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These receiver-sources may be used to determine the near-surface structures of the Earth, geometric properties of the survey array,
receiver locations and operations of the survey array. The receiver-sources may be driven by drive sequences to produce amplified
receiver-source signals, plane waves, surface waves converging towards a point inside the seismic array, surface waves sweeping
through the seismic array and/or the like. The receiver-sources may comprise geophones, hydrophones, accelerometers and/or the
like. A driver may be used to drive the receiver- sources and the driver may be controlled by a processor. By encoding drive se-
quences, seismic data generated by the receiver-sources may be separated from seismic data generated by another seismic source in
the seismic array. Similarly, seismic data can be separated by controlling the frequency of seismic signals produced by the receiv -
er-sources.
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SEISMIC RECEIVERS AS SEISMIC SOURCES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims the benefit of U.S. Provisional Application Serial
No. 61/563,686 filed on Nov 25, 2011, by the same inventors, the disclosure of which is

incorporated by reference herein in its entirety.

BACKGROUND

[0002]  This disclosure relates to seismic exploration for oil and gas and, in particular but
not by way of limitation, relates to the usage of seismic receivers (e.g. geophones or the like)
as sources in order to generate information on near-surface structures of the Earth and/or for
analyzing a layout/arrangement of devices (such as seismic receivers, seismic sources and

including the seismic receivers being used as sources) in the seismic survey.

[0003] Seismic explé)ratioh may involve surveying subterranean geological formations
for hydrocarbon deposits. A survey may involve deploying seismic source(s) and seismic
receivers at predetermined loéations. ~The seismic sources are used to generate seismic
waves, Whiéh propagate into the geological formations, creating pressure changes and
vibrations along the way. Changes in elastic properties of the geological formation scatter
the seismic waves, changing properties of the waves, including the direction of propagation
of the waves. In a seismic survey, part of the energy emitted by the seismic sources and
scattered by the subterranean formations reaches the seismic receivers. Some ‘seismic
receiirers are sensitive to pressure changes (e.g. hydrophones or the like) and others are
sensitive to particle motion (e.g., geophones or the like); a seismic survey may include us one
or both types of seismic receivers. In response to the scattered and received seismic waves,
the seismic receivers generate electrical signais or the like, which signals comprise seismic
data. The seismic data generated by the seismic receivers may be processed to produce an
image of an interior section of the Earth, produce parameters representative of properties of
an interior section of the Earth, which parameters may indicate the presence or absence of

probable locations of hydrocarbon deposits, and/or the like.

[0004] Some seismic surveys are known as "marine" surveys because the survey is

conducted in marine environments. "Marine" surveys may be conducted in saltwater
-1-
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environments, fresh water environments and brackish water environments. In one type of
marine survey, called a "towed-array" survey, an array of one or more seismic sources and

one or more streamers containing seismic sensors is towed behind a survey vessel.

[0005] Seismic surveys conducted on land are known as “land” surveys. Fig. 1 illustrates
a land seismic survey layout, which will be described in more detail below. Land surveys
may use dynamite, seismic vibrators and/or the like as seismic sources. In a land survey,
arrays of seismic sensor-containing cables are laid on the ground to receive seismic signals
generated by seismic sources and reflected, scattered and/or the like from subterranean
formations/features. In the survey, seismic signals may be converted to electrical ‘signals,
digitized, stored and/or transmitted by the seismic sensors/receivers to data storage and/or
processing facilities nearby, e.g. a recording truck. Land surveys\ may use wireless seismic
receivers to avoid the limitations of cables. Some seismic surveys may be conducted in areas

between the land and the sea, which is often referred to as the “transition zone”.

.[0006] Seabed seismic survey, which may incorporate the use of both hydrophones and

géophones, may be conducted on the seabed.

[0007] Depending on the survey environment, the sources used in the seismic survey may
comprise airguns, waterguns, marine vibrators and/or the like for marine seismic surveys;
vibrators, dynamite and/or the like for land seismic surveys. The receivers used in the
seismic survey may also vary. For exarhple, the seismic receivers may be geophones, which
measure earth movement; the receivers may be hydrophones, which measure pressure waves
(i.e. sound); or the receivers may be accelerometers, which measure the acceleration of
particles in water or earth giving an indication/measurement of earth motion or pressure
waves. In seismic surveys, the seismic receivers convert the changes in the measured

physical parameters into electrical signals that can be digitized, processed and/or interpreted.

[0008] In a seismic survey, a geophone may be designed to generate a voltage in response

to a movement of the Earth/an Earth formation.

- [0009] Figure 2 illustrates components of a geophone 200 for use in a seisfnic survey.
The geophone 200 comprises a mass 210 that is suspended from a spring 215 and the spring
215 in turn is attached to a body 220 (e.g., the casing of the geophone or the like) that is
coupled to a ground surface of the Earth 250. The mass 210 is surrounded by a magnet 230,

and a conducting wire 240 is coiled around the mass 210, with the wire 240 forming an
- '
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electrical circuit 245 including an electrical output sensor 260 (i.e., a voltmeter or the like).

The electrical circuit 245 may also comprise an amplifier (not shown).

[0010]  When the ground surface 250 moves, the mass 210 and the coiled conducting wire
240 move relative to thé magnet 230. The movement of the coiled conducting wire 240
within the magnetic field of the magnet 230 produces an electrical current in the conducting
wire 240, and this current can measured as an electrical output 270 by the electrical output
sensor 260. The output voltage measured by the electrical output sensor 260 is proportional

to the displacement of the ground surface 250.

[0011] A hydrophone is a device designed for use in detecting pressure changes (i.e.
sound, acoustic waves and/or the like). Hydrophones may comprise transducers that convert
sound signals/acoustic signals into electrical signals. Hydrophones may be used under water
in a marine seismic survey during marine seismic acquisition. Hydrophones may be
deployed in a seismic survey in a streamer, which comprises an elongated housing containing

a plurality of hydrophones, that may be towed by a seismic vessel, deployed down a borehole |

and/or the like.

[0012] Figure 3 illustrates a hydrophone 300. The hydrophone 300 comprises a pressure
transducer 310 for converting pressure changes into electrical signals and a pair of wires 320

for outputting the electric signals indicating the changes in pressure.

[0013] = An accelerometer is a device used in a seismic survey to measure an acceleration
of an Earth surface, where the acceleration of the Earth surface is produced in response to the
injection of seismic energy into the Earth by a seismic source, such as a vibrator or the like.
An accelerometer converts the ‘acceleration of an object into an electrical signal. An
accelerometer may be used measure the acceleration of a particle in water, which
measurement is indicative/provides a measurement of a sound/acoustic wave traveling in the

water.’

