solid-state devices, and magnetic
disks or hard drives); and (111) information conveyed to a
computer by a communications medium, such as through a
wireless network, including applications, program code and
other information downloaded from the Internet or other
network. Suitable non-transitory computer-readable media
embodiments include computer-readable instructions that
are executable on a computer processor to direct the various
functions and method steps of the present invention, and also
represent embodiments of the present invention.

[0023] In general, routines executed to implement the
methods and embodiments of the invention may be part of
an operating system or provided as a specific application,
component, program, module, object, or sequence of
instructions. The computer program application of the pres-
ent 1nvention typically comprise multitude of instructions
that can be translated by a computer into a machine-readable
format, for example 1n the form of executable 1nstructions.
Programs may also encompass variables, parameters and
data structures that either reside locally to the program data,
or are found 1n other memory or storage devices. In addition,
the various programs and computer-executable methods
described herein may be identified based upon the applica-
tion for which they are implemented, according to any
specific embodiment of the invention. It should also be
appreciated that any particular nomenclature that follows 1s
used merely for convenience, and the mvention should not
be construed as being limited to any specific application
identified with or implied by such nomenclature.

[0024] FIG. 1 1s a block diagram illustrating exemplary
components of an ocean bottom seismic sensor station 100
according to an embodiment of the imnvention. As shown 1n
FIG. 1, the sensor station 100 may include one or more
seismic sensors 110 and a memory device 120. The seismic
sensors 110 may include any number and combination of
sensors such as hydrophones, geophones, accelerometers, or

the like.

[0025] In one embodiment, the sensors 110 may include a
three component (3C) sensor configured to measure the
three spatial components of seismic waves. In some embodi-
ments, the sensors may measure linear motion, rotation, or
both. The seismic sensors 110 may also include digital
sensors, for example, a micro electro mechanical system

(MEMS) accelerometer. Examples of these and other suit-
able devices are disclosed in U.S. Pat. No. 6,883,638 by

Peter Maxwell et al., entitled ACCELEROMETER TRANS-
DUCER USED FOR SEISMIC PROSPECTING and filed
with priority to Mar. 16, 2009, which 1s incorporated by
reference herein, i 1ts entirety. The use of digital sensors
may have advantages including the ability to perform auto-
mated calibration, reduced manufacturing variance between
sensors, 1mproved Irequency response, uniform perfor-
mance 1n any orientation, and small and compact packaging,
among others.

[0026] In one embodiment, the seismic sensors 110 may
include piezo-electric sensors. Examples of suitable piezo-
electric sensors are disclosed in U.S. Pat. No. 9,294,011 and
U.S. patent application Ser. No. 13/984,266 (U.S. Publica-
tion No. 2013/0319118) by Ken Kan Deng, both entitled
METHOD AND APPARATUS FOR SENSING UNDER-
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WATER SIGNALS and filed with priornity to Feb. 7, 2012,
cach of which i1s hereby incorporated by reference herein, 1n
the entirety.

[0027] The memory 120 i1s preferably a random access
memory, storage medium or other memory component sui-
ficiently large to hold a desired amount of seismic data.
While memory 120 1s shown as a single entity, it should be
understood that memory 120 may 1n fact comprise a plu-
rality of memory components or modules, and memory 120
may exist at multiple operation levels, from high speed
registers and caches to lower speed but larger DRAM chips.

[0028] In one embodiment, the sensor station 100 may
also include a timing device or clock circuit 130 and/or a
power supply or energy source 140. In one embodiment, the
timing device 130 may include a resonator, crystal, or
oscillator configured to generate a timing signal for record-
ing seismic data. In one embodiment, the timing device 130
may be configured to independently generate a clock signal
for the seismic sensor station. In alternative embodiments,
the timing device may be configured to receive an external
clock signal from a master clock, and to generate a clock
signal for the seismic sensor station 100 based on the
received external clock signal.

[0029] The energy source 140 may be configured to pro-
vide power to the sensors 110, memory 120, and other
electronic circuits 1n the station 100. In one embodiment the
energy source 140 may include a battery suthciently large to
provide power to the station 100 for the duration of a seismic
survey. In an alternative embodiment, power may be exter-
nally provided to the sensor station 100 via a cable or
inductive coupling energy source, or otherwise as described
herein.

[0030] In one embodiment of the invention, the seismic
sensor station 100 may include one or more depth and/or
pressure sensors 150. The depth or pressure sensors 150 may
be configured to determine a depth of the seismic sensor
station during deployment and/or retrieval. In one embodi-
ment, a threshold depth may be defined for switching the
se1smic sensor station on or ofl. For example, during deploy-
ment, the sensors, memory and other circuits of the seismic
sensor station 100 may not be powered until a threshold
depth (as measured by the depth/pressure sensors 1350) 1s
reached. Similarly, during retrieval, when a threshold depth
1s reached, one or more circuits of the seismic sensor station
may be powered down. By selectively powering one or more
circuits of the seismic sensor station 100, embodiments of
the invention may conserve power and extend the life of the
se1smic sensors station during operations to record seismic
data.

[0031] FIG. 2 1s an 1sometric view of a sensor station 200,
for example with one or more features according to sensor
station 100 of FIG. 1, and in a modular embodiment with an
integrated housing 210. In this embodiment, the seismic
sensor station 200 may be formed with a single integrated
housing 210, as shown 1n FIG. 2. All electronic components
such as sensors, batteries, memory, and other circuitry may
be contained within the housing 210.

[0032] In one embodiment of the mvention, the seismic
sensor station may be configured to be deployed via a rope
or cable 215. Accordingly, the housing 210 may include a
passage 225 defined through housing 210 for receiving the
rope or cable 215. In some embodiments, a connection
mechanism 226, for example, clamping members, loops, or
the like, may be provided to facilitate connection to the rope
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or cable 215. In some embodiments, the sensor station 200
may be deployed without a rope, e.g., via a remotely
operated vehicle or simply by dropping the station 1nto the
water. In embodiments where a rope 1s not used, the passage
225 may be omitted, or a plug or similar component may be
utilized to cover passage 210 at one or both ends.

[0033] FIG. 3 1s an 1sometric disassembled view of a
sensor station 300, for example with one or more features
according to sensor stations 100 or 200 of FIGS. 1 and 2, and
in an embodiment with modular housing components 310
and 320. FIG. 3 illustrates an embodiment where two or
more housing portions or components 310 and 320 are
configured to attach to one another to form a completed
modular sensor station 300. For example, as shown 1n FIG.
3, a first module housing 310 of the modular station may
include a sensor package (or sensor module) comprising one
or more seismic sensors. A second module housing 320 may
include a memory and/or battery package comprising an
energy source and memory components (hereinaiter referred
to as a memory package or memory module).

