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ranean structure.
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PROVIDING A TOW CABLE HAVING PLURAL ELECTROMAGNETIC
RECEIVERS AND ONE OR MORE ELECTROMAGNETIC SOURCES

BACKGROUND

[0001] Various eclectromagnetic techniques exist to perform surveys of a
subterrancan structure for identifying clements of interest. Examples of clements of
interest in the subterranean structure include subsurface resistive bodies, such as
hydrocarbon-bearing reservoirs, gas injection zones, thin carbonate or salt layers, and
fresh-water aquifers. One survey technique is the magnetotelluric (MT) survey technique
that employs time measurements of electric and magnetic ficlds (which are responsive to
naturally occurring clectromagnetic ficlds) for determining the clectrical conductivity
distribution beneath the surface. Another survey technique is the controlled source
clectromagnetic (CSEM) survey technique, in which an clectromagnetic transmitter,
called a “source,” is used to gencrate clectromagnetic signals. With cither survey
technique, surveying units, called “receivers,” are deployed on a surface (such as at the
sea floor or on land) within an area of interest to make measurements from which
information about the subterranean structure can be derived. The receivers may include a
number of sensors for detecting any combination of electric fields, electric currents, and

magnetic fields.

[0002] In marine environment CSEM surveys, modeling and acquisition studies
have shown that thin resistive targets in a subterranean structure, such as
hydrocarbon-bearing reservoirs, gas injection zones, thin carbonate or salt layers, fresh
water aquifers, and so forth, are more easily detectable when a CSEM source is
positioned close to the sea floor. In practice, the CSEM source is towed, or “flown,” as
close to the sea floor as conditions will allow. Typically, the CSEM source will be towed

between 30 to 50 meters above the sea floor.
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[0003] Usually, when performing CSEM surveying, EM receivers are placed on the
sea floor. An issuc associated with deploying EM receivers on the sea floor is that such
deployment is both labor and time-intensive. Also, after the surveying is completed,
retrieving or recovering the EM receivers from the sea floor is also a labor and
time-intensive process. Moreover, sea floor receivers tend to measure a total EM field
that contains the response of not only targets of interest, but also the response of sca

water, and in a shallow water environment, the response of air above the sea water.

SUMMARY

[0004] In one aspect, the invention relates to a marine cable system. The marine
cable system includes a tow cable, a plurality of electromagnetic (EM) sources coupled to
the tow cable, and a plurality of EM receivers coupled to the tow cable. The system is
configured for deployment in a body of water to perform marine EM surveying of a

subterranean structure.

[0005] In one aspect, the invention relates to a method of characterizing a
subsurface marine environment. The method includes deploying a surveying assembly in
a body of water; said surveying assembly comprising a tow cable, one or more streamers
coupled to the tow cable, a plurality of EM sources and a plurality of EM receivers
coupled to each streamer. The method also includes activating at least one of the EM
sources. The method also includes acquiring measurement data from the EM receivers in

response to activation of the at least one EM source.

[0006] In one aspect, the invention relates to a method of removing unwanted
signal components from a total electromagnetic field measured on a towed marine EM
system. The method includes providing an arrangement of a pair of EM receivers around
an EM source. The method also includes receiving measurement data at the pair of the

EM receivers in response to activation of the EM source. The method also includes
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calculating a bucking coefficient based on the measurement data, and removing an

unwanted signal component at the EM receivers based on the bucking coefficient.

[0007] Other or alternative features will become apparent from the following

description, from the drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figs. 1-5 illustrate various configurations in accordance with embodiments
of the present disclosure that include one or more tow cables coupled to streamers having

EM sources and EM receivers.

[0009] Figs. 6A and 6B arc graphs illustrating curves of amplitudes and phases of
vertical electric fields acquired using the configuration of Fig. 2 in accordance with one

or more embodiments of the present disclosure.

[0010] Figs. 7A and 7B are graphs illustrating normalized amplitudes and phases
based on curves in Figs. 6A and 6B, in accordance with one or more embodiments of the

present disclosure.