[0014] Two examples of accelerometeré are shown in Figures. 4a and 4b. Figure 4a
illustrates a Micro Electro-Mechanical System (“MEMS”) type accelerometer 401, in which
most components are included inside an integrated circuit (“IC”) chip 450. The
accelerometer 401 may be used to measure acceleration of an object in an X 410 direction, a
- Y 420 direcﬁon and a Z 430 direction and the measured accelerations may be read by a

machine or a microprocessor (not shown) via an input/output interface 440.
3-
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[0015] Figure 4b illustrates another typé of accelerometer 402, which is similar to a
geophone except that the output signal indicates the acceleration of an object rather than the
displacement or the velocity of the object. In Fig. 4b, the accelerometer 402 measures
acceleration in one direction 455, which direction is perpendicular to a base 460 of the
accelerometer 402. The accelerometer 402 may comprise an internal Faraday shield 462,
impedance matching electronics 465, inertial mass 470, sensing element 480 and a signal

outlet 490.

-

[0016] One or more types of receivers may be used in a seismic survey to measure
various characteristics of seismic waves generated in a seismic survey, the analysis of which
may identify properties of subsurface earth structures, be used to generate images of
subterranean fdrmétions and/or identify subsurface locations of valuable resources, such as

hydrocarbons.
SUMMARY

[0017] " This summary is provided to introduce a selection of concepts that are further
described below in the detailed description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it intended to be used as an aid in

limifing the scope of the claimed subject matter.

[0018] In embodiments of the present invention, seismic receivers (e.g. geophones or the

b

like) may be used as seismic “sources.,” In embodiments of the present invention, the
receivers may be used in a seismic survey to generate seismic waves, in place of seismic
sources (e.g. the seismic receiver may be used as a seismic source in place of a seismic
source such as a seismic vibrator or the like). In aspects of the present invention, there may
be several different configurations in the seismic survey in which the seismic receiver(s) may
be used as a source(s). Merely by way of example, in aspects of the present invention, in a
seismic survey in which a normal source is replaced by one or more “source geophones” -
i.e, a seismic receiver that is being used as a seismic source — the seismic data generated by
use of the source geophone may be used to determine properties of the near-surface structure

of the Earth. The seismic data generated by the geophone source may be interpreted in the

same way as with a survey using a conventional seismic source.

[0019]  In another aspect of the present invention, the seismic receiver(s) being used as a

seismic source may provide a seismic wavefield that may be received by other seismic
. —4- "
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receivers in a seismic array and processed to determine a location of one or more of the
seismic receivers in the seismic array. In some aspects, that seismic receivers being used as
seismic sources may be adapted to function purely as a seismic source. Unlike the
conventional seismic sources. The adapted seismic receiver-sources produce a smaller
seismic wavefield in the Earth, are smaller than the conventional seismic source, may be

driven in a group to produce a non-point source wavefield and/or the like.

[0020] In embodiments of the present invention, the seismic receivers may be operated as
seismic sources or seismic receivers at different times during a seismic survey. In aspects of
the present invention, the receiver “sources” may be activated at selected times or in
sequences to produce desired source characteristics. The receiver “sources” may be
geophones, accelerometers or hydrophones, and the receiver-sources may comprise seismic
receivers modified to be more efficient in terms of weight, power, efficiency etc. In some
aspects, the receiver-sources may be dedicated devices that are used alongside/in combination .
with dedicated seismic receivers at specific locations in the seismic survey/acquisition spread.
In embodiments of the present inventi_on, besides near-surface structure interprefatibn or ithe
like, receiver-sources may be used to determine survey layout/survey configuration,

receiver(s) location(s), source location(s), receiver-source location(s) and/or the like.

BRIEF DESCRIPTION OF DRAWINGS

[0021] Embodiments of this disclosure are described with reference to the following
figures. The same numbers are used throughout the figures to reference like features and
components. A better understanding of the methods or apparatuses can be had when the
following detailed description of the .several embodiments is considered in conjimction with

the following drawings; in which:

[0022]  Figure 1 illustrates a seismic acquisition system in a land environment, which may

be used with receiver-sources, in accordance with an embodiment of the present invention;

[0023] Figure 2 illustrates a geophone, which may be used as a receiver-source, in

accordance with an embodiment of the present invention;
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[0024] = Figure 3 illustrates a hydrophone, which may be used as a receiver-source, in

accordance with an embodiment of the present invention;

[0025] Figure 4a illustrates a MEMS-type accelerometer and Figure 4b illustrates a
piezo-electric-type accelerometer, both of which may be used as receiver-sources, in

accordance with embodiments of the present invention;

[0026]  Figures 5a illustrates a conventional survey system for determining structures of
the Earth’s near-surface using a sledgehammer as a source and Figure 5b illustrates a survey
system for the same purpose as in Figure 5a, but using a geophone(s) as a source, in

accordance with an embodiment of the present invention;

[0027]  Figures 6a and 6b illustrate an example of a sequence and an auto-correlation of

the sequence, where the sequence may be used in an embodiment of the present invention.

[0028] Figures 7a and 7b illustrate an example of an amplitude sequence and an auto-
correlation of that sequence, where the sequence is used to drive geophones to make seismic

waves, in accordance with an embodiment of the present invention;

[0029]  Figure 8 illustrates an example of data produced by a sledgehammer, as in Figure
5a.

[0030]  Figure 9 illustrates an éxample of data produced by the sequenée in Figure 7a
using the system illustrated in Figure 5b, in accordance with an embodiment of the present

invention;

[0031] Figures 10a and 10b illustrate two examples of receivers used as sources, in

accordance with an embodiment of the present invention;

[0032] Figures 11a and 11b illustrate two examples of receiver spreads with receiver-

sources, in accordance with an embodiment of the present invention;

[0033] Figure 12 illustrates a flow diagram of a method to use receivers as sources; in

accordance with an embodiment of the present invention; and

[0034]  Figure 13 illustrates an example computer system to implement parts of the

‘methods, in accordance with an embodiment of the present invention.

-6-
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DETAILED DESCRIPTION

[0035]  Reference will now be made in detail to embodiments, examples of which are
illustrated in the accompanying drawings and figures. In the following detailed description,
numerous specific details are set forth in order to provide a thorough understanding of the
subject matter herein. However, it will be apparent to one of ordinary skill in the art that the
subject matter may be practiced without these specific details. In other instances,
well-known methods, procedures, components, and systems have not been described in detail

80 as not to unnecessarily obscure aspects of the embodiments.

[0036] It will also be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms.
These terms are only used to distinguish one element from another. For example, a first
object or step could be termed a second object or step, and, similarly, a second object or step
could be termed a first object or step. The first object or step, and the second object or step,
are both objects or steps, respectivel.y‘_,. but they are not to be considered the same object or

step.