[0034] In particular examples and embodiments, the sen-
sor module 310 may be configured to couple with the
memory module 320 along or about a rope or cable 315,
thereby forming a modular station that 1s atlixed to the rope
315. While the modular sensor station 300 1s shown as
comprising two modular housing components 310, 320, 1n
alternative embodiments, the modular station 300 may
include any number of a plurality of such components. For
example, a compound memory module 320 may be formed
by coupling a distinct memory package to a distinct battery
package, e.g., each with separate housing components. In
general, embodiments of the invention are directed to a
modular station 300 that 1s formed by coupling two or more
distinct housings 310, 320, etc. to one another to form a
complete station, where the coupling may also cause the
complete station to become attached to a deployment rope
315. The particular components provided 1n each housing
section or module 310, 320 may also vary according to
application, and individual modular components may
include one or more seismic sensors, memory components,
timing devices or timing circuits, power supplies or energy
sources, and depth or pressure sensors, as described herein.

[0035] In one embodiment, the modules 310 and 320,
when connected, may be asymmetrical to one another about
the rope 315. For example, the memory module 320 may be
significantly larger than the sensor module 310, and occupy
a substantially greater fraction of the radial range about rope
315 within the generally oblong or cylindrical arrangement
of modular sensor station 300. Alternatively the modules
310 and 320 may be substantially symmetrical, each occu-
pying about half (or 180 degrees) of the radial range about
rope 315, as shown i FIG. 3.

[0036] A larger housing may be utilized for the memory
module 320 to allow greater space for including a suili-
ciently large battery and memory device. In one embodiment
of the mnvention, one or more of the modular housing
components 210, 310 and 320 and/or the assembled sensor
station 200 or 300 may be hydrodynamically shaped to
facilitate travel through the water column during deploy-
ment and/or retrieval operations. In one embodiment, the
casings for the components 210, 310 and 320 may also
include coupling features 335, e.g., studs, cleats, etc. to
facilitate better attachment to and coupling with the seabed,
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thereby 1mproving sensor sensitivity and the quality of
seismic data that 1s collected.

[0037] Coupling the sensor module 310 to the memory
module 320 may involve clamping the sensor module 310
and the memory module 320 onto the rope 315 at a prede-
termined location, e.g., utilizing clamping members or other
mechanical attachments 326 to attach modules 310, 320 of
sensor station 300 about rope 315 at the opemings of aperture
325 (e.g., at the opposite ends of an axial aperture 3235
extending through the elongated hydrodynamic body of the
sensor station or node 300, as shown i FIG. 3). The
clamping of the sensor module 310 and the memory module
320 may also mvolve engaging one or more physical fea-
tures on or mside the housings of the modules 310 and 320
to each other and/or to the rope, for example complementary
coupling features 345.

[0038] Furthermore, clamping the components 310 and
320 may also electrically connect the respective internal
components to each other via internal electronic interfaces 1n
cach module. In an alternative embodiment, the components
310 and 320 may first be coupled together, and thereafter the
assembled seismic sensor station or node 300 may be
attached to the rope or cable 315, e¢.g., via a passage 325 that
1s defined by the connected housings 310 and 320.

[0039] FIG. 4 1s a block diagram 1illustrating exemplary
components ol representative seismic sensor station mod-
ules 310 and 320, according to an embodiment of the
invention. As shown, the first (sensor) module 310 may
include a housing with one or more seismic sensors 312,
which may correspond to the sensors 110 of FIG. 1. The
module 310 may also include a clock circuit or similar
timing device 313 which may correspond to the timing
device 130 of FIG. 1. The second (memory or clock) module
320 may include a power supply or other energy source 323
and memory 322, which may correspond to the energy
source 140 and memory 120 respectively mn FIG. 1. The
modules 310 and 320 may include additional circuits and
devices, as described herein, whether or not shown 1n the
particular embodiment of FIG. 4.

[0040] In one embodiment, the modules 310 and 320 may
cach include an interface 314, 324 to exchange/transier
seismic data recorded by one or more seismic sensors and/or
power between modules 310 and 320. For example, the
clectrical interfaces 314 and 324 of modules 310 and 320
respectively 1 FIG. 4 may be configured to transfer seismic
data from the sensors 312 to the memory 322 via a data bus
316, and power from the energy source 323 to the sensors
312 (and timing device 313) via a power bus 317.

[0041] In one embodiment, physically coupling the hous-
ings of the components 310 and 320 may also establish an
clectrical connection between the interfaces 314 and 324. In
one embodiment, the interfaces 314 and 324 may include
connectors for coupling a data bus 316 for transferring
seismic data recorded by the sensors 312 to the memory 322.
The interfaces 314 and 324 may also include connectors for
a power bus 317 configured to transier power from the
energy source or energy storage 323 to one or more com-
ponents 1n the sensor package 310, e.g., the seismic sensors
312 and timing device 313. In an alternative embodiment, a
common bus may be used to transier power and data
between the modules.

[0042] Embodiments of the invention are not limited to the
specific arrangements of components in the modules 310
and 320 illustrated in FIG. 4. In alternative embodiments,
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any arrangement of components of a seismic sensor station
in one module or 1n two or more connectable modules 1s
contemplated, including, but not limited to, any such
arrangements ol seismic sensor, memory, timing, energy
source and depth or pressure sensor components, as
described herein.

[0043] FIG. 5 1s an 1sometric view of a sensor station 500
in an embodiment configured for coupling to a rope or cable
515. FIG. 5 1illustrates yet another embodiment of the
invention wherein the seismic node or sensor station 500 1s
disposed adjacent rope 515, and equipped with clamping or
coupling members 350 and 535 for coupling the housing or
modular body 510 of seismic sensor station 300 to the rope
515. The seismic sensor station 500 may have a single
integrated housing assembly or modular body 510 as shown
in FIG. 2, or 1n alternative embodiments, the seismic sensor
station 500 may be formed by coupling together a plurality
of housings or modular body components 520, 530 to form
housing assembly 510, as shown 1n FIG. 3.

[0044] In one embodiment of the mnvention, one or more
components of the seismic sensor station 500 may be
integrated in a deployment rope 515. For example, referring
to FIG. 5, a seismic sensor station component 340 may be
integrated into the rope or cable 515, within an outer radius
or outer diameter of the rope or cable 515 as shown.
Alternately, integrated component 540 may disposed along
the rope or cable 515 but extend beyond the outer diameter.
Integrated component 540 may also be disposed along the
rope or cable 515 according to the embodiment of FIG. 2 or
FIG. 3, mside the modular housing assembly.

