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PROVIDING AN ELECTROMAGNETIC SOURCE ARRAY
HAVING A PLURALITY OF ELECTRODES

BACKGROUND

{00011 Electromagnetic (EM) techniques can be used to perform surveys of
subterranean structures for identifying elements of interest. Examples of elements of
interest in a subterranean structure include hydrocarbon-bearing reservoirs, gas injection

zones, thin carbonate or salt layers, and fresh-water aquifers.

{0002} One type of EM survey technique is the controlled source electromagnetic
(CSEM) survey technique, in which an EM transmitter, called a “source,” is used to
generate EM signals. Surveying units, called “receivers,” are deployed within an area of
interest to make measurements from which information about the subterranean struciure
can be derived. The EM receivers may include a number of sensing elements for

detecting any combination of electric fields, electric currents, and/or maguaetic fields.

(00037 Traditionally, an EM source is implemented with two electrodes, one
mounted on the front and one mounted on the aft of an antenna. The two electrodes of
the EM source are connected to the “+” and “-” terminals of a power source system.
However, this traditional arrangement of an EM source does not provide flexibility,

particularly in marine survey applications.
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SUMMARY

[0004] In general, according to an embodiment, a method of performing surveying
of a subterranean structure includes providing an electromagnetic (EM) source array
having a plurality of electrodes, and dynamically activating different subsets of the
plurality of electrodes to provide corresponding EM radiation patterns to survey the

subterranean structure,

10005} Other or alternative features will become apparent from the following

description, from the drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

{00061 Fig. 1 is a schematic diagram of a marine survey arrangement that includes

an electromagnetic (EM) source array according to an embodiment;

{0007} Fig. 2A is a schematic diagram illustrating connection of a power supply to

the EM source array, according to an embodiment;

{0008] Figs. 2B and 2C are timing diagrams of EM source waveforms useable with

the EM source array according to some embodiments;

{0009] Fig. 3 is a schematic diagram of an EM source array having dynamically

activatable electrodes, according to an alternative embodiment;

[0010] Figs. 4-5 illustrate example EM source arrays to provide specific marine

survey applications, according to some embodiments;

(0011} Fig. 6 is a block diagram of an exemplary controller that is able to control

dynamic activation of electrodes in an EM source array according o an embodiment.

]
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DETAILED DESCRIPTION

[06012] In the following description, numerous details are set forth to provide an
understanding of the present invention. However, it will be understood by those skilled
in the art that the present invention may be practiced without these details and that

numerous variations or modifications from the described embodiments are possible.

10013} In accordance to some embodiments, to perform a survey of a subterranean
structure, an electromagnetic (EM) source array is provided that has multiple (greater
than two) electrodes. In some embodiments, the survey is performed in a marine
environment, in which the EM source array is deployed in a body of water to produce
source EM signals to survey a subterranean structure underneath the body of water.
Although reference is made to performing marine survey operations in this discussion, it
is noted that EM source arrays according to some embodiments can also be used in land-

based surveying.

{0014] Different subsets of the multiple electrodes can be dynamically activated to
provide corresponding different EM radiation patterns to survey the subterranean
structure. Each of the electrodes on the EM source array can be activated or deactivated
at will, either by a human or by an automated system {e.g., a computer programmed to
autonomously decide which electrodes to activate and which to deactivate). The
automated system can dynamically select different subsets of electrodes to activate and
deactivate based on various inputs (and predefined criteria). The decision can be based
on inputs relating to the positions of electrodes, cable direction, navigation information,

cable angle, and/or other information.

{0015} By being able to dynamically control the EM radiation pattern produced by
the EM source array according to some embodiments, several applications can be
provided. In a first application, even though the EM source array is towed through a
body of water and moving at a certain velocity, dynamic activation of different subsets of

the multiple electrodes of the EM source array can allow the EM source array to produce
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a radiation pattern that is fixed in space for a given time interval, even though the EM

source array is moving.

[0016] In another application, the EM source array can be dropped to the water
bottom surface (e.g., sea floor) of the marine environment to provide a fixed position of
the EM source array. By being able to dynamically activate different subsets of
electrodes in the EM source array, the EM radiation patterns produced by the EM source
array can be made to appear to be produced by a moving source array even though the

source array is fixed in position.