[0037]  The terminology used in the description of the disclosure herein is for the purpose
of describing particular embodiments only and is not intended to be limiting of the subject
matter. As used in this description and the appended claims, the singular forms “a”, “an” and
“the” are intended to include the plural forms as well, unless the context clearly indicates
otherwise. It will also be understood that the term "and/or" as used herein refers to and
encompasses any and all possible combinations of one or more of the associated listed items.
It will be further understood that the terms "includes," "including," "comprises," and/or
"comprising,” when used in this specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude the presence or

addition of one or more other features, integers, steps, operations, elements, components,

and/or groups thereof.

[0038] As used herein, the term "if" may be construed to mean "when" or "upon" or "in
response to determining” or "in response to detecting,” depending on the context. Similarly,
the phrase "if it is determined” or "if [a stated condition or event] is detected" may be

construed to mean "upon determining” or "in response to determining" or "upon detecting
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[the stated condition or event]" or "in respOnse to detecting [the stated condition or event],"

depending on the context.

[0039]  The ensuing description provides preferred exemplary embodiment(s) only, and is
not intended to limit the scope, applicability or configuration of the invention. Rather, the
ensuing description of the preferred exemplary embodiment(s) will provide those skilled in
the art with an enabling description for implementing a preferred exemplary embodiment of
the invention. It being understood that various changes may be made in the function and
arrangement of elements without departing. from the spirit and scope of the invention as set

forth in the appended claims.

[0040]  Specific détails are given in the following description to provide a thorough
understanding of the embodiments. However, it will be understood by one of ordinary skill
in the art that the embodiments maybe practiced without these specific details. For example,
circuits may be shown in blpck diagrams in order not to obscure the embodiments in
~ unnecessary detail. In other instances, well-known circuits, proéesses, algorithms, structureé, _
and techniques may be shown withdut unnecessary detail in order to avoid obscuring the

embodiments.

[0041]  Also, it is noted that the embodiments may be described as a process which is
depicted as a flowchart, a flow diagram, a data flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations as a sequential process, many of
the operations can be performed in parallel or concurrently. In addition, the order of the
operations may be re-arranged. A process is terminated when its operations are compléted,
but could have additional steps not included in the figure. A process may correspond to a
method, a function, a procedure, a subroutine, a subprogram, etc. When a process
corresponds to a function, its termination corresponds to a return of the function to the calling

function or the main function.

[0042] Moreover, as disclosed herein, the term "storage medium” may represent one or
more devices for stdring data, including read only memory (ROM), random access memory
(RAM), magnetic RAM, core memory, magnetic disk storage mediums, optical storage
mediums, flash memory devices and/or other machine readable mediums for storing

information. The term "computer-readable medium" includes, but is not limited to portable

-8-
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or fixed storage devices, optical storage devices, wireless channels and various other

mediums capable of storing, containing or carrying instruction(s) and/or data.

[0043] Furthermore, embodiments may be implemented by hardware, software, firmware,
middleware, microcode, hardware description languages, or any combination thereof. When
implemented in software, firmware, middleware or microcode, the program code or code
segments to perform the necessary tasks may be stored in a machine readable medium such
as storage medium. A processor(s) may perform the necessary tasks. A code segment may
represent a procedure, a function, a subprogram, a program, a routine, a subroutine, a module,
a software package, a class, or any combination of instructions, data structures, or.program
statements. A code segment may be coupled to another code segment or a hardware circuit
by passing and/or receiving information, data, arguments, parameters, or memory contents.
Information, arguments, parameters, data, etc. may be passed, forwarded, or transmitted via
any suitable means. including memory .sharing, message passing, token passing, network

transmission, etzc.

[0044] Apﬁlicants have found that seismic receivers, such as geophones or the like, that
are used in seismic surveys may be used to generate a seismic signal and thereby act as a
seismic source. While the séism_ic receivers may only be able to produce small signals in
corhparison to regular/conventional seismic sources, it was found that useful information
could be generated from the seismic signals generated by the seismic receivers. For example,
in embodiments of the present invention, the seismic signals produced from the seismic
receivers may be used to generate near surface seismic data, determine seismic source
location and/or the like. Further, it was found that by applying selected drive sequences to a
plurality of seismic receivers the seismic signals generated by the plurality of seismic
receivers may be intensified, shaped, directed, plain waves, encoded so that the data produced
by the signals and or the signals can be distinguished from the regular seismic signals or the
data produced by the regular seismic signals, be frequency banded so that the data produced
by the signals and or the signals can be distinguished from the regular seismic signals or the

data produced by the regular seismic signals and/or the like.

[0045]  Fig. 1 illustrates a land-based seismic survey system 100 such as may be used
with receiver-sources, in accordance with an embodiment of the present invention. - The

seismic survey system 100, comprises a recording truck 105 connected to a seismic array

9-
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110. The seismic array 110 comprises a plurality of seismic receivers 120 on a plurality of
lines 125 (three vertical lines are shown); the lines may in some aspects comprise the seismic
receivers 120 linked together by cables. Other devices may also be located at the receiver
locations, such as, seismic sources (e.g., vibrators, explosive charges), positioning sensors
(Global Positioning System ("GPS") sensors) etc. Some seismic sources, e.g., the seismic
source 115, might be located at different places and not be a part of the recording array 110.>
The recording array 110 may include a plurality of nodes 130 and at least one router 135 for
relaying communications between data collection system 140 and the data sources 120. The
data sources 120 and nodes 130 in the recording array 110 may also have various functions

depending on the various implementations, as will be discussed below.

[0046] The seismic survey system 100 may include at least one data collection system
140. The recording truck 105 may be equipped with a rack-mounted computing apparatus
1300, illustrated in Figure 13, with which at least a portion of control system, data collection

and processing system 140 is implemented.

[0047] In seismic sufveys, seismic receivers are used to receive seismic waves and
convert the seismic waves into electrical signals, which may be digitized for further
processing and interpretation. In an embodiment of the presént invention, the seismic
receivers 120 may be used as seismic sources, wherein electric signals may be applied to the
seismic receivers 120, and may drive the seismic receivers 120 to emit “seismic”

waves/signals.

[0048] For example, referring to Fig. 2, if a geophone is inverted, i.e., instead of
measuring an electrical output 270 from a geophone output circuit 245, a voltage may be
applied to the circuit 245, the resulting current flowing through coil 240 will force a mass 210
to move relative to a magnet 230. Thus, in an embodifnent of the pfesent invention, the mass
210 can be moved by applying a voltage; in convention geophone operation the motioh of the
mass 210 in response to seismic signals (acoustic waves etc.) is used to produce the electrical
output (voltage) 270, which output is used to measure properties of the seismic signals. When
coupled to ground 250, the movement of the mass 210 in the inverted operation will generate
a seismic wave, though the seismic wave energy is very small compared to a regular seismic
source such as an explosion, a vibrator in a land survey or an airgun in a marine survey.
Similarly, in other embodiments, other seismic receivers may be inverted, i.e. driven by an

electric signal to create a seismic wave in the Earth. In embodiments of the present

-10-
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invention, using seismic receivers as sources may provide many measurements or insights

into the Earth structures‘that cannot be obtained otherwise.