[0045] In any of these embodiments, the mtegrated com-
ponent 540 may include one or more seismic sensors, or any
of the other seismic sensor station components described
herein, including, but not limited to, a seismic sensors,
timing and clock components, memory, energy sources and
interfaces. Connecting the housing 510 of the seismic sensor
station or node 500 to the rope 515 may further result 1n a
physical, electrical, and/or inductive connection being estab-
lished between the integrated sensor station component 540
and other sensor station components within the modular
housing or body 510 of the sensor station 500, for example
via an electronic interface configured for power and/or data
bus connections.

[0046] While the housings shown 1n FIGS. 2-5, when fully
integrated, are shown having a capsule shape or other
clongated hydrodynamic body configuration, these
examples are merely representative. In alternative embodi-
ments, the housing 210 may have any shape including, but
not limited to disk, rectangular, square, pyramid, etc., with
or without symmetry such as bilateral symmetry or rota-
tional symmetry about an axis.

[0047] FIG. 6 1llustrates an exemplary seismic survey 600
according to an embodiment of the imnvention. As shown 1n
FIG. 6, a plurality of autonomous sensor stations or nodes
610 may be deployed on a seabed 611 or below the surface
612 of a water body or water column 614. Suitable configu-
rations for seismic nodes 610 include any of the seismic
node and sensor station embodiments described herein.

[0048] As 1llustrated 1n FIG. 6, two or more of the sensor
stations 610 may be deployed on the sea floor or bed via a
respective rope or wire 650. In some embodiments, the rope
650 may be made from a synthetic material with a pre-
defined specific density relative to the water in which 1t 1s
immersed. In some embodiments, the rope 650 may be a
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passive rope, 1.€., it may not iclude any electrical conduc-
tors. However, 1n alternative embodiments, the rope or cable
650 may include embedded conductors for communicating
one or more ol a clock signal, data signals, control signals
and power among the individual seismic sensor stations or
nodes 610. Thus, rope or cable 650 may have either a passive
configuration, absent signal or power communications, or an
active configuration, 1n which signal and/or power connec-
tions are provided.

[0049] While references may be made to a sea floor or
seabed 1n this example, embodiments of the invention are
not limited to any particular type of body of water or water
column. Rather, embodiments of the invention may be used
in any water, marine land-based or other environment
including oceans, lakes, rivers, etc. Accordingly, the use of
the term sea, seabed, sea floor, and the like herein should be
broadly understood to encompass all bodies of water 614
and surfaces 611 suitable for propagation of seismic energy.

[0050] In particular embodiments, one or more seismic
sensor stations 610 may be deployed to the sea floor or other
surface 611 via any suitable technology, e¢.g., via a remotely
or autonomously operated vehicle (ROV or AUV), by drop-
ping nodes 610 from a deployment vessel or seismic vessel
620, etc. In yet another embodiment, each autonomous
sensor station 610 may be equipped with a propulsion
system and programmed to navigate through the water
column 614 to and from predetermined locations on the sea
floor 611. As can be seen 1 FIG. 6, deployment of the
individual seismic sensor stations 610 without a rope 650
may be advantageous in areas near obstructions, €.g., in a
working arca 680 of sea floor 611 associated with an o1l rig
690 or other operations, 1 order to avoid the rope 650
coming 1nto contact with and potentially damaging or being
damaged by obstructions and other underwater components
during deployment and/or retrieval of nodes 610.

[0051] In one embodiment, rope-deployed seismic sensor
stations may be coupled to a hub or buoy. For example, the
rope segments 671 and 672 are shown coupled to respective
hubs 691 and 692. While the hubs 691 and 692 are shown
as provided on floating buoys, this 1s merely 1n representa-
tive and 1n alternative embodiments one or more of the hubs
691 and 692 may be placed on the sea floor 111. Hubs 691
and 692 may also float at a predefined depth above the sea

floor 111 or below the surface 612, within the water column
614.

[0052] In one embodiment, the hubs 691 and 692 may
include a high precision or “master” clock and communi-
cations components configured for data and/or power com-
munications with the nodes 610. For example, a clock signal
from the high precision clock may be transferred to sensor
stations 610 via conductors 1n the ropes 6350, to facilitate

clock correction or to generate a clock signal at the sensor
stations 610.

[0053] In some embodiments, the hubs 691 and 692 may
also be configured to transier power, data, and/or control
signals to the sensor stations 610. Accordingly, the hubs 691
and 692 may be equipped with power generation and or
energy storage devices, and/or control logic for performing
quality checks and implementing predefined operating pro-
tocols, and the like. In some embodiments, signals sent from
the hubs may be used, for example, to recharge sensor
station batteries, to perform quality/station health tests, to
turn the stations on/ofl, etc. In some embodiments, the hub
devices may be equipped with a global positioning satellite
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(GPS) device or other positioning or navigational system,
and/or a radio transmitter/receiver device 1n order to facili-

tate determining location of the hub and/or to facilitate
communication with the hub device and/or nodes 610.

[0054] In embodiments where one or more of the ropes
650 are configured to transfer power and/or data signals, a
tail termination device 615 may be provided at an end of
cach rope 650. A separate head termination device may also
be provided in the hub device 691, 692, and the sea water
may be used to couple the head and tail termination devices.
In some embodiments, the hub devices 691, 692 may be
omitted. For example the representative rope segment 673 1s

shown without an associated hub device, and without a tail
termination device.

[0055] Referring again to FIG. 6, a source boat or vessel
620 can be configured to tow a seismic source 621 while
conducting a seismic survey 1n the region of seismic nodes
610. In one embodiment, the seismic source 621 may be an
air gun (or a number of air guns) configured to release a blast
of compressed air nto the water column 614, emitting
acoustic energy towards the seabed 611. As shown 1n FIG.
6, the blast of compressed air generates seismic waves 622
which travel down through the water column 614 to the
scabed 611, and which can penetrate the seabed 611 to
reflect from sub-seabed surface structures. The retlections
from the subsurface structures can be recorded by the sensor
stations 610 as seismic data, and may thereafter be processed
to develop an 1mage of the subsurface layers and other
structures. These 1images can be analyzed by geologists to
identify areas likely to include hydrocarbons and other
resources, or to identily additional geophysical features of
interest.