[0011] Fig. 8 is a graph showing curves that represent amplitudes of horizontal

electric fields in accordance with one or more embodiments of the present disclosure.

[0012] Fig. 9 is a block diagram of a computer including software configured in

accordance with one or more embodiments of the present disclosure.
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DETAILED DESCRIPTION

[0013] In the following description, numerous details are set forth to provide an
understanding of the present disclosure. However, it will be understood by those skilled
in the art that the present disclosure may be practiced without these details and that

numerous variations or modifications from the described embodiments are possible.

[0014] In accordance with some examples, a controlled source clectromagnetic
(CSEM) surveying technique uses EM receivers and one or more EM sources that are
mounted on a tow cable to survey a subterrancan structure. The tow cable is towed by a
sea vessel in a body of water. Techniques according to some examples provide the
ability to focus energy downwardly into the subterranecan structure of interest, and/or
reduce unwanted responses from the body of water and/or from the air above the body of
water. In some configurations, the tow cable includes multiple EM sources and multiple
EM reccivers. In other configurations, the tow cable includes a single EM source and
multiple EM receivers. In yet another configuration, multiple tow cables can be used,
with each tow cable having a combination of one or more EM sources and plural EM
receivers. The multiple tow cables can be towed by a single sea vessel, or by multiple

sea vessels.

[0015] Fig. 1 illustrates one example configuration that includes a tow cable 100
that has plural EM sources 102 and 104, along with plural EM receivers 106, 108, 110,
112,114,116, 118, and 120. The number of sources and/or receivers depicted in Fig. 1 is
provided for purposes of example, as different numbers of sources and/or receivers can
be used in other implementations. The tow cable 100 is towed by a sea vessel 124 at the
sca surface. The seca vessel 124 has a reel 126 from which the tow cable 100 can be

unwound for deployment into a body of water 127.

[0016] The sea vessel 124 can include a controller 129, which can be implemented
with a computer, to perform data processing on measurements collected by EM receivers.

Alternatively, the controller 129 can be located remotely, such as at a land location.
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[0017] The tow cable 100 also includes steering devices 122 arranged at various
positions along the tow cable. The steering devices 122 can also be referred to as
“steering fish.” The steering devices 122 are controllable to steer the tow cable 100 such
that the tow cable travels in a desired direction. Note the number of steering fish
employed may be dependent on the length of the tow cable and the desired degree of

accuracy to which the sensor positions are maintained.

[0018] The body of water 127 sits above a sea floor 128, under which is located a
subterrancan structure 130. In the example of Fig. 1, a resistive body 132 is located at
some depth below the sea floor 128, where the resistive body 132 can be a target body of
interest, such as a hydrocarbon-bearing reservoir, a fresh water aquifer, a gas injection
zone, a reservoir that contains methanchydrate deposits, a thin carbonate, or a
salt-bearing layer, and so forth. Note that plural resistive bodies may be present at

various depths in the subterrancan structure 130.

[0019] A towed marine cable system comprised of the arrangement of the sca
vessel 124 and the tow cable 100 enables EM measurements taken by the EM receivers
106-120 in response to EM signals generated by the EM sources 102 and 104. EM
signals generated by the EM sources 102 and 104 are affected by structures within the
subterrancan structure 130, such as by the resistive body 132. As a result, a signal
detected at an EM receiver mounted on the tow cable 100 is representative of such effect
on genecrated EM signals. Each EM receiver can include a sensor module that has
sensing elements to sense one or more of electric fields, electric currents, and magnetic
fields. In some cases, the sensing clements can be arranged to measure electric fields
and/or magnetic fields in multiple different axes, referred to as the x, y, and z axes, where
the x and y axes are the horizontal axes (generally parallel to the sea floor 128), and the z
axis is the vertical axis (genecrally parallel to the depth direction into the subterrancan

structure 130).
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[0020] Although reference is made to the horizontal and vertical orientations, it is
noted that such reference is made with respect to the arrangement depicted in the various
figures, where the sea floor 128 is assumed to be flat and has a perfectly horizontal
orientation. However, it is noted that in practical applications, the sea floor 128 will
usually have a non-planar surface, and in fact, can have some slope (or can even be
vertical). In such cases, the “horizontal” and “vertical” orientations are intended to refer

to relative orientations with respect to the non-horizontal sea floor.