[0049] Referririg to Fig. 5a, in the case for a survey 501 of the near-surface of the Earth,
seismic receivers 510 are planted in the ground 500 at pre-defined locations 515, and a
seismic source 520, such as a sledgehammer, vibrator etc., is used to generate seismic waves
525 and 526 that propagate through the near-surface of the Earth via two different paths, and
are recorded at locations 515 by seismic receivers 510. By way of example, the near-surface
of the Earth may refer to a shallow layer of the Earth that is of the order of hundreds of
meters deep and may be less than a two or three hundred meters deep. These seismic waves -
may be body waves 526 or surface waves 525. Body waves 526 propagate into the near-
surface subsurface structure and are reflected or refracted back to the surface. Surface waves
525 propagate laterally through the near-surface of the Earth. There are numerous methods by
which near-surface structure can be extracted from these wave types 525 or 526. For body
waves, see for example Yilmaz, O., 2001, Seismic Data Analysis, SEG, TULSA. Chapter 3, -
and for surface ‘wa‘ves see f()f example Strobbia, C. vet al., 201.1,"“Attenuation of Aliased
Coherént Noise: Model-Based Attenuation For Complex Dispersive Waves,” FIRST BREAK,
29, no. 8.

[0050] Referring to Fig. 5b, in a survey 503, in accordance with an embodiment of the
-present invention, instead of using a small seismic source 520, a plurality of seismic receivers
550 are grouped together and placed at the loéation where the seismic source 520 is supposed
to be. The seismic receivers 550 may be connected to a recording device as regular receivers
to record received seismic waves; they may also be connected to a source signal generator
which supplies electric power to generate seismic waves. A controller may be3 used to
control the function of each receiver 550, whether it acts as a receiver or a receiver-source
and can switch between the two functions. In an embodiment of the present invention, when
receiver-sources S50 act as sources, they are driven by a source signal ora signal sequence.
As will be discussed below, in an embodiment of the present invention, the source signal or
source signal sequence may be designed such that the source characters are the same as those
of a seismic source 520, and the waves (527 or 528) recorded by receivers 512 at receiver
locations 517 are the same as by receivers 510 at the same locations 515 in the survey 501 as

shown in Fig. 5a.

-11-
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[0051] In an embodiment of the preseht invention, the receivers 550 may have the same
fundamental design as the receivers 512, but are used differently in the seismic survey. There
may be many other receivers 512 in the survey 503, but they are not shown in the figure for

simplicity.

[0052] In an embodiment of the present invention, to use a geophone (accelerometer,
hydrophone efc.) as a seismic source, some sort of signal generator may be used to provide
the driving signal and to apply this signal to the geophone. In an embodiment of the present
invention, the driving signal may be of a form that allows the recorded seismic data to be
interpreted. For example, in one aspect of the present invention, to generate a stronger
seismic signal, the driving signal may be of a sufficiently high voltage to cause the mass
suspended within the geophone to strike the top and the bottom of the geophone casing. In
this example, the driving signal generates a series of impulses. However, each impulse may
still be weak compared to a regular seismic source, such as a vibrator truck or a
sledgehanimcr. In an example where the geophone is “over driven” like this, to improve the
signal to noise ratio (and hence the ease of interpretaﬁon), the signal generator méy emit

numerous impulses.

{0053] In an embodiment of the pfesent'inveﬁtion; the impulses may be separated in time,
such that the resulting data may be stacked to improve the signal to noise ratio, or the

iinpulses; may be emitted in such a way that they form a random or pseudo-random sequence.
In an embodiment of the present invention, such sequences have the property that their auto-
correlation tends towards an impulse at zero-time lag. Hence, by cross-correlating the
recorded data with the source sequence, the seismic data resembles that which would have

been acquired using an impulsive source.

[0054] In an embodiment of the present invention, the source signal may be centralized
and transmitted to a receiver-source via the same signal network in which a seismic signal is
transmitted from the receiver to the data collection system. The source signal generator 155
(not shown in Fig. 1) may be located in a similar place as the data collection system (140 in

Fig. 1).

[0055] In some embodiments, the source signal generator 155 may be distributed, e.g.
using Fig. 1 as an example, among the survey array 110, near nodes 130 or data sources 120.

In one embodiment of the present invention, a node 130 may contain a source signal
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generator 155 (not shown in Fig. 1) for supplying source signals to receivers 120 within its
survéy line 125. The source signal generator may have a power supplier that has enough
electric power and a digital-to-analog converter (DAC) to amplify the source signal to
activate the selected receiver to generate seisnﬁc waves. The receivers may be switched

between the two different operating modes: as a receiver or as a source.

[0056] Fig. 6a illustrates a temporal sequence 601 generated using a pseudo-random
integer generator in a computer, that may be used in an embodiment of the present invention.
This sequence is 1000 samples long, and 100 impulses have been randomly assigned. Fig. 6b
illustrates the auto-correlation 602 of s.equence 601. The auto-correlation tends towards the
desired spike 605 at zero correlation lag. It would be possible to use this temporal sequence
601. In one example, a computer may generafe the sequence 601, and the computer is
connected to a digital interface to turn on/off a voltage generator, which is used to drive the
geophone to generate seismic impulses. In this example, the amplitude of each impulse may

be the same.

[0057] 'Fig. 7a shows a random source sequence 701 that may be used in an embodiment
of the present invention, that was recorded on a pilot geophone (a geophone located next to
the source geophone, which records the output seciuence) and generated using an analogue
signal generator. In this example, the sequence is 50 seconds long. The auto-correlation 702
of this sequence 701, as shown in Fig. 7b. Thé spike 705 indicates that the impulsive auto-
correlation has been achieved. In this example, the analogue signal may be continuous while
the amplitude is variable. This sequence may also be implemented using a digital computer
and Digital-to-Analog converter (DAC). A sequence of random numbers is generated using
the computer, and the sequence represents the amplitude of the driving voltage to the
receiver-source. Then, the DAC converts a random number to a voltage proportional to the
random number and drives the geophone at a uniform time interval. The geophone may

generate seismic impulses according to the supplied voltages from the-DAC.