[0056] In one embodiment of the invention, a plurality of
source boats or seismic vessels 620 may be simultaneously
operated while acquiring seismic data with nodes 610. In
embodiments where multiple vessels 620 are used, the
source boats may be configured to operate their respective
seismic source or sources 621 according to a simultaneous
source regime. For example, the sources 621 of two or more
source boats 620 may be configured to emit seismic energy
substantially simultaneously, or with a predefined delay such
that there 1s at least some overlap 1n the duration of emission
ol seismic energy from two or more sources 621.

[0057] In one embodiment of the imnvention, a high preci-
sion clock may be included in each or selected seismic
sensor stations 610. In alternative embodiments, a high
precision clock signal may be provided via an external
master clock configured to coordinate with slave timing
devices that are implemented 1n the seismic sensor stations
610. The master clock may be located on a hub device 691,
682, or 1n devices 618 that may be placed at predefined
intervals along an individual rope or cable 6350. In one
embodiment, the devices 618 may include only a high
precision clock and an interface or other communications
components. In alternative embodiments, the devices 618
may include other components such as power sources. In yet
another embodiment, such devices 618 may be configured as
a “superstation” or similar seismic node, e€.g., a seismic
sensor device with all the components of a seismic sensor
station 610, as well as a high precision clock that can be used
to provide a master clock signal to other nearby seismic
sensor stations 610.
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Pressure Wave and Shear Wave Signal Differentiation

[0058] Whether the autonomous sensor systems or nodes
610 are made from a single housing or multiple housings, 1n
some embodiments the sensor system may include one or
more seismic sensors or a combination of such sensors that
are capable of producing a substantially shear free (or
reduced shear) signal. Shear noise may be experienced by
ocean bottom seismic systems or nodes 610 that are in
contact with the ground or other subsurface 611, and there-
fore subject to undesirable vibration/noise propagating to
nodes 610 through the ground.

[0059] For example, shear waves are typically generated
at interfaces between subsurface layers, from which the
pressure waves from a seismic source may reflect. Specifi-
cally, the reflection of a pressure wave at the interface may
generate a reflected pressure wave as well as a shear wave,
which may also be detectable by seismic sensors. The
presence of shear waves can contaminate or provide a noise
background to the desirable pressure signals that are
recorded by the seismic sensors of the autonomous sensor
systems or nodes 610. Embodiments of the mvention pro-
vide sensors that are capable of rejecting at least a portion of
such shear wave signals, thereby allowing preferential cap-
ture of the desirable pressure waves, or substantially only the
pressure waves, etther directly or by combining outputs of
one or more of the sensor stations 610. Alternatively such
sensors can be used to enhance or suppress shear wave
cllects 1n a combined sensor signal, as described herein.
[0060] FIG. 7 illustrates an autonomous sensor station or
node 700 that may include a first sensor 710, a second sensor
720, and a third sensor 730, for example disposed on a
seabed, ocean floor or other surface 711. Each of sensors
710, 720 and 730 1s coupled 1n seismic contact with the
surrounding water column or other seismic medium 714, 1n
order to sample seismic energy propagating through the
medium 714 in the form of seismic and acoustic waves. In
one embodiment, for example, the first sensor 710 may be a
hydrophone and the second sensor 720 may be a three
component geophone, or a six-component geophone as
described herein. The third sensor 730, in one embodiment,
may be a “shear free” or reduced shear sensor capable of
recording seismic signals with preferentially reduced shear
contribution and/or distortions or noise originating from
shear waves. The third sensor 730 may be a three component
geophone, a single component (for example, vertical) geo-
phone, or a two component geophone. In one particular
example, the autonomous sensor system of FIG. 7 1s shown
having a single, vertical component, third sensor 730.
[0061] In some embodiments, the third sensor 730 may be
enclosed 1n a region or sensor housing 731 that has an
acoustic impedance similar to that of the surrounding water
column 714, such that acoustic signals travelling through the
water are transferred to the sensors therein with minimal
reflection. In one embodiment, the exterior of the sensor
housing 731 is formed from or comprises a periorated, rigid
housing covered with a flexible, acoustically transparent
skin, having an acoustic impedance matching that of the
surrounding water column 714. The interior of the sensor
housing 731 may be filled with a fluid or gel having a
similarly selected acoustic impedance, or other impedance-
matching acoustic medium 732.

[0062] For example, one or both of the sensor housing or
skin 731 and the acoustic medium 732 may preferably have
acoustic impedance substantially matching or substantially
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equal to that of the surrounding seawater, or otherwise
selected to reduce acoustic reflection at the interfaces
between water column 714, sensor housing or skin 731 and
acoustic medium 732. The third sensor 730 may also be
suspended 1n fluid, gel or other acoustic medium 732 such
that the third sensor 730 1s not substantially aflected by
motion of the external housing 750 of the autonomous
sensor system 700, or subject to substantially less aflects due
to motion of the external housing 750, thereby shielding the
third sensor 730 from shear noise that may be transferred via
the housing 750.

[0063] In one embodiment of the invention, the outputs
S1, S2, S3 of one or more of the first, second and third
sensors 710, 720, 730 may be combined to generate a
combined seismic signal CS. For example, in one embodi-
ment, an output S1 of the first seismic sensor 710 (e.g., a
hydrophone) and an output S3 of the third seismic sensor
730 (e.g., a shear free sensor) may be combined using a
technique known as PZ Summation, or by otherwise sum-
ming or combining scaled values of the respective outputs,
such that the combined signal CS substantially rejects ghost-
ing and multiple effects.

[0064] The combined signal CS from the first and third

sensors 710, 730 may either be separately recorded, or
alternatively, further combined with an output S2 of the
second seismic sensor 720. In one embodiment, an output S3
of a single, vertical component third sensor 730 by 1tself, or
in combination with an output S1 of another sensor such as
a hydrophone 710 may be combined and utilized to remove
or lessen the impact of shear noise 1n an output S2 repre-
senting the vertical or horizontal components of motion
detected by the second sensor 720 (e.g., a three-dimensional
geophone).

[0065] In yet another embodiment, 1t may be deemed
desirable to 1solate the recorded shear energy to determine
properties of the subsurface based on the recorded charac-
teristic of the shear energy. In one such embodiment, shear
energy may be 1solated by combining an output S2 of the
second sensor 720 and an output S3 of the third sensor 730.
Specifically, because the second sensor 720 may record both
shear waves and pressure waves, and the third sensor 730
may record substantially only pressure waves, or be prefer-
entially sensitive to pressure waves as compared to shear
waves, an output S3 of the third sensor 730 (sensitive to
pressure waves) may be combined by subtracting from a
suitably scaled value of an output S2 of the second sensor
720 (sensitive to both shear waves and pressure waves), 1n
order to substantially isolate the shear energy and shear
wave signal.