[0021] Each EM source and/or receiver can be a single-component device (to emit
or receive an electric or magnetic field) up to a six-component device (with components
to emit or receive three electric and three magnetic ficlds), or any multi-component
device. The components of cach EM source or receiver can be excited at a number of

frequencies.

[0022] The EM sources 102 and 104 can be horizontal electric dipole transmitters.
In other implementations, other types of EM sources can be used, such as a horizontal
magnetic dipole transmitter. Also, non-dipole transmitters can be used in further

implementations.

[0023] In one example, the towed marine cable system can make EM measurements
continuously using different combinations of multiple EM sources and EM receivers on
the tow cable 100. Also, the source-receiver combinations can be optimized to maximize

the response at different depths or positions.

[0024] In the arrangement of Fig. 1, note that EM receivers 108, 110, and 112 are
positioned between EM sources 102 and 104. For EM receivers 108, 110, and 112, the
dipole moments of the EM sources 102 and 104 can be controlled such that horizontal
clectric fields at the EM receivers 108, 110, and 112 are substantially cancelled (except
for perturbations caused by two-dimensional or three-dimensional effects). As a result,
based on control of the dipole moments of the EM sources 102 and 104, the primary
electric field that is detected at cach of the EM receivers 108, 110, and 112 is a vertical
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clectric field. Note that vertical electric field data (corresponding to electric fields in the
z direction) is sensitive to resistive bodies at depth, whereas horizontal clectric fields are
not sensitive to resistive bodies at depth. The vertical electric field data can be analyzed
for different source separations to characterize conductivity changes with depth. Also,
EM receivers that can measure horizontal EM field data, such as the EM receivers 106,
114, 116, 118, and 120 outside the region of the tow cable 100 between the EM sources

102 and 104, can be used to characterize lateral changes.

[0025] Thus, in the arrangement of Fig. 1, the different combinations of EM
sources and receivers can include a first combination that has EM sources 102, 104, and
EM receivers 108, 110, 112 between the EM sources 102 and 104. A second
combination of EM sources and receivers includes EM sources 102, 104, and EM
receivers 106, 114, 116, 118, and 120 outside the region of the tow cable between the EM
sources 102 and 104. Other combinations of different EM sources and receivers can be
defined. The different combinations of sources and receivers are used to collect different
measurements that have different sensitivities (with some combinations being sensitive
primarily to presence of resistive bodies at depth, and other combinations being sensitive

to lateral changes).

[0026] Fig. 1 illustrates a relatively gencral configuration, where combinations of
EM sources and EM receivers in the general configuration can be set by a user to achieve
desired measurements. In a general sense, the source-receiver configuration, frequency
of operation, waveform, and post-acquisition data processing procedures can be designed
for cach survey secparately using an optimization process. The known geologic
parameters in the optimization process are the depth of sea water (including bathymetry)
and its electrical conductivity, the geometry of the geologic structure bencath the sea
floor, and the resistivity of various geologic structures. Note that these parameters are
based on pre-survey estimates, or may be in part determined using information from

seismic images and other geophysical data.
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[0027] A computer algorithm (which can be executed by the controller 129) can
compute the EM fields for various source positions, and searches through combinations
of sources and/or receivers to find the source/receiver configurations that produce the
largest scattered field at the receiver positions, or the largest incident field at the location
of the target body (e.g., body 132 in Fig. 1). A scattered EM field refers to the EM field
scattered from the subterranean structure 130 back up towards the EM receivers. Note in
this context, the term “scattered field” can represent cither the ficld with the target body
minus the field without the target body, or the ficld with the target body normalized by
the field without the target body. The algorithm may also be designed to focus energy at
different depths, thus providing the ability to combine the single measurements in

different configurations to provide a variety of different depth sensitivities.