[0058] Fig. 8 illustrates the processed seismic traces (image) of surface waves using a

sledgehammer source 520 in the example survey 501 as in Fig. 5a. Fig. 9 illustrates the

similar processed seismic traces recorded and processed using the source sequence in Fig. 7a

in the example survey 503 as in Fig. 5b, in accordance with an embodiment of the present

invention. The receiver sources 550 are a group of four closely spaced gedphones in the

survey 503. The average amplitudes of spectrum/spectra of Figs. 8 and 9 are equalized for
13-
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easy comparison. In both of these plots, surface waves propagating from O s at O m offset, to
around 0.1 s at 11.5 m offset, as well as body waves, which are observed as the flat events
between 0.02 and 0.05 s, may be observed. Thus, in an embodiment of the present invention,
waves from the geophone sources may be used in the same way as waves from an impulsive

source (e.g. the sledgehammer source, the vibroseis truck or the like).

[0059] While the examples in Fig. 9 and Fig. 5b aim to replicate the data‘generated using
a conventional point source as in Fig. 8 and Fig. 5a, the methods or systems disclosed in this
specification are not limited to such application(s). In some embodiments, the seismic

receivers used as sources may be used in many other ways and may generate wavefields in |
surveys that conventional seismic sources cannot generate. In embodiments of the present
invention, the seismic receivers used as sources may also have many other applications that

may, among other things, make the seismic survey more efficient.

[0060] Referring to Figs. 10a and 10b, the receiver-sources, in accordance with
embodiments of the present invention, may be used to generate planevwaves, rather thaﬁ the
conventional spherical waves produced in prior systems using point sources. In these
examples, in accordance with embodiments of the present invention, an array 1001 comprises
seismic receivers 1010 and 1020. In an embodiment of the present invention, half of the
receivers 1010 (spotted triangles) may act as sources and half of the receivers 1020 (gray
triangles) may record the resulting wavefields. In such embodiments, one or more devices
that were in previous arrangements used as seismic receivers are used as seismic sources.
Moreover, in such embodiments, the array comprises a mix of seismic sources and seismic

receivers.

[0061] In an embodiment of the present invention, each receiver-source 1010, when
driven by an electric signal, may generate a small wave 1015 similar to a small point source.
In an embodiment of the present invention, when all the receiver-sources 1010 and/or a
plurality of the receiver/sources 1010 are driven by the same sequence, the combination of
the multiple small spherical wave fronts 1015 forms a plane wave 1017, as illustrated in Fig.
10a. In an embodiment of the present invention, acquisition and processing of this plane
wave data may differ from the acquisition and processing of the conventional data illustrated

in in Fig. 8.
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[0062] In an embodiment of the preseﬁt invention, if time shifts are applied to each of the
receiver-sources 1010 (source geophones), then the plane wave can be given a specific
direction. In Fig. 10b, a constant time delay is applied to all the receiver-sources 1010, so the
plane wave 1037 is moving towards the left. For simplicity, Figs. 10a and 10b illustrate only
a single line of receivers. However, in an embodiment of the present invention where a 2D
array of the receiyer-sources 1010 is laid at the surface of the Earth, the receiver-sources
1010 illuminate the subsurface in 3D. In an embodimeht of the present invention, different
time-shifts may be applied to the receiver-sources 1010 to produce more sophisticated
wavefronts. For example, in an embodiment of the present invention, subsurface
measurements may be acquired by illuminating the subsurface using a plurality of plane
waves emitted in different directions. In an embodiment of the present invention, this
illumination of the subsurface using directionally different plane waves may help a

geophysicist or the like “see” the subsurface structure from different angles.

[0063] In another example, in accordance with an embodiment of the present invention, a
dense array of seismic receivers may be used in which some selected receivers within the
array may be activated as sources at any time, while being used as receivers at other times.
The wavefields generated from these “receiver-sources” are received by other receivers
within the array. Such signals generated from the receiver-sources may provide information
about the local area/volume around the receiver-sources without additional equipment or
surveying time. In an embodiment of the present invention, the receiver-sources may be
integrated with other parts of a conventional seismic acquisition system. In an embodiment
of the present inventioh, selected receivers may be activated as “mihi-seismic sources” at
selected times to provide near-surface information for the conventional seismic acquisition

system.

[0064] Inone embo‘diment of the present invention, the waves generated by the receiver-
“sources do not resemble the waves by regular seismic sources, such as sledgé hammers,
explosions or the like. In some embodiments, the waves may be used to simulate other
sources. For example, there aré a number of methods where near-surface structure can be
extracted from ambient noises. These methods rely on the ambient noise field meeting certain
assumptions. In an embodiment of the present invention, the geophone sources (receiver-

sources) may be used to provide a pseudo-noise field that meets these assumptions.
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[0065]  For example, in an embodiment of the present invention, the receiver-sources may
be driven in sequence from the outside of the receiver array inward; as if a seismic wave or
noise wave is propagating from outside the array inward towards the center of the array, e.g.
as illustrated in Figure 11a. A 2D receiver array 1101 has many receivers (stars) 1110 and
(triangles) 1120. In an embodiment of the present invention, a selected few receivers (stars)
are used as sources 1110 and the remaining receivers (triangles) are used as receivers 1120.
In an embodiment of the present invention, the sources 1110 are activated according to a
sequence to simulate a noise wave traveling inwards towards the center of the array. In
- aspects of the present invention, the sequence is in two space dimensions (l1.e. receivers are
selected in the 2D array) and one time dimension. In embodiments of the present invention,
the generated wavefront may be circular (e.g. as illustrated in Fig. 11a), linear (e.g. as
illustrated in Fig. 11b, from left to right) or any other desired shape, and the generated

wavefront sweeps through the surface covered by the receiver array.

[0066] = To simulate a different kind of noise, different receivers may be selected
according to a different activation sequence. When the receivers are not activated as sources
at any given time, they may be used as regular receivers to record the wavefields at that time;
whether the wavefields are due to the receiver-sburccs or regular seismic sources. As such,
in embodiments of the present invention, the entire survey system may remain virtually the
same despite the additional measurements that c;n be made. Additional time needed to
acquire the new measurements, in accordance with embodiments of the present invention, is
also -close to zero. As such, embodiments of the present invention provide seismic array
arrangements that are similar or the same in arrangement as conventional arrays, but can

provide additional information.

[0067]  The receiver-sources of embodiments of the present invention may also be used
for managing the seismic-survey-receiver-array itself. ~The receiver-sources within the
receiver array may form source-receiver networks, e.g. as illustrated in Fig. 11b. A few (at
. least two) selected receivers (e.g. 1123, 1125) may be activated as sources, whose waves are
received by receivers (e.g. 1113, 1115)." From these networks, one or more nodes (i.e.
locations of each receiver or receiver-source 1113, 1115, 1123 and 1125) may be uniquely
identified as to their physical locations. For example if the wave.propagation velocity is
known, or can be estimated, simple triangulation methods can be used to locate source-

receivers using signals generated by the source-receivers.
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[0068]  In embodiments of the present invention, other methods to determine the physical
locations of the source-receivers may involve simultaneously determining the near-surface
velocity structure and the physical locations. This locating process may be performed using
an inverse theory approach, for example Spencer and Gubbins outline a procedure to
determine source positions and velocity structure in an Earthquake seismology setting, and, in |
aspects of the present invention, a similar approach may be used with the source-receiver
array. (See D. Gubbins and C. Spencer, }1980, Travel-Time Inversion for Simultaneous
Earthquake Location and Velocity Structure Determination in Laterally Varying Media,
GEOPHYSICAL JOURNAL OF THE ROYAL ASTRONOMICAL SOCIETY, Vol. 63, pp 95 - 116).