[0066] FIG. 8 illustrates a more detailed example of a
shear-free or reduced-shear sensor 730 or seismic sensor
apparatus 800, according to various embodiments of the
invention. As shown, the sensor apparatus 800 may include
a first external sensor housing 810 and a second internal
sensor housing 820. The internal sensor housing 820 1s
suspended 1n a shear absorbing liquid, gel, flmd or similar
impedance-matching acoustic medium 830, within the exter-
nal housing 810, and the sensor apparatus 840 1s disposed
within the internal housing 820. The specific gravity of the
internal housing 820 and the shear absorbing fluid or other
acoustic medium 830 may be substantially similar, in one
embodiment, to facilitate suspension of the internal housing
820 and internal sensor 840 in the acoustic medium 830.
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[0067] As described herein, the external housing 810 may
be designed such that shear energy from a shear wave (e.g.,
S-Wave or PS-Wave) 1s dispersed at the external sensor
housing 810, whereas pressure waves (e.g., P-Waves) are
transmitted through the housing with minimal attenuation.
For example, the external housing 810 may be formed of or
comprise a perforated, rigid housing member 811 covered
with a flexible, acoustically transparent skin or acoustic
layer 812, 1n one embodiment. The pressure waves may
travel through both the external housing 810 and the shear
absorbing fluid or similar medium 830, for example, sea
water or a gel with selected acoustic impedance and other
acoustic properties, and may be recorded by a geophone 840
or other example of the third sensor 730 mn FIG. 7, e.g.,

disposed within a second internal housing 820 as shown 1n
FIG. 8.

[0068] Suitable acoustic media 830 may preferentially
transmit pressure wave energy in the form of acoustic waves
incident from the surrounding water column (or other seis-
mic medium), while preferentially dissipating, suppressing,
or otherwise reducing the transmission of shear wave
energy. Suitable sensor housings 810 can also be configured
to preferentially transmit pressure wave energy 1n the form
of acoustic waves, while preferentially dissipating shear
wave energy. For example a perforated shell or casing 811
can be configured to absorb the shear wave energy and
transmit pressure wave energy, and an acoustic layer or skin
812 can be configured to transmit the pressure wave energy

in the form of acoustic waves propagating through the
acoustic medium 830.

[0069] Depending on application, the acoustic layer 812
may be non-permeable to the acoustic medium 830, 1n order
to retain the acoustic medium 830 within the outer sensor
housing 810. Alternatively, the acoustic layer 812 may be
semi-permeable or permeable to the acoustic medium 830,
in order to allow exchange of the acoustic medium with the
outer water column. In some examples, the acoustic medium
830 may be seawater or other fluid exchanged or com-
mingled with the surrounding water column or other seismic
medium.

[0070] As shown in FIG. 8, a representative “shear free”
or reduce-shear seismic sensor 800 comprises a geophone,
accelerometer or similar motion sensor apparatus 840 dis-
posed within an 1mner sensor housing 820, for example with
a test mass 850 and inductive coil 860 1n biased suspension
with respect to a magnet or other field source 870. In this
single-axis sensor example, test mass 8350 and pickup coil
860 are configured to execute motion along the vertical axis,
driven by seismic energy incident on inner housing 820. The
relative motion of coil 860 with respect to the field source
870 generates an inductive signal, which 1s characterized by
seismic sensor signal or output S3. The output S3 1s pred-
erentially sensitive to the pressure wave energy propagating
through the surrounding acoustic medium 830, while shear
wave energy 1s preferentially dissipated or suppressed, as
described above.

[0071] In other embodiments, inductive, piezoelectric and
micromechanical system (MEMS) sensor components can
be used, 1n either single-axis or multiple-axis configurations.
Referring to the subject matter of FIG. 7, 1n such embodi-
ments any one or more of the first sensor 710, second sensor
720, and third sensor 730 may be implemented as a six-
component seismic sensor configured for measuring three
degrees of freedom 1n linear motion along three independent
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directions and three degrees of freedom in rotation about
three independent axes. In some of these embodiments, the
sensor 1s provided with three accelerometers or similar
piezoelectric sensors coupled to a single test mass, and
arranged along independent or orthogonal axes. An advan-
tage of such a six-component sensor system 1s that one
single mass enables the sensor to measure independently
compressional energy, as well as shear energy 1n all three
independent (orthogonal) directions.

[0072] The resonance of such a multi-axis, single mass
accelerometer can be one or more orders of magnitude
higher than other sensors (e.g., a typical particle acceleration
sensor), which enables a reasonable implementation of a
high-cut mechanical shock system while maintaining flat
response within a seismic band. The accelerometer may
incorporate directional sensing by configuring the crystals
and beams 1n unique orientations by attachung to the crystals
with supports that are “stift” along the principal axis of
sensing and “soft” in cross axes. The objective 1s to mini-
mize distortion in the frame while maximizing shear stress
in the crystal along the sensing direction.

[0073] Such a sensor provides both linear and rotational
measurements. The rotational measurements can provide
substantially pure shear data, and having both rotational and
translational data allows for the computation of derivatives
of the wave field. Such calculations can provide for removal
of shear contamination from ocean-bottom node (OBN)
data, as well as improved interpolation of primary or pres-
sure wave (P-wave) and secondary of shear-wave (S-wave
or PS-wave) data, thereby making deep-water node C-wave
(PS-wave or converted wave) surveys viable.

Examples

[0074] An ocean bottom seismic data acquisition system
may utilize a multi-axis or single mass accelerometer, as
described herein. Such a system can include a sensor station
with one or more seismic sensors, €.g. where the seismic
sensors include any number and combination of hydro-
phones, geophones, accelerometers, or the like. At least one
of the seismic sensors may be suspended in an acoustic
medium selected to preferentially transmait acoustic waves,
¢.g. where shear waves are preferentially suppressed or
dissipated. Signals from each of the sensors can then be
individually recorded or combined to suppress or enhance
shear contributions, as described herein.

[0075] Representative seismic sensor systems according
to any of the examples and embodiments herein may include
a sensor housing 1 commumnication with a seismic medium
and an acoustic medium disposed within the sensor housing,
¢.g. where the acoustic medium 1s selected based on an
acoustic impedance of the seismic medium. A seismic sensor
can be suspended within the acoustic medium, e.g. where the
sensor housing 1s configured to dissipate shear wave energy
incident from the seismic medium and the acoustic medium
1s selected to transmit pressure wave energy from the
seismic medium to the seismic sensor.

[0076] The seismic sensor may comprise an accelerometer
or geophone disposed within an inner housing that 1s sus-
pended 1n the acoustic medium. The acoustic medium may
comprise a fluud or gel selected to match the acoustic
impedance of the seismic medium.