{0017} In yet another application, the EM source array can include multiple antenna
sections that can be angled with respect to each other. By controlling which of the
electrodes of the EM source array are activated, a radiation pattern with a vertical
component or a horizontal component in the cross-line direction can be produced,
which is not possible with a traditional EM source array that has just two electrodes

towed to move in a horizontal direction.

{0018] Although several example applications are described, it is contemplated that

other applications of the EM source array according to some embodiments are possible.

{0019} Fig. 1 illustrates an exemplary marine survey arrangement that includes a
marine vessel 102 provided on a surface 104 of a body of water 106. An umbilical cable
108 is attached to the marine vessel 102, and is used to tow an assembly 110 that includes
a control unit 112 and an EM source array 114. The EM source array 114 includes
multiple EM electrodes 116 arranged along the axial (longitudinal) length of the EM
source array 114. In one example, the EM source array 114 can be in the form of a cable
on which are mounted the electrodes 116. In other implementations, the EM source array
114 can have other configurations. In some examples, the number of electrodes 116
provided in the source array 114 can be between 4 and 60, although other numbers of

electrodes can be used in other implementations.
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(00201 The electrodes 116 can be spaced apart uniformly or non-uniformly along
the axial length of the source array 114. An EM electrode can be formed of an

electrically conductive material such copper.

{0021} The control unit 112 is an electronic unit that is designed to be provided in
the body of water 106. The control unit 112 provides power to the electronic devices of
the source array 114, and communicates signaling with the electronic devices of the
source array 114. Examples of electronic devices include the electrodes 116, navigation
devices (e.g., birds to control the movement of the source array 114), compasses, pressure
sensors, temperature sensors, conductivity sensors, and so forth. Also, the source array
114 can be provided with buoyancy elements to maintain the vertical position of the

source array 114 in the body of water 106.

[0022] The control unit 112 converts the main power fed from the marine vessel
102 (through the umbilical cable 108) into a target waveform signal. Also, in accordance
with some embodiments, the control unit 112 selects which of the electrodes 116 to
activate and deactivate, such that different subsets of the electrodes 116 can be activated

to produce corresponding EM radiation patterns.

[0023] Although not shown, the marine vessel 102 can also tow a cable that has EM
receivers that are employed to detect EM signals affected by a subterranean structure 120
underneath a marine bottom surface 122 {(e.g., sea floor). The subterranean structure 120
includes at least one subterranean element 124 of interest {e.g., a reservoir, a gas injection
zone, a thin carbonate or salt layer, a fresh-water aquifer, and so forth). The EM signals
affected by the subterranean structure 120 including the subterranean element 124 are
detected by the EM receivers. The measurement data from the EM receivers are

processed to characterize the content of the subterranean structure 120.

(0024} Fig. 2A illustrates components of the control unit 112 used for activation of
the electrodes of the source array 114. The control unit 112 includes a power supply 202

that has a + output terminal 204 and a - output terminal 206. Different sets 208A, 208B,

LV 1)
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208C, 208D, and 208E of contact terminals are provided, where each set of contact
terminals is for connection to a corresponding electrode. Thus, in the example of Fig.
2A, the first set 208A of contact terminals is for connection to electrode 116A, the second
set 2088 of contact terminals is for connection to electrode 116B, the third set Z08C of
contact terminals is for connection to electrode 116C, the fourth set 208D of contact pins
is for connection to electrode 116D, and the fifth set 208E of contact terminals is for

connection to electrode 116E.

[0025] Each set 208A-208E of contact terminals is associated with a switch to
selectively connect one of the contact terminals in the set to the corresponding electrode.
Each set of contact terminals includes three contact terminals. In Fig. 2A, the contact
terminals are represented by little circles. The upper contact terminal in the set is
connected to the + output terminal 204 of the power supply 202, while the lower contact
terminal in the set is connecied to the — output terminal 206 of the power supply 202.
The + output terminal 204 of the power supply 202 provides a positive voltage, while the
- output terminal 206 of the power supply 202 provides a negative voltage. The middle

contact terminal of each set is not connected and provides an off position.

{0026} The switch of each set is considered to be in the on-positive state if the
switch is connected to the + output terminal 204 of the power supply 202; the switch is in
the on-negative state if the switch is connected to the — output terminal 206 of the power
supply 202, and the switch is in the off state if the swiich is connected to the middle
contact terminal. Depending on the position of the switch in each of the sets 208A-208E,
the corresponding electrode 116A-116E is connected to one of the positive voltage, an off

state, or the negative voltage.