[0028] Based on the output of the computer algorithm, the arrangement of EM
sources and EM receivers as in Fig. 1 can be defined to achieve desired depth sensitivities
and to provide focused energy at one or more depths in the subterrancan structure 130.
Also, the output of the computer algorithm allows for the frequency of operation, the

waveform, and post-acquisition data processing procedures to be defined.

[0029] Although the computer algorithm may employ many sources and a relatively
small number of receivers on the towed cable, in reality it may be more power efficient to
employ relatively many receivers and few sources. Such power cfficiency can be
accomplished by using the principle of reciprocity whereby sources are replaced by
receivers with the same polarization, and vice versa. In other words, an EM source can
be configured on an EM receiver by disabling the signal driving circuitry and instead

using the elements of the EM source to receive signals.

[0030] In addition, data may be collected in a single channel (data from all
receivers of the tow cable 100 being transmitted in the single channel and collected)
rather than building a complicated source-receiver system having multiple channels. The

collected data can be combined into the optimal configuration in a post-acquisition step.
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[0031] Another implementation of a tow cable with EM sources and receivers is
depicted in Fig. 2, which shows a tow cable 100A having an array (202) of EM receivers
202A, 202B, 202C, 202D, 202E positioned between three pairs of EM sources, including
a first pair 204 A, 204B, a second pair 206A, 206B, and a third pair 208A, 208B.

[0032] The EM receivers 202A-202E can be multi-component EM receivers that
are able to measure both electric and magnetic fields. In a different arrangement, some or
all of the EM receivers 202A-202E can be single-component EM receivers that measure

one of electric or magnetic ficlds.

[0033] In one implementation, the pairs of EM sources on the tow cable 100A are
successively activated to enable measurements to be taken by the EM receivers in the
array 202. For example, the first pair of EM sources 204A, 204B can be activated first,
while the other EM sources remain off. Subsequently, the first pair of EM sources 204 A,
204B is turned off, and the second pair of EM sources 206A, 206B is activated (while the
third pair of EM sources 208A, 208B remains off). Finally, the first and second pairs of
EM sources 204A, 204B, and 206A, 206B are turned off, while the third pair of EM
sources 208A, 208B is activated.

[0034] Thus, in the arrangement of Fig. 2, three source-receiver combinations are
provided, where a first combination includes EM sources 204A, 204B, and the EM
receivers 202A-202E; a second combination includes EM sources 206A, 206B, and EM
receivers 202A-202E; and the third combination includes EM sources 208A, 208B, and
EM receivers 202A-202E. The different pairs of EM sources allow for responses at

different depths in the subterranean structure 130 to be obtained.

[0035] Within each pair of EM sources, the dipole moments of the two EM sources
in the pair are opposed (in other words, the dipole moments are provided in opposite
directions such that the phases of the two EM sources are 180° out of phase). For
example, if the pair of EM sources 204A, 204B is activated, then the dipole moment of
EM source 204A is opposed to the dipole moment of EM source 204B. The electric
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current is thereby focused downwardly into the subterranean structure 130 such that the
EM fields measured by the center EM receiver 202C in the array 202 extend in the
vertical direction (z direction). The EM fields in the vertical direction have maximum
sensitivity to the presence of the resistive body 132 when no lateral heterogeneity is
present (in other words, variation in resistivity is assumed to be in a single direction, the z
direction). In the absence of lateral heterogencity, the EM fields measured at the EM
receiver 202C in the center of the array 202 of receivers is entirely vertical (extends in the
z direction). At the center position, the horizontal electric ficld (as well as the horizontal
magnetic field) is zero. If lateral heterogeneity is present (e.g., there are variations in two
or three dimensions), then perturbations due to such lateral heterogeneity will be detected

by horizontal EM fields measured by the EM receivers.

[0036] In a shallow water environment, the focusing effect (in the vertical
direction) is enhanced as the clectrical current cannot flow upwardly into the air above

the body of water 127.