[0077] The sensor housing may comprise a perforated
member configured to dissipate the shear wave energy
incident from the seismic medium and to transmit the
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pressure wave energy to the acoustic medium. An acoustic
layer or skin can be disposed adjacent the perforated mem-
ber, e.g. where the acoustic layer or skin 1s selected to match
the acoustical impedance of the seismic medium. The seis-
mic medium may comprise a water column, and the acoustic
medium can comprise seawater or other fluid of the water
column.

[0078] The seismic sensor may comprise at least a vertical
geophone. The system may further comprise a hydrophone
disposed proximate the vertical geophone 1 a housing
assembly, e.g. where signals from the vertical geophone and
the hydrophone are combined to reduce ghosting in the
combined signal.

[0079] The seismic sensor may further comprise a three-
dimensional geophone disposed proximate the seismic sen-
sor within a housing assembly, e.g. where signals from the
seismic sensor and the three-dimensional geophone are
combined to enhance or suppress shear wave energy eflects
in the combined signal. The three-dimensional geophone
may comprise a single-mass accelerometer with sensitivity
to linear motion i three independent directions, and to
rotational motion about three independent axes.

[0080] Sensor systems according to any of the examples
and embodiments herein may include a housing assembly
configured for deployment of the sensor system 1n a seismic
medium. At least one hydrophone or geophone may be
disposed within the housing assembly, and configured to
generate seismic data responsive to seismic energy trans-
mitted from the seismic medium. A seismic sensor can be
suspended within an acoustic medium 1nside the housing
assembly, e.g. where the acoustic medium 1s selected to
transmit acoustic signals from the seismic medium to the
seismic sensor and shear wave energy incident from the
seismic medium 1s dissipated

[0081] The seismic sensor may comprise an acceleroms-
cter. The accelerometer can be configured for measuring at
least a vertical component of motion 1n response to the
acoustic energy transmitted through the acoustic medium.

[0082] A sensor housing can be disposed about the seismic
sensor and the acoustic medium, e.g. with the sensor housing
comprising a perforated member configured to transmit the
acoustic signals and dissipate the shear wave energy. A
specific gravity of the acoustic medium can be selected to
suspend the seismic sensor inside the sensor housing. The
sensor housing may be permeable to the acoustic medium,
and configured for exchange of the seismic medium and the
acoustic medium. An acoustic layer can be disposed adja-
cent the perforated member, the acoustic layer adapted to
transmit the acoustic signals from the seismic medium and
to retain the acoustic medium within the sensor housing.

[0083] A sensor system according to any of the examples
and embodiments herein may include a timing circuit con-
figured to generate a clock signal associated with the seismic
data, memory configured to store the seismic data and
associated clock signal, and a depth sensor configured to
determine a depth of the seismic sensor system. One or more
of the hydrophone or geophone, the seismic sensor, the
memory and the timing circuit can be configured for pow-
ering on or oil, based on the depth.

[0084] A clamp or coupling mechanism can be configured
for attachment of the housing assembly to a rope or cable,
¢.g., Tor deployment 1n a water column. At least one com-
ponent of the seismic sensor system can be disposed within
the rope or cable, e.g., with the component selected from a
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geophone, a hydrophone, a depth sensor, a timing or clock
circuit, and memory. The housing assembly can define a
hydrodynamic body having an axial opeming adapted to
accommodate the rope or cable. The housing assembly can
comprise at least first and second modular components
configured for attachment of the sensor system about the
rope or cable, each of the first and second modular housing
components having an interface configured for data com-
munication therebetween.

[0085] Methods of acquiring seismic data according to any
of the examples and embodiments herein may include
acquiring seismic data from a hydrophone and a geophone
disposed proximate one another within a housing assembly.
The methods may include acquiring data from a seismic
sensor suspended 1n an acoustic medium within the housing
assembly, e.g., with the acoustic medium selected to trans-
mit acoustic energy incident from the seismic medium,
where shear wave energy incident from the seismic medium
1s dissipated. Data from the seismic sensor may be combined
with data from one or both of the hydrophone and geophone,
¢.g. where shear wave eflects are enhanced or suppressed 1n
the combined data.

[0086] Suitable methods may include combining the data
from the seismic sensor with the data from the hydrophone
to generate the combined data with suppressed ghosting
cllects. The data from the seismic sensor can also be
combined with the data from the geophone to generate the
combined data, e.g. with enhanced or substantially 1solated
shear wave eflects.

[0087] Suitable methods may further comprise character-
izing linear motion in three independent directions and
rotation about three mndependent axes, based on the seismic
data acquired from the geophone. The linear motion may be
responsive to the acoustic energy incident from the seismic
medium, and the rotation may be responsive to the shear
wave energy incident from the seismic medium. A derivative
of a wavefield propagating through the seismic medium can
be calculated based at least 1n part on the rotation. Pressure
wave data and shear wave data can be interpolated, the
interpolated data characterizing such a seismic wavefield
propagating through the seismic medium based at least in
part on the rotation.

[0088] In additional examples, the sensor station may
include one or more of a scalar pressure sensor and a three
component (3C) sensor configured to measure three spatial
components of seismic waves, €.2., one Oor more micro
clectro mechanical system (MEMS) accelerometers or
piezo-electric sensors. One or more additional components
can also be included 1n the sensor station, for example a
timing device or circuit configured to generate a clock
signal, memory configured to store seismic data from the
sensors, an energy source configured to provide power to the
sensors, and other electronic components.

[0089] The system may include one or more depth or
pressure sensors configured to determine a depth of the
seismic sensor station during deployment and/or retrieval.
During deployment, one or more sensors, memory and other
circuits or electronic components of the seismic sensor
station may not be powered until a threshold depth 1s
reached, e.g., as measured by the depth or pressure sensors.
When the threshold depth 1s reached, one or more of the
circuits or electronic components of the seismic sensor
station can also be powered down.
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[0090] By selectively powering one or more such circuits
or electronic components of the seismic sensor station
during deployment and/or retrieval, the sensor station can
conserve power and extend operational lifetime. In particu-
lar, the operation lifetime of the seismic sensors and/or
station can be extended during operations to record seismic
data, as compared to such a system without the capabaility for
selectively powering on and off one or more circuits or
clectronic components, whether based on depth, timing, or
another operational parameter.

[0091] In some examples the seismic sensor station 1s
tormed with a single integrated housing, and all circuits or
clectronic components of the sensor station are contained
within the housing. The seismic sensor station can also be
configured to be deployed via a rope, for example with the
housing having a passage defined therethrough and config-
ured for receiving the rope, or a connection mechanism
configured to facilitate connection to the rope.