[0069] In embodiments of the present invention, in a land seismic survey, a plurality of |
receiver sources may be distributed through the seismic array with the other receivers. This
may allow for location of seismic sources in new positions in the array compared to a
conventional seismic array. In turn, this distribution of receiver-sources in the array may, in
embodiments of the present invention, provide for obtaining. information about the near
surface of the FEarth, determining array ge.ometry and position of array elements during a
seismic survey and/or the like. Similarly, in a marine seismic survey receiver-sources may be
distributed with other receivers in the seismic array. This may, in sorﬁe aspects, provide for
locating, receiver-sources in the seismic streamers/cables used in the marine seismic survey.
In embodiments of the present invention, in both the seismic and land seismic surveys using
receiver-sources, two seismic wavefields are produced in the Earth’s subsurface by the
seismic array, one seismic wavefield produced by the conventional seismic source (an airgun,
vibroseis device, hammer, marine vibrator system and/or the liké) and another seismic

‘wavefiled produced by the receiver-source(s).

[0070] In embodiments of the present invention, the locating of the source-receivers may
be used as a QA/QC tool for verifying receiver locations or as a surveying tool to uniquely
identify each receiver/source location when other surveying tools are not available or not
adequate. In some embodiments, the locating of receivers using the éource—receivers may be
-used in real-time to verify the receiver locations or to determine the receiver locations for the
first time, which may save the time and effort in determining the receiver locations. In some
cases, a receiver (e.g. 1131) may contain several sensors/receivers (e.g. sensors 1117, 1118
and 1119). In some embodiments of the present invention, in addition to determining the

positions of each sensor/receiver, the relative positions or orientations of sensors (e.g. sensors
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1117, 1118 and 1119) the orientation of sensors within a receiver (e.g. receiver 1131
comprises three sensors 1117, 1118 and 1119) may be determined. In aspects of the present
invention, the determination of orientation/location of individual sensors in a receiver
provides that the orientation of the multi-sensor receiver (e.g. the orientation of receiver

1131) 'may itself be determined.

[0071] In embodiments of the present invention, the driving signal or signal sequence
applied to the receiver-sources may be a random or a pseﬁdo-random sequence as illustrated
in Figs. 6a or 7a. In aspects of the present invention, the sequence may be a time sequence
601 (random time interval) as in Fig. 6a, or an amplitude sequence (random amplitude) as in
Fig. 7a. The signal sequence may also be any other sequences, e.g. orthogonal sequences that
 are orthogonal between each other and the regular seismic survey. Furthermore, the sequence

may have multiple dimensions in space and/or time as in Fig. 11a.

[0072] In embodiments of the present invention, the driving signals to the receiver-
sources may comprise selective frequency ranges, such as low frequencies of 0-5 Hz, high ,
frequencies, and/or a particular band selected/determined for studying certain types of near-
surface structures of the Earth. In an embodiment of the present invention, the driving signal
applied to the receiver-sources is selected so thzit the receiver-sources produce signals with
frequency ranges that provide for bisolating data generated by the receiver-sources from the

regular seismic data generated by the regular sources in the seismic array.

[0073] In embodiments of the present invention, the driving signals to the receiver-
sources may have a desired wavelet signature to create a source, the receiver-source, that
produces such a wavelet signature (e.g. a non-impulse source). For example, in aspects of the
present invention, the drive signal applied to the receiver-source produces a shaped source
spectrum by varying the repetition rate of the impulses emitted by the receiver-source (a

geophone etc.). ' \

[0074] In embodiments of the present invention,, the receiver-sources may be regular
receivers, which are inverted to become sources only temporarily. In these embodiments, the
seismic.receivers have dual uses: as a seismic receiver when the receiver is not being driven
and as a seismic source when the receiver is being driven. In some embodiments of the
present invention, a receiver, such as a geophone, may be permanently converted to serve as a

2 . 3 3 . * .
seismic or a “mini-seismic source.” In such cases, seismic source is dedicated and optimized
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to be a source, rather than as a recording device. Such seismic sources may have different
electro-mechanical components than regular seismic receivers that may, for example,
withstand higher activation electric power and generate more seismic energy. In
embodiments of the present invention, the “mini-seismic sources” may be dcployed together
with regular receivers as part of the seismic spread/array. One such mini-seismic source may

be a small electromagnetic vibrator that may be used in the seismic spread/array.

[0075] While cross-correlation is a simple method to produce the resulting data as in Fig.
8 among others, it is not the only choice to process the data acquired from receiver-sources.
In embodiments of the present invention, other methods, such as for example de-convolution

methods, may be used to produce impulsive data from such receiver-sources.

[0076] Some embodiments of the present invention for using receiver-sources in a
seismic survey are illustrated in Figure. 12. The illustrated method 1200 may proceed as

follows:

during a seismic survey, activating a seismic source to create a first seismic wave
1210, wherein the seismic survey comprises using a seismic array comprising one or more
seismic sources and a plurality of seismic receivers to determine properties of a section of a

subsurface of the Earth;
receiving the first seismic wave using the plurality of seismic receivers 1220;

within the seismic survey receiver array, selecting one or more receivers as a

receiver-source 1230;

driving the selected receiver-source with a signal according to a sequence to

create a second seismic wave 1240; and .
receiving the second seismic wave using the plurality of receivers 1250.

[0077] In some embodiments of the present invention,, the receiver-source is driven with
a sequence or an encoded sequence. The second seismic wave measurement may be obtained
by decoding with the encoded sequence. In embodiments of the present invention, The
second seismic wave measurement may reveal characteristics/properties of the Earth
structure, e.g. near-surface structure, properties of the receiver array, e.g. receiyer logations,

and/or the like. The activating of a regular seismic source is for performing the regular
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seismic survey for acquiring seismic data of the subsurface Earth. In some cases where only
the near-surface structure of the Earth is of interest, then the regular seismic sources may not
be needed. In such embodiments, only the receiver-sources are used and the method 1200 is

simplified.

[0078] The method 1200 may include more operations, for example, the signal that drives
~ the receiver-source may be amplified to increase the energy output of the created seismic
wave. In some embodiments of the present invention, the receiver-source may be driven by a

drive sequence or a related sequence to form a desired wavefront.