{0027} In the example of Fig. 2, the electrodes 116A and 116B are connected to the
contact termminals in sets 208A and 208B that are connected to the — output of the power

supply 202, while the electrodes 116D and 116E are connected to contact terminals of
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sets 208D and 208E that are connected to the + output of the power supply 202. The

electrode 116C is connected to the middle contact terminal of set 208C,

{0028] The switching between the on-positive state, on-negative state, and off state
is governed by the desired CSEM waveform. Fig. 2B shows a waveform 250 that is a
square waveform that varies between a positive voltage and a negative voltage to provide
a square waveform, Fig. 2C, on the other hand, shows a waveform 252 that has three
possible states: a positive voltage state, an off state, and a negative voltage state. The
waveform that is used depends on the desired application. Each electrode shown in Fig.
2A is controlled to produce one of the waveforms shown in Fig. 2B or Fig. 2C, or another

waveform.

{00297 Note that if a particular electrode is to be deactivated, then the switch of the
corresponding set of contact terminals is set to be fixed at the off state. For example, in
Fig. 2A, the elecirode 116C can be the electrode that is maintained in the off state, since
the switch in the set 208C of contact terminals is actuated to be connected to the middle
contact terminal. The selection of which of the electrodes are to be activated or

deactivated can be controlled by a human or by an automated system such as a computer.

{0030} Fig. 3 illustrates a source array 300 according to a different embodiment that
has multiple antenna sections 302 and 304, which are angled with respect to each other.
In one embodiment, the antenna section 302 can be part of the umbilical cable 108 shown
in Fig. 1. In an alternative embodiment, the antenna section 302 can be separate from
(but attached to) the umbilical cable 108. Although just two antenna sections are shown
in Fig. 3, it is noted that additional antenna sections can be provided in other

implementations.

{0031} The antenna section 302 has a first set of electrodes 306, and the antenna
section 304 has a second set of electrodes 308 and a third set of electrodes 310. Each of
the electrodes 306, 308, and 310 is connected by a corresponding wire (represented by

the dashed lines in Fig. 3 to the control unit 112).
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{0032} In the example arrangement of Fig. 3, it is assumed that one of the
electrodes 308 in the second set is connected to a positive voltage, while one of the
electrodes 306 in the first set and one of the electrodes 310 in the third set are connected
to a negative voltage. As a result, an electrical dipole 312 is developed between the
activated electrode 308 and the activated electrode 310, while another electric dipole 314
is established between the activated electrode 308 and the activated electrode 306. An
electric dipole is a separation of positive and negative charge. Note that the dipole 312 is

generally in the horizontal direction, while the dipole 314 is in the diagonal direction.

[0033] Because of the presence of dipoles 312 and 314 in different directions, an
effective dipole 316 that is a summation of the dipoles 312 and 314 is developed. Note
that in the example of Fig. 3, the effective dipole 316 extends in a vertical direction—this
dipole 316 can be referred to as a pseudo-vertical dipole because the EM source array is
composed of two dipoles neither of which is truly vertical. By activating more or less
electrodes in the antenna sections 302 and 304, the precise radiation pattern (vector sum)

¢an be tuned.

{0034} By using the arrangement of Fig. 3, an effective vertical source can be
provided, which can also be towed by a marine vessel in a marine survey arrangement.

Typically, a vertical source cannot be towed.

{0035] Although reference is made to activating just one electrode in each of the
three sets of electrodes shown in Fig. 3, it is noted that is also possible to activate more

than one electrode in each of the sets of electrodes.

{0036} Fig. 4 illustrates a technique for producing a virtual stationary EM radiation
pattern even though the source array 114 is being moved in a horizontal direction {(such
as due to the source array 114 being towed by the marine vessel 102 of Fig. 1). Fig. 4
shows four positions of the source array 114 over time (as represented by a time axis
402). Initially, in position 1, electrodes 116_1 and 116_5 are activated (and the other

electrodes of the source array 114 are deactivated) to produce a dipole between the source



WO 2012/082559 PCT/US2011/064177

electrodes 116_1 and 116_5. Subsequently, when the source array 114 has moved to
position 2, electrodes 116_2 and 116_6 are activated, while the electrodes are
deactivated. Note that due to movement of the source array 114, the positions of source
electrodes 116_2 and 116_6 when the source array 114 is at position 2 are generally the
same as the positions of corresponding electrodes 116_1 and 116_5 when the source
array 114 was at position 1. Thus, the dipole developed between source electrodes 116_2
and 116_6 (when the source array 114 is at position 2) has the same radiation patfern as
that produced by source electrodes 116_1 and 116_5 (when the source array 114 was at

position 1).