[0092] A seismic survey apparatus can include two or
more such sensor stations, as described herein. A method for
deploying the sensor stations 1n a seismic survey apparatus
can be implemented by disposing the stations along a rope
or wire, or via a remotely or autonomously operated vehicle,
or using autonomous propulsion systems provided on each
of the sensor stations. Additional methods are encompassed
for towing such a seismic survey apparatus behind a vessel.

[0093] Methods for seismic data acquisition include oper-
ating such a seismic data acquisition system, as described
herein. A non-transitory computer-readable data storage
medium can also be provided with program code embedded
thereon, where the program code 1s executable on a com-
puter processor to execute such a method for seismic data
acquisition by operating a seismic data acquisition system as
described herein.

[0094] An autonomous sensor system can be configured
according to any of the above examples, with the system
having one or more of a first sensor, a second sensor, and/or
a third sensor comprising one or more of a hydrophone, a
three component geophone and a shear free sensor capable
of recording seismic signals absent substantial distortion
from shear waves. For example, such an autonomous sensor
system may include one or more of the sensors enclosed 1n
a region or housing with an acoustic impedance similar to
that of surrounding water, so that acoustic signals travelling,
through the water are transierred to the sensors therein with
mimmal reflection.

[0095] The exterior of the housing can include or be
formed as a perforated, rigid housing covered with a flex-
ible, acoustically transparent skin. The interior of the hous-
ing can be filled with a fluid, where the skin and flmid both
have acoustic impedances substantially equal to that of
surrounding water or seawater. At least one of the sensors
can be suspended 1n the fluid, so that the suspended sensor
1s partially or substantially 1solated from motion of the
housing of the autonomous sensor system, thereby shielding,
the sensor from shear noise transferred via the housing.

[0096] An autonomous sensor system can be provided
according to any of the above examples, where the outputs
of one or more of the sensors are combined to generate a
combined seismic signal. Such a combined signal may
substantially reject ghosting and multiple effects, and the
combined signal can either be separately recorded or further
combined with output of one or more others of the sensors.
The output of a single, vertical component sensor can be
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utilized to remove or reduce or lessen 1mpact of shear noise
in the vertical or horizontal components of another of the
sensors, either by itself or in combination with the output of
one or more additional sensors such as a hydrophone.
[0097] Recorded shear energy can be 1solated to determine
properties of subsurface structure based on the shear energy.
The shear energy may preferably be i1solated by combining
outputs of the sensors, and further preferably by one of the
sensors recording both shear waves and pressure waves and
another of the sensors recording only pressure waves, still
further preferably with one or more such outputs being
subtracted to 1solate the shear energy.

[0098] An autonomous shear-free sensor system can be
configured for any of the above examples, the sensor includ-
ing an external or outer housing and an internal housing
suspended 1n a shear absorbing fluid or medium within the
external housing, the specific gravity of the internal housing
and the shear absorbing medium preferably selected to be
substantially similar to facilitate suspending the inner hous-
ing in the fluid or gel within the outer housing. The external
housing can be designed such that shear energy 1s dispersed
or dissipated at the housing, whereas pressure waves are
transmitted through the housing with substantially minimal
attenuation. The external housing can also comprise a per-
forated, rigid housing component covered with a flexible,
acoustically transparent skin, the pressure waves can travel
through both the external housing and the shear absorbing
medium, the medium can comprise sea water or gel, and/or
the waves can be recorded by a geophone formed within the
inner housing.

[0099] A sensor system can be configured for any of the
above examples, with any one or more of the sensors
implemented in the form of a single mass accelerometer as
described herein. Similarly, any one or more of the sensors
may be configured as a six component sensor, as described
herein. Moreover, any one or more of the sensors can be
configured as a single mass sensor for imndependently mea-
suring compressional energy as well as shear energy, e.g., 1n
one, two or three different orthogonal directions.

[0100] Unless specifically indicated, all references to geo-
phones utilized 1n the mvention include conventional geo-
phones as well as other known devices for detecting seismic
wave activity or directional sensors, including without limi-
tation, accelerometers, and references to accelerometers
likewise include other directional sensors, including, with-
out limitation, geophones. While the foregoing 1s directed to
embodiments of the present invention, other and further
embodiments of the mvention may be devised without
departing from the basic scope thereof, and the scope thereof
1s determined by the claims that follow.

[0101] While this invention 1s described with respect to
particular exemplary embodiments, 1t 1s understood that
changes can be made and equivalents may be substituted to
adapt the disclosure to diflerent problems and application,
while remaining within the spirit and scope of the invention
as claimed. The invention 1s not limited to the examples that
are described, but encompasses all embodiments falling
within the scope of the appended claims.

1. A seismic sensor system comprising:

a sensor housing 1 communication with a seismic
medium;

an acoustic medium disposed within the sensor housing,
the acoustic medium selected based on an acoustic
impedance of the seismic medium; and
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a seismic sensor suspended within the acoustic medium,
wherein the sensor housing 1s configured to dissipate
shear wave energy incident from the seismic medium
and the acoustic medium 1s selected to transmit pres-
sure wave energy Irom the seismic medium to the
Se1SmMIC Sensor.

2. The seismic sensor system of claim 1, wherein one or

more of:

the seismic sensor comprises an accelerometer or geo-
phone disposed within an inner housing suspended 1n
the acoustic medium; and

the acoustic medium comprises a tluid or gel selected to
match the acoustic impedance of the seismic medium.

3. (canceled)

4. The seismic sensor system of claim 1, wherein the
sensor housing comprises a perforated member configured
to dissipate the shear wave energy incident from the seismic
medium and to transmit the pressure wave energy to the
acoustic medium.

5. The seismic sensor system of claim 4, wherein one or
both of:

an acoustic layer or skin 1s disposed adjacent the perfo-
rated member, the acoustic layer or skin selected to
match the acoustical impedance of the seismic medium;
and

the seismic medium comprises a water column and the
acoustic medium comprises seawater or other fluid of
the water column.

6. (canceled)

7. The seismic sensor system of claim 1, wherein the
seismic sensor comprises at least a vertical geophone and
turther comprising a hydrophone disposed proximate the
vertical geophone 1n a housing assembly, wherein signals
from the vertical geophone and the hydrophone are com-
bined to reduce ghosting 1n the combined signal.

8. The seismic sensor system of claim 1, further compris-
ing a three-dimensional geophone disposed proximate the
seismic sensor within a housing assembly, wherein signals
from the seismic sensor and the three-dimensional geophone
are combined to enhance or suppress shear wave energy
ellects 1n the combined signal.