[0037] In another implementation, instead of activating pairs of EM sources in a
sequence, more than two EM sources can be activated at one time in a weighted fashion.
Thus, generally, a plurality of EM sources are simultancously energized in a weighted
manner (e.g., the dipole moments of two sources are opposed) such that the clectric
current at the target location (e.g., resistive body 132) is along a predetermined direction
(e.g., vertical direction) that provides maximum sensitivity when no lateral heterogeneity

is present.

[0038] Measurements made by EM receivers (202A, 202B, 202D, 202E) symmetric
about the center receiver 202C can be combined to yield additional sensitivity to lateral
changes. Measurements of the vertical electric field by the center EM receiver 202C are
sensitive to changes with depth. As a result, by combining measurements of the vertical

clectric field with measurements of the horizontal electric and/or magnetic ficlds,

10
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sensitivity both to the lateral and depth extent of a subsurface target body can be

determined.

[0039] Mecasurements taken using the arrangement of Fig. 2 can also be used to
cancel or attenuate unwanted signal components, such as a signal component due to the
air-wave cffect. The air-wave effect is caused by an EM signal generated by an EM
source that follows a path extending upwardly from the EM source to the sea surface 103,
horizontally through the air, and then back downwardly through the body of water 127 to
a receiver. The signal component due to the air-wave effect (also referred to as a lateral
wave) is an undesirable signal component since such signal component does not contain
information relating to the subterrancan structure 130 being surveyed. The air-wave
effect is more pronounced in a shallow water environment. The vertical electric field E.
that is measured by the center EM receiver 202C is insensitive to the lateral wave. Also,
by using centralized measurements of E, (the electric ficld in the x direction along the
cable 100A), or by taking the difference between symmetric measurements of £, about
the center point, the lateral wave can be cancelled out. This latter computation is a
differentiating technique that is based on taking the difference of measurements by two or

more receivers to remove unwanted signals from the total measured signals.

[0040] In yet another implementation, instcad of arranging the EM receivers
between EM sources, the positions of the EM receivers and EM sources can be swapped
such that the EM sources arc located in an array between EM receivers. Due to
reciprocity, the same analysis for the arrangement where EM receivers are positioned

between EM sources applies.

[0041] Fig. 3 shows an alternative configuration that has a tow cable 100B on
which are mounted a single EM source 302 and multiple EM receivers, identified as Ry,
R21, Rz, Rsi, Ry, and Rs,.  This configuration is referred to as a receiver-bucking
configuration. The receivers are “paired-up” such that in cach pair there is a receiver

nearer the source and a receiver that is farther away from the source. The voltage

11
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measured by the receiver nearer the source is used to cancel, or “buck-out,” unwanted
signals in the far receiver. The unwanted signal can be the signal generated due to sea
water, due to the air-wave effect, and/or due to near-sea floor sediments. In one example,
consider receiver-pair R;; and Ry, as depicted in Fig. 3. If the receiver moment for the
two receivers are identical, then the data can be combined in the following manner:

Rl1=R —aR , where a (a bucking cocfficient) is a constant that is less than unity to
force R1 to zero for a predetermined condition.

[0042] Different combinations of sources and receivers can give different depth
penetrations.  Additional bucking measurements can be made by employing

R2=R,_ -DR, and R3=R_ —cR , where b and c are also bucking cocfficients. Due

31°
to the larger offset both from the source, and from each other, R2 and R3 progressively

sense deeper into the subterranean structure.

[0043] A variety of techniques can be used to calculate the bucking coefficients
(a,b, and ¢). One technique uses measurements collected with the array in a calibration
region of known structure away from the zone of interest. The calibration region can be a
region having a subterranean structure similar to the subterrancan structure being
surveyed, except that the subterrancan structure of the calibration region does not include
the resistive body 132. The coefficients are then calculated such that the bucked-
measurements R1, R2, R3 are zero in this region. Once the bucking coefficients have
been calculated based on measurements in the calibration region, the tow cable 100B can
be moved to the region being surveyed to take measurements. As a post-acquisition
processing step (either immediately as the data is being collected or sometime later), the
measurement data from the individual receivers can be combined as described above to
obtain R1, R2, R3. Non-zero values would then indicate the presence of structure (c.g.,

resistive body) that is different than that in the calibration region.