{0037} Subsequently, when the source array 114 has been moved to position 3,
source electrodes 116_3 and 116_7 are activated, while the remaining source electrodes
are deactivated. Again, the positions of source electrodes 116_3 and 116_7 when the
source array is at position 3, corresponds to the positions of electrodes 116_1 and 116_5
when the source array 114 was at position 1. Next, when the source array 114 has been
moved to position 4, source electrodes 116_4 and 116_8 are activated, while the other

electrodes are deactivated.

[0038] In this way, successive subsets of electrodes activated at different times are
generally located at a target location. As a result, motion correction to correct for
movement of the source array 114 is provided such that the subterranean structure being
surveyed is exposed to substantially the same radiation pattern even though the source

array 114 is moving.

(00391 Fig. 5 shows another mode of operation, in which the source array 114 is
dropped to the water bottom surface such that the source array 114 remains stationary.
This mode of operation is desirable to maintain a fixed position of the source array 114.
Not only is the position of the source array 114 maintained, but the pitch and yaw of the

source array 114 is also maintained for a relatively long period of time.

9
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[0040] Traditionally, for this mode of operation, if it is desired to provide EM
signals at different locations, the source array would have to be moved, which is a time
consuming and complex procedure. In accordance with some embodiments, by
providing a relatively large number of electrodes of the source array 114, different
subsets of these source electrodes can be activated to simulate movement of the source
array 114 (indicated by arrows 500) even though the source array 114 is physically

stationary.

[0041] Fig. 5 shows different subsets of source electrodes being activated over time
for a stationary source array 114. Initially, at time 1, source electrodes 116_10 and
116_12 are activated (while the other electrodes are deactivated) to provide a first dipole
at a first position. Later, at time 2, source electrode 116_12 is deactivated, and electrode
116_14 is activated, such that a dipole is developed across source electrodes 116_10 and

116_14. This provides a dipole at a second, different position.

{00423 Similarly, at times 3 and 4, further different subsets of electrodes are
activated—at time 3, electrodes 116_14 and 116_16 are activated, while at time 4

electrodes 116_16 and 116_18 are activated.

[0043] Fig. 6 shows a controller 602 that includes processing software 604 that can
perform various tasks according to some embodiments, including controlling which
subsets of electrodes to activate according to some embodiments. The processing

software 604 is executable on a processor 606, which is connected to a storage media
608.

[0044] The controller 602 may be deployed on the marine vessel 102 of Fig. 1, or
alternatively, the controller 602 may be deployed at a remote location on a land surface,
for example. The processing software 604 can autonomously decide, based on various
criteria and information pertaining to the source array 114 (such as the position of a
source array or other environment conditions)}, which subsets of electrodes in the source

array to activate to provide a desired EM radiation pattern for surveying a subterranean

10
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structure. In an alternative embodiment, the processing software 604 can provide a
graphical user interface (GUI) 610 to allow a user to manually select which subsets of the

electrodes of the source array to activate and deactivate.

[0045] Instructions of the processing software 604 are loaded for execution on the
processor 606. The processor includes microprocessors, microcontrollers, processor
modules or subsysiems (including one or more microprocessors or microcontrollers), or
other control or computing devices. As used here, a “processor” can refer to a single
component or to plural components {e.g., one or multiple CPUs in one or multiple

computers).

[0046] Data and instructions {of the software) are stored in respective storage
devices, which are implemented as one or more computer-readable or computer-usable
storage media. The storage media include different forms of memory including
semiconductor memory devices such as dynamic or static random access memories
(DRAMSs or SRAMGs), erasable and programmable read-only memories (EPROMs),
electrically erasable and programmable read-only memories (EEPROMs) and flash
memories; magnetic disks such as fixed, floppy and removable disks; other magnetic
media including tape; and optical media such as compact disks (CDs) or digital video
disks (DVDs).