9. The seismic sensor system of claim 8, wherein the
three-dimensional geophone comprises a single-mass accel-
crometer with sensitivity to linear motion 1n three indepen-
dent directions and rotational motion about three indepen-
dent axes.

10. A sensor system comprising:

a housing assembly configured for deployment of the
sensor system 1n a seismic medium;

at least one hydrophone or geophone disposed within the
housing assembly and configured to generate seismic
data responsive to seismic energy transmitted from the
seismic medium;

a seismic sensor suspended within an acoustic medium
inside the housing assembly, the acoustic medium
selected to transmit acoustic signals from the seismic
medium to the seismic sensor, wherein shear wave
energy incident from the seismic medium 1s dissipated.

11. The sensor system of claim 10, wherein the seismic

sensor comprises an accelerometer configured for measuring
at least a vertical component of motion in response to the
acoustic energy transmitted through the acoustic medium.

12. The sensor system of claim 10, further comprising a

sensor housing disposed about the seismic sensor and acous-
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tic medium, the sensor housing comprising a perforated
member configured to transmit the acoustic signals and
dissipate the shear wave energy.

13. The sensor system of claim 12, wherein one or more
of:

a specific gravity of the acoustic medium 1s selected to
suspend the seismic sensor inside the sensor housing;
and

the sensor housing 1s permeable to the acoustic medium
and configured for exchange of the seismic medium
and the acoustic medium.

14. (canceled)

15. The sensor system of claim 12, further comprising an
acoustic layer adjacent the perforated member, the acoustic
layer adapted to transmit the acoustic signals from the
seismic medium and to retain the acoustic medium within
the sensor housing.

16. The sensor system of claim 10, further comprising:

a timing circuit configured to generate a clock signal
associated with the seismic data;

memory configured to store the seismic data and associ-
ated clock signal; and

a depth sensor configured to determine a depth of the
Se1SmiC sensor system;

wherein one or more of the hydrophone or geophone, the
seismic sensor, the memory and the timing circuit are
configured for powering on or oil based on the depth.

17. The sensor system of claim 10, further comprising a
clamp or coupling mechanism configured for attachment of
the housing assembly to a rope or cable for deployment in
a water column.

18. The sensor system of claim 17, further comprising at
least one component of the seismic sensor system disposed
within the rope or cable, the component selected from a
geophone, a hydrophone, a depth sensor, a timing or clock
circuit, and memory.

19. The sensor system of claim 17, wherein one or more
of:

the housing assembly defines a hydrodynamic body hav-
ing an axial opening adapted to accommodate the rope
or cable; and

the housing assembly comprises at least first and second
modular components configured for attachment of the
sensor system about the rope or cable, each of the first
and second modular housing components having an
interface configured for data communication therebe-
tween.

20. (canceled)

21. A method comprising;:

acquiring seismic data from a hydrophone and a geophone
disposed proximate one another within a housing
assembly;

acquiring data from a seismic sensor suspended 1n an
acoustic medium within the housing assembly, the
acoustic medium selected to transmit acoustic energy
incident from the seismic medium, wherein shear wave
energy incident from the seismic medium 1s dissipated;
and

combining data from the seismic sensor with data from
one or both of the hydrophone and geophone, wherein
shear wave eflects are enhanced or suppressed in the
combined data.

22. The method of claim 21, further comprising one or

more of:




US 2017/0123091 Al

combining the data from the seismic sensor with the data
from the hydrophone to generate the combined data
with suppressed ghosting eflects; and

combining the data from the seismic sensor with the data
from the geophone to generate the combined data with
enhanced or substantially 1solated shear wave eflects.

23. (canceled)

24. The method of claim 21, further comprising charac-
terizing linear motion in three independent directions and
rotation about three independent axes based on the seismic
data acquired from the geophone, the linear motion respon-
sive to the acoustic energy incident from the seismic
medium and the rotation responsive to the shear wave
energy incident from the seismic medium.

25. The method of claim 24, further comprising one or
more of:

calculating a derivative of a wavelfield propagating
through the seismic medium based at least 1n part on the
rotation; and

interpolating pressure wave data and shear wave data
characternizing a seismic wavefield propagating through
the seismic medium based at least i part on the
rotation.

26. (canceled)

27. Amethod for conducting a seismic survey, the method
comprising;
deploying an ocean bottom seismic data acquisition sys-
tem to a sea floor;

operating a source vessel configured to generate seismic
signals; and

recording seismic signals with the ocean bottom seismic
data acquisition system, wherein the ocean bottom
seismic data acquisition system comprises at least one
seismic sensor configured to generate a measurement

that 1s free from or substantially free from shear con-
tamination.

28. The method of claim 27, wherein:

the source vessel tows a seismic source configured to
generate the seismic signals 1n a water column disposed
above the sea floor; and
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the at least one seismic sensor 1s configured to generate
the measurement responsive to reflection of the seismic
signals from portions of the earth below the sea floor.

29. The method of claim 27, wherein the measurement 1s
responsive to the seismic signals and further comprising
reducing or removing the shear contamination from the
seismic signals to generate the measurement.

30. The method of claim 27, wherein the ocean bottom
seismic data acquisition system comprises one or more of:

an ocean bottom cable; and

an autonomous ocean bottom node.

31. The method of claim 27, wherein the at least one
seismic sensor 1s configured to generate the measurement
responsive to displacement 1n at least one direction.

32. The method of claim 31, wherein the at least one
se1smic sensor 1s suspended 1n an acoustic medium selected
to transmit acoustic energy and dissipate shear wave energy
to generate the measurement free from or substantially free
from shear contamination.

33. The method of claim 27, wherein the at least one
se1smic sensor comprises a single mass accelerometer with
sensitivity to linear motion 1n three independent directions
and rotational motion about three independent axes.

34. The method of claim 33, further comprising combin-
ing one or more of measurements of the linear motion 1n the

three independent directions and measurements of the rota-
tional motion about the three independent axes to generate
the measurement that 1s free from or substantially free from
shear contamination.

35. The method of claim 33, further comprising combin-
ing translation data responsive to the linear motion in one or
more of the three independent directions and rotational data
responsive to the rotational motion about one or more of the
three independent axes to suppress or remove the shear
contamination 1n the measurement.

36. The method of claim 27, wherein the ocean bottom
seismic data acquisition system comprises a plurality of
seismic sensors and further comprising combining outputs
from two of more of the plurality of seismic sensors to
generate the measurement that 1s iree from or substantially
free from shear contamination.
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