[0079] In embodiments of the present invention, the near-surface dataset may be used for
extracting near-surface properties, such as velocity maps, static profiles, near-surface
reflections and structural details. Images of such structures in the Earth may then be created

from the dataset.

[0080] In embodiments of the present invention, to obtain deeper proﬁhng, long source
functions and dedicated efficient sources may be used. Such dedicated sources may have the
same mechanics as conventional seismic receivers, but such dedicated sources may be

designed to create seismic waves rather than to receive seismic waves.

[0081] As those with skill in the art will understand, one or more of the steps of methods
discussed above may be combined and/or the order of some operations may be changed.
Further, some operations in methods may be combined with aspects of other example
embodiments disclosed herein, and/or the order of some operations may be changed. The
process of measurement, its interpretation, and actions taken by operators may be done in an
iterative fashion; this concept is applicable to the methods discussed herein. Finally, portions
of methods may be performed by any suitable techniques, including on an automated or semi-

automated basis on computing system 1300 in Fig. 13.

[0082] Portions of methods described above may be implemented in a computer system
1300, one of which is shown in Figure 13. The system computer 1330 may be in
communication with disk storage devices 1329, 1331, 1333 and 1335, which may be external
hard disk storage devices and measurement sensors (not shown). It is contemplated that disk
storage devices 1329, 1331, 1333 and 1335 are conventional hard disk drives, and as such,

may be implemented by way of a local area network or by remote access. While disk storage

-20-



WO 2013/076572 v PCT/1IB2012/002490

devices are illustrated as separate devices, a single disk storage device may be used to store

any and all of the program instructions, measurement data, and results as desired.

[0083] In one implementation, real-time data from the receivers may be stored in disk
storage device 1331. Various non-real-time data from different sources may be stored in disk
storage device 1333. The system computer 1330 may retrieve the appropriate data from the
disk storage devices 1331 or 1333 to process data according to program instructions that
correspond to implementations of . various techniques described herein. The program
instructions may be written in a computer programming language, such as C++, Java and the
like. The program instructions may be stored in a computer-readable medium, such as
program disk storage device 1335. Such computer-readable media m.ay include computer
storage media. Computer storage media may include volatile and non-volatile media, and
removable and non-removable media implemented in any method or technology for storage
of information, such as computer-readable instructions, data structures, program modules or
other data. Computer storage media rhay further include RAM, ROM, erasable
programmable read—only memory (EPROM), electrically ‘erasable prograinmable' read-only
memory’ (EEPROM), flash memory or other solid state memory technology, CD-ROM,
digital versatile disks (DVD), or other optical storage, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or any other medium which can be
used to store the desired information and which can be accessed by the system computer
1330. Combinations of any of the above may also be included within the scope of computer

readable media.

[0084] In one implementation, the system computer 1330 may present output primarily
onto graphics display 1327, or via printer (not shown). The system computer 1330 may store
the results of the methods described above on disk storage 1329, for later use and further
analysis. The keyboard 1326 and the pointing device (e.g., a mouse, trackball, or the like)

1325 may be provided with the system computer 1330 to enable interactive operation.

[0085] The system computer 1330 may be located on-site, e.g. as part of processing unit 140
in the record truck 105 as in Fig. 1 or at a data center remote from the field. The system
computer 1330 may be in communication with equipment on site to receive data of various

measurements via network interface 1324.

21-



WO 2013/076572 ‘ PCT/1IB2012/002490

[0086] Although only a few example embodiments have been described in detail above,
those skilled in the art will readily appreciate that many modifications are possible in the
example embodiments without materially departing from this invention. Accordingly, all
such modifications are intended to be included within the scope of this disclosure as defined
in the following claims. In the claims, means-plus-function clauses are intended to cover the
structures described herein as performing the recited function and not only structural
equivalents, but also equivalent structures. Thus, although a nail and a screw may not be
structural equivalenté in that a nail employs a cylindrical surface to secure wooden parts
together, whereas a screw employs a helical surface, in the environment of fastening wooden
parts, a nail and a screw may be equivalent structures. It is the express intention of the
applicant not to invoke 35 U.S.C. § 112, paragraph 6 for any limitations of any of the claims
herein, except for those in which the claim expressly uses ‘the words ‘means for’ together

with an associated function.
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WHAT IS CLAIMED IS:

1. A method for using one or more seismic receivers in a seismic array as a
receiver-source in a seismic survey, wherein the seismic array comprises a plurality of the
seismic receivers, the method comprising;:

driving a set comprising one or more of the receiver-sources to producé a seismic
signal in the Earth;

using at least one of the seismic receivers in the seismic array not being used as a
receiver-source to receive seismic data generated by the seismic signal, wherein the seismic
data may comprise at least one of the seismic signal and reflections of the seismic signal from
a section of a subsurface of the Earth; and |

using the received seismic data to determine at least one of properties of the
section of the subsurface of the Earth and a location of at least one of the seismic receivers in

the seismic array.

2. The method as provided in claim 1, wherein at least one of the one or more

receiver-sources is used as a seismic receiver in the seismic survey.

3. The method as provided in claim 1, wherein the section of the subsurface of

the Earth comprises a near-surface structure of the Earth.

4. The method as provided in claim 1, wherein:

using at least one of the seismic receivers in the seismic array not being used as a
receiver-source to receive seismic data generated by the seismic signal comprises using a first
seismic receiver to receive a first set of seismic data and using a second seismic receiver to
receive a second set of seismic data; and ,

using the received seismic data to determine the location of at least one of the
seismic receivers in the seismic array comprises processing the first and the second set of the

seismic data to determine the location of the least one of the seismic receivers.

5. The method as provided in claim 1, wherein:
driving the set comprising one or more of the receiver-sources to produce the

seismic signal in the Earth comprises driving a first receiver-source in the set of one or more
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of the receiver-sources to produce a first seismic signal and driving a second receiver-source
in the set of one or more of the receiver-sources to produce a second seismic signal;
| using at least one of the seismic receivers in the seismic array not being used as
the receiver-source to receive seismic data generated by the seismic signal comprises using
one or more of the seismic receivers in the seismic array not being used as a receiver-source
to receive a first set of seismic data generated by the first seismic signal and using one or
more of the seismic receivers in the seismic array not being used as a second receiver-source
to receive a second set of seismic data genérated by the first seismic signal; and
determining positions of seismic receivers using the first and the second seismic

sets of seismic data.

6. The method as provided in claim 1, wherein at least one of the seismic

receivers comprises a multiple-sensor seismic receiver.

7. The method as provided in claim 1, wherein the seismic data is processed to

determining a position of each sensor within the multiple-sensor seismic receiver.

8. The method as provided 1, further comprising:
activating a seismic source to produce a source seismic signal in the Earth; and
using one or more of the seismic receivers to receive the source seismic data

generated by the source seismic signal.