[0047] In the foregoing description, numerous details are set forth to provide an
understanding of the present invention. However, it will be understood by those skilled
in the art that the present invention may be practiced without these details. While the
invention has been disclosed with respect to a limited number of embodiments, those
skilled in the art will appreciate numerous modifications and variations therefrom. It is
intended that the appended claims cover such modifications and variations as fall within

the true spirit and scope of the invention,

il
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What is claimed is:

1. A method of performing surveying of a subterranean structure,
comprising:

providing an electromagnetic (EM) source array having a plurality of electrodes;
and

dynamically activating different subsets of the plurality of electrodes to provide

corresponding EM radiation patterns to survey the subterranean structure.

2. The method of claim 1, where the surveying is marine surveying, the

method further comprising moving the EM source array through a body of water.

3. The method of claim 2, wherein dynamically activating the different
subsets of the plurality of electrodes is performed to correct for motion of the EM source

array such that a virtually stationary EM source array is provided.

4. The method of claim 3, wherein dynamically activating the different
subsets of the plurality of electrodes comprises incrementally activating successive
subsets of the electrodes over time such that the successive subsets at different times are

generally located at a target location.

5. The method of claim 1, wherein the EM source array is physically
stationary when performing the surveying, and
wherein dynamically activating the different subsets of the plurality of electrodes

causes virtual movement of the EM source array.

6. The method of claim §, wherein providing the EM source array comprises

dropping the EM source array to a water bottom surface.

12
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7. The method of claim 5, wherein dynamically activating the different
subsets of the plurality of electrodes causes production of radiation patterns from

successively different parts of the EM source array.

8. The method of claim 7, wherein the EM source array comprises a first
section having EM electrodes and a second section having EM electrodes, wherein the
first section has a non-zero angle with respect to the second section,

wherein dynamically activating the different subsets of the plurality of electrodes
comprises activating a first subset of the EM electrodes of the first section and a second
subset of the EM electrodes of the second section, and

wherein the first and second subsets of EM electrodes form an effective source

having a particular direction.

9. The method of claim &, wherein the particular direction is a vertical

direction.

10.  The method of claim 8, wherein a first dipole is formed between a first
activated EM electrode of the first section and a second activated EM electrode of the
second section, and wherein a second dipole is formed between the second activated EM

electrode and a third activated EM electrode of the second section.

11.  The method of claim 10, wherein the effective dipole is formed based on a

summation of the first and second dipoles.

12.  The method of claim 1, wherein dynamically activating the different

subsets of the plurality of EM electrodes is performed by a controller.

13



WO 2012/082559 PCT/US2011/064177

13.  The method of claim 12, wherein the dynamically activating is performed

by the controller in response to inputs regarding the source array.

14. The method of claim 12, wherein the dynamic activation of the different

subsets is based on manual user input.

I5.  An electromagnetic (EM) source array, comprising:
three or more elecirodes;
wherein different subsets of the electrodes are dynamically activatable to provide

corresponding EM radiation patterns to survey a subterranean structure.

16.  The EM source array of claim 15, further comprising a first antenna and a
second antenna, wherein at least one of the electrodes is provided on the first antenna,
and wherein at least two of the electrodes are provided on the second antenna, and

wherein the first and second antennas are angled with respect to each other.

17.  The EM source array of claim 16, wherein dynamic activation of the
different subsets of the electrodes causes at least two dipoles to be developed, wherein

the at least two dipoles are angled with respect to each other to form an effective dipole.

i8. The EM source array of claim 17, wherein the effective dipole extends

generally in a vertical direction.

19.  The EM source array of claim 15, wherein dynamic activation of the
different subsets of the electrodes provides virtual movement of a stationary EM source

array.

14
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20.  The EM source array of claim 15, wherein the dynamic activation of
different subsets of the electrodes provides a virtually stationary radiation pattern even

though the EM source array is moving.

21. A system comprising:

a controller; and

an electromagnetic (EM) source array having a plurality of electrodes, wherein
the controller is configured to dynamically activate different subsets of the plurality of
electrodes to provide corresponding EM radiation patterns to survey a subterranean

structure.
22.  The system of claim 21, further comprising a marine vessel, wherein the

controller is provided on the marine vessel, and wherein the marine vessel is configured

to tow the EM source array through a body of water.

5
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