12
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[0044] A second technique of calculating the bucking coefficients involves an
adaptive-numerical processing procedure in which a 1D, 2D, or 3D numerical model is
created that includes known sca water conductivity as well as sea floor bathymetry. An
average sca floor conductivity is then assigned to the entire halfspace below the sca floor
128. In a post-acquisition step, the model response is then computed for the known
source-receiver geometry at each new cable position along the tow cable, and the bucking
coefficients are computed to cancel the ficlds as calculated from this numerical model.
The model allows the bucking coefficients to be computed without the presence of the
resistive body 132. Subsequently, the bucked fields measured by the receivers sense
conductivity differences between the true subsurface (the subterranean structure 130 with
the resistive body 132 present) and the uniform seabed conductivity of the model
(without any resistive body). This method has the advantage that it incorporates the
geometrical changes in source and receiver orientations, distance from sea floor, and

bathymetry as the tow cable changes positions.

[0045] Alternatively, the bucking can actually be built into the hardware such that
the moments of the individual receivers are manipulated and the results summed

clectronically as the measurements are collected rather than digitally at a later time.

[0046] Any of the above configurations can employ a multi-streamer configuration,
such as a dual-streamer configuration shown in Figs. 4 and 5 (where Fig. 4 is a side
perspective view and Fig. 5 is a top view). The dual-streamer configuration has two tow
cables 100C and 100D, where each tow cable 100C has two EM sources and a number of
EM reccivers (similar to the arrangement of EM sources and EM receivers depicted in
Fig. 1). The tow cable 100C includes EM sources 402, 404, and EM receivers, and the
tow cable 100D includes EM sources 406, 408, and EM receivers.

[0047] The benefit of the multi-streamer configuration is that it allows for
cross-line clectric sources and measurements. In other words, sources (e.g., sources 402,

406) that are located the same distance behind the sea vessel 124, but on different

13
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streamers, can be used to transmit current between the two cables. To achicve the
cross-line measurement, a signal source (such as a signal source on the sea vessel) can be
controlled to cause current to pass from onc tow cable to the other tow cable. Such
arrangement causes the dipole moment at cach of the pair of EM sources at the same
distance behind the sea vessel, but on different streamers, to be perpendicular to the
trajectory of the sea vessel. Because the cross-line data is less sensitive to thin resistors
at depth, the cross-line data can be used to better define background resistivities, which
can be compared to resistivity identified by inline data to enable detection of a
subterrancan structure. The inline data refers to data acquired based on passing current

through the EM sources inline with the tow cables.

[0048] Figs. 6A and 6B arc graphs illustrating simulations performed for the
configuration of Fig. 2. Fig. 6A plots the amplitude of the vertical clectric field (E7)
against distance from the center (represented as zero on the horizontal axis) of the array
202 between the EM sources. Curve 600 illustrates the response for a first distance
between EM sources (of a first pair), curve 602 illustrates the response for a second,
greater separation between EM sources (of a second pair), and curve 604 represents the
response for a third separation (greater than the second separation) between EM sources
(of a third pair). A box 606 underncath the graph of Fig. 6A indicates the horizontal
extent of the target body 132.

[0049] Fig. 6B plots the phase of E. as a function of distance from the center (zero)
of the array 202 between EM sources. Curves 610, 612, and 614 correspond to the three

different separations of EM sources discussed above for Fig. 6A.

[0050] Figs. 7A and 7B depict curves (620, 622, 624 in Fig. 7A and 630, 632, 634
in Fig. 7B) that represent normalized amplitudes and phases, respectively, as functions of
distance from center of array. Note that the amplitudes and phases are normalized to a
calculated amplitude and phase using a model. The curves 620, 622, and 624 represent

normalized amplitudes with increasing offset between sources, and the curves 630, 632,

14



WO 2010/080834 PCT/US2010/020258

and 634 represent normalized phases with increasing offset between sources. The curves
indicate that the system is more sensitive to the target body 132 with larger source

separations.

[0051] Fig. 8 shows curves that represent the £, amplitude as a function of distance
from the center (zero) of the array 202. Three curves 700, 702, and 704 are depicted to
represent different separations between EM sources. Note that the E, response peaks at
the edges of the target body, and approaches zero near the center, demonstrating how E,
is more sensitive to lateral changes, but is not sensitive to changes with depth when the

configuration of Fig. 2 is employed.

[0052] In the various examples discussed above, either frequency domain or time
domain analysis can be performed. In frequency domain analysis, the response at
different frequencies is determined in a data processing step. With time domain analysis,
however, the transient response is monitored, in which the EM source(s) are turned on
and then subsequently deactivated, with the response after deactivation of the EM
source(s) monitored to detect for presence of resistive bodies in a subterrancan structure.
A benefit of time domain transient analysis is that distances between sources on the tow

cable can be shortened as compared to distances for frequency domain analysis.

[0053] An alternative to building a measurement system that focuses the ficlds at a
specific target depth is to synthetically focus the data in a post-acquisition processing

step. One example method employs a lincarized form of the Lipman-Schwinger integral
equation governing the electric or magnetic field, (//(?,Z), which is governed by the

equation:
w(r.r) =y, (r.r) + [drg, (r /Oy, (r.r,), (Eq. 1)
where v, (;,Z) is the background field, Q(;) = 0'(;) -0, (;) is the conductivity of the

anomaly (e.g., resistive body 132), and 0'(;) is the conductivity distribution in the
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subterranean structure while o, (;) is the conductivity distribution in the background (in
the absence of the anomaly). The location of the observation point (receiver location) is
denoted by 7 while that of the source is denoted by Z The parameter 7 denotes a
location inside the anomaly. The function gb(;,;') is the Green function of the
background medium.

[0054] The electric or magnetic field g//(;,;s) is the measured clectric or magnetic

field by EM reccivers, which can be receivers in any of the arrangements discussed above

or in other arrangements. At a discrete number of measurements (M) corresponding to

different transmitter-receiver pairs [{7r.rs} ; i =1,...,M], the following is derived:

j dr'K (MO =m, i=1,.,M, (Eq. 2)
where
K,(") =g, (. W, (1)), and (Eq. 3)
m =y (r.r )=y, (1.7, (Eq. 4)
[0055] For the purpose of focusing the measurements, the above measurement

equation (Eq. 2) is multiplied by wl_K: (;) and summed over all weighted measurements,

where {w ,i=1..,M } is a set of weights to be determined later. The following is thus

obtained:

[dr G(r.O() = D(r), (Eq. 5)
where

G(r,r') = iwl_Ki ("MK, () =G (r,r), and (Eq. 6)

i=1

16



WO 2010/080834 PCT/US2010/020258

D(r) = Zwl_ml_K: ). (Eq. 7)

[0056] The weights {w i =1,..,M } are chosen such that G(r,7") is highly peaked
at r'=r, approximating a delta function. In other words:
G(r,r )~ S(r—r"). (Eq. 8)

[0057] By selecting the weights in this manner, the focused depth is the depth of the

anomaly (e.g., resistive body 132). In this case, the following is obtained:
- - M . —
O(r)~D(r)=Y wmK, (r). (Eq. 9)
i=l

[0058] Hence, in doing so, the measurements have been focused in software to
provide a direct estimate of Q(;), which is the conductivity of the anomaly (e.g., the
resistive body 132). The focusing is done by designing the weights {w ,i =1,...,M } such

that:
M _ « — _
DS WK (MK, (r)~S(r—r"). (Eq. 10)
i-1

[0059] Fig. 9 shows a computer 900 in which processing software 902 is executable
to perform any of the tasks discussed above. The processing software 902 is executable
on one or more central processing units (CPUs) 904, which is connected to a storage 906.
Results provided by the processing software 902 can be output to a display 908, or

alternatively, can be communicated over a network to a remote client for output.

[0060] Data and instructions (of the software) are stored in respective storage
devices (e.g., storage 906 in Fig. 9), which can be 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
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access memories (DRAMs or SRAMs), crasable and programmable read-only memories
(EPROMSs), clectrically 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).

[0061] While the present disclosure has been made with respect to a limited number
of embodiments, those skilled in the art, having the benefit of this disclosure, 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.
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What is claimed is:

1. A marine cable system, comprising:
a tow cable;
a plurality of electromagnetic (EM) sources coupled to the tow cable;
a plurality of EM receivers coupled to the tow cable;
wherein said system is configured for deployment in a body of water to perform

marine EM surveying of a subterranean structure.

2. The marine cable system according to claim 1, further comprising a streamer by
which the plurality of EM sources and the plurality of EM receivers are coupled to the

tow cable.

3. The marine cable system according to claim 1, wherein at least some of the EM

receivers are arranged between a pair of the EM sources.

4. The marine cable system according to claim 3,

wherein the at least some of the EM receivers arranged between the pair of EM sources

comprise an array of EM receivers including a center EM receiver configured to measure
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a vertical electric field, resulting in increased sensitivity to changes in depth in the
subterrancan structure; or

wherein the array of EM receivers include receivers on cither side of the center EM
receiver configured to measure a horizontal electromagnetic field, resulting in increased

sensitivity to lateral changes in the subterranean structure.

5. The marine cable system according to claim 1 or 4, wherein the EM sources of the
pair are driven to provide opposing dipole moments, thereby attenuating a horizontal

electromagnetic field at the center of the array.

6. The marine cable system according to claim 4, wherein the pair of EM sources

and the array of EM receivers are arranged so as to attenuate an air-wave effect.

7. The marine cable system according to claim 2, further comprising a second
streamer by which still further EM sources and EM receivers are coupled to the two
cable, wherein the EM sources on cach of the two streamers are arranged so as to provide
a dipole moment that is substantially perpendicular to a direction of motion of the two

streamers.

8. The marine cable system according to claim 7, wherein the EM receivers of the

streamer and the second streamer acquire cross-line data or in-line data in response to the
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EM sources providing said dipole moment that is substantially perpendicular to the

direction of motion of the two streamers.

9. The marine cable system according to claim 1, further comprising one or more

steering fish that maintain the position of the EM receivers.

10. A method of characterizing a subsurface marine environment, comprising:
deploying a surveying assembly in a body of water; said surveying assembly
comprising a tow cable, one or more streamers coupled to the tow cable, a
plurality of EM sources and a plurality of EM receivers coupled to each
streamer;
activating at least one of the EM sources; and
in response to activation of the at least one EM source, acquiring measurement

data from the EM receivers.

11.  The method according to claim 10, further comprising:
determining one or more bucking coefficients based on the received measurement
data; and attenuating one or more undesirable signal components with the

bucking coefficients at the EM receivers.
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12. The method according to claim 10, wherein the measurement data comprises at
least one of 1) measurement data surveyed in a calibration region lacking a target body of

interest, and 2) a model.

13.  The method according to claim 12, further comprising:
determining weighting for application to the measurement data; and
based on the weighting, focusing measurement of measurement data to a target

depth in a subsurface marine environment.

14. A method of removing unwanted signal components from a total electromagnetic
field measured on a towed marine EM system, comprising:
providing an arrangement of a pair of EM receivers around an EM source;
receiving measurement data at the pair of the EM receivers in response to
activation of the EM source;
calculating a bucking coefficient based on the measurement data; and
removing an unwanted signal component at the EM receivers based on the

bucking cocfficient.
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2 15.  The method as in claims 10 — 14 further comprising deploying a marine cable
3 system as in claims 1-9 for measuring EM fields.

4
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