9. The method as provided in claim 8, wherein using one or more of the seismic
receivers to receive the source seismic data generated by the source seismic signal comprises

using at least one of the receiver-sources to receive the source seismic data.
10. The method as provided as in claim 9, further comprising:
using at least one of the source seismic data and the seismic data to generate an

image of an interior section of the Earth.

11. The method as provided in claim 1, wherein the receiver-source comprises at

least one of a geophone, a hydrophone and an accelerometer.
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12. The method as provided in claim 1, wherein driving the set comprising one
or more of the receiver-sources to produce the seismic signal in the Earth comprises selecting

and driving at least one of the receiver-sources according to a sequence.

13. The method as provided in claim 12, further comprising:

activating a seismic source to produce a source seismic signal in the Earth;

using one or more of the seismic receivers to receive the source seismic data
generated by the source seismic signal; and

using the sequence to decode the source seismic data.

'14. The method as provided in claim 12, wherein the sequence comprises at least
one of a time sequence, an amplitude sequence, a frequency sequence and a spatial sequence

having two space dimensions and one time dimension.

15. The method as provided in clalm 1, wherem drlvmg the set comprlsmg one
or more of the receiver-sources to produce the seismic signal in the Barth comprises:
selecting a one of the seismic receivers to be a receiver-source; and

driving the selected receiver-source to create the seismic signal in the Earth.

16. The method as provided in claim 1, wherein driving the set comprising one
or more of the receiver-sources to produce the seismic signal in the Earth comprises:

selecting a plurality of the seismic receivers to be receiver-sources; and

driving the plurality of the selected receiver-sources according to a sequence to

produce the seismic signal.

17. The method as provided in claim 16, ‘wherein the sequence comprises a

sequence in two dimensions and in time.

18. The method as provided in claims 16 or 17, wherein the seismic signal
comprises one of a plane wave, a plane wave with an angled direction, a surface wave
converging towards a point inside the receiver array and a surface wave sweeping through the

receiver array.
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~19. The method as provided in claim 1, wherein the receiver-source is driven by |

a source signal generator.

20. The method as provided in claim 1, where the soufce signal generator is one

of a centralized source signal generator and a distributed source signal generator.

21. The method as provided in claim 18, wherein the source signal generator

comprises a power supplier and a digital-to-analog converter.

22. A seismic survey system, comprising:

a seismic source configured to generate source seismic waves in the ;Earth

a plurality of receiver-sources configured in use to generate receiver-source
seismic waves in the Earth, wherein the receiver-sources comprise seismic receivers
configured to be driven to produce the receiver-source seismic waves; and

a plurality of receivers configured to receive seismic waves, wherein the seisrrﬁc
waves comprise at least one of the source seismic waves, waves generated by interaction of
the source seismic waves with an intefior section of the Earth, the receiver-source seismic
waves and waves generated by interaction of the receiver-source seismic waves with the

interior section of the Earth.

23. The system of claim 22, wherein the receiver-sources are configured in use to
receive the source seismic waves and the waves generated by interaction of the source

seismic waves with the interior section of the Earth

24. The system of claim 22, further comprising:

a processor configured to process the seismic waves to determine at least one of
properties of the interior section of the Earth, an image of the interior section of the Earth, a
location of at least one of the plurality of receivers and a location of at least one of the

plurality of receiver-sources.

25. The system of claim 22, further comprising:
a controller configured to drive at least one of the receiver-sources to produce the

receiver-source seismic waves.
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26. The system of claim 22, wherein the controller drives a plurality of the

receiver-sources according to a sequence.

27. The system of claim 22, wherein at least one of the receiver-sources is

configured to operate in the same manner as the receivers and receive the seismic waves.

28. The system of claim 22, wherein the receiver-sources comprise at least one of -

a geophone, a hydrophone, an accelerometer and a combination thereof.

29. The system of claim 26, wherein the sequence comprises two dimensions in

space and one dimension in time.

30. The system of claim 26, wherein the sequence is configured to produce one
of a plane wave, an angled plane wave, a surface wave converging towards a point inside the

- receiver array and a surface wave sweeping through the receiver array.

31. The system of claim 26, wherein the controller comprises a source signal

generator.

32. The system of claim 22, wherein at least one of the receiver-sources
comprises at least one of a geophone, a hydrophone and an accelerometer that has been

adapted to function solely as a source.
33. The system of claim 22, wherein the plurality of receiver-sources comprise a

plurality of seismic sources configured to be driven in use in combination to produce a non-

point source seismic wavefield in the Earth.

27-



WO 2013/076572 PCT/1IB2012/002490

100 —y
105
|~ 115
1140
125y P 125

_ ,
120 e , :; « r é/mo
120 o - -4 1 12
@ L o
o Py | | 120
130 | .130.‘ 130 e
(1) 0 (0
A 120 A 120 120
S O
' 120 _ 120
@, / 120
120 120 120
Y 97 6
125 —r : 125 — 125'...3

110 —~

Fig. 1

1/10



WO 2013/076572 PCT/1IB2012/002490

| 220
200 -

270

250

230 N\
210

Fig. 2

320

2/10



WO 2013/076572 ‘ PCT/1IB2012/002490

450

430

Fig. 4a

402

462
465
470
480

Fig. 4b

3/10



WO 2013/076572 PCT/1IB2012/002490

4/10



WO 2013/076572 PCT/1IB2012/002490

-Amplitude

400 500 600
Sampleno.

Fig. 6a

igc . L — S . . - » X . . i. ) [

Amplitude
e
7
3

P 4 R : Do Ak e TR T TR RIS )
80500 800 00 200 0200 400 800806 7500
Sample no.

Fig. 6b

&

g 2000~
0
giaass

4000

Htu

LI

[

25"
Time [s}
Fig. 7a

707

Lags]

Fig. 7b

5/10



WO 2013/076572 PCT/1IB2012/002490

0 5 10

0 5 10
X [m]
Fig. 9 .

6/10



WO 2013/076572 PCT/1IB2012/002490

7/10



WO 2013/076572

% A AAAAAAA

| 'r—1123

Yo Ak A AAAAA

8/10

PCT/1IB2012/002490



WO 2013/076572

1200

PCT/1IB2012/002490

Activating the source to create
a first seismic wave

1210

receiving the first seismic wave
by receivers

——— 1220

selecting a receiver as a

receiver-source

1230

driving the selected receiver-
source with a signal according
to a sequence to create a
second seismic wave

1240

receiving the second seismic
wave receivers except the
receiver-source .

1250

Fig. 12

9/10



WO 2013/076572 PCT/1IB2012/002490

1300

1335 1333 1331
» 1330 1329
-— —I—Cj
1324 l
TTETELFTTT T TF= :
SdddaNagaadnnt
m,‘rlijﬂ [T [=
oo lnleuu
N < ~— 1325
1326 |

1327

Fig. 13

10/10



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings

