Direct Resistivity Determination

Cross-Reference to Related Applications
[0001] This application claims priority to U.S. Provisional Application 62/212,234, filed

August 31, 2015, which is incorporated by reference.

Background
[0002] In the past few decades, the petroleum industry has invested heavily in the

development of marine survey techniques that yield knowledge of subterranean formations
beneath a body of water in order to find and extract valuable mineral resources, such as oil.
High-resolution images of a subterranean formation are helpful for quantitative interpretation
and improved reservoir monitoring. For a typical marine survey, a marine survey vessel tows
one or more sources below the sea surface and over a subterranean formation to be surveyed for
mineral deposits. Receivers may be located on or near the seafloor, on one or more streamers
towed by the marine survey vessel, or on one or more streamers towed by another vessel. The
marine survey vessel typically contains marine survey equipment, such as navigation control,
source control, receiver control, and recording equipment. The source control may cause the one
or more sources, which can be air guns, marine vibrators, electromagnetic sources, etc., to
produce signals at selected times. Each signal is essentially a wave called a wavefield that
travels down through the water and into the subterranean formation. At each interface between
different types of rock, a portion of the wavefield may be refracted, and another portion may be
reflected, which may include some scattering, back toward the body of water to propagate
toward the sea surface. The receivers thereby measure a wavefield that was initiated by the

actuation of the source.

Brief Description of the Drawings
[0003] Figure 1 illustrates an elevation or xz-plane view of marine surveying in which an

electric current is injected into a fluid volume by a dipole source for recording by

electromagnetic receivers.



[0004] Figure 2 shows estimated 1D resistivity profiles from an inversion and from
solving a boundary value problem according to at least one embodiment of the present disclosure
with two different values of background resistivity.

[0005] Figure 3 illustrates a diagram of a system for generating a resistivity profile for a
source directly from measured electromagnetic field data from a marine survey.

[0006] Figure 4 illustrates a diagram of a machine for generating a resistivity profile for a
source directly from measured electromagnetic field data from a marine survey.

[0007] Figure 5 illustrates a method flow diagram for generating a resistivity profile for a

source directly from measured electromagnetic field data from a marine survey.

Detailed Description

[0008] The present disclosure is related to generating a resistivity profile directly from
measured electromagnetic (EM) field data. The measured EM field data can be acquired from a
measured EM field. Some methods for generating a resistivity profile may require an iterative
computation modeling process, such as an inversion. This iterative process may take many hours
to yield a resistivity profile. It would be advantageous if a resistivity profile could be generated
directly from measured EM field data using a non-iterative computation modeling process, such
as an inversion. At least one embodiment of the present disclosure can generate a resistivity
profile directly from measured EM field data using a non-iterative computation modeling
process. That is, an inversion may not be required. In at least one instance, the resistivity profile
can be generated by applying a series of transformations to the measured EM field data.

[0009] It is to be understood the present disclosure is not limited to particular devices or
methods, which may, of course, vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodiments only, and is not intended to be
limiting. As used herein, the singular forms “a”, “an”, and “the” include singular and plural
referents unless the content clearly dictates otherwise. Furthermore, the word “may” is used
throughout this application in a permissive sense (i.e., having the potential to, being able to), not
in a mandatory sense (i.c., must). The term “include,” and derivations thereof, mean “including,
but not limited to.” The term “coupled” means directly or indirectly connected.

[0010] The figures herein follow a numbering convention in which the first digit or digits

correspond to the drawing figure number and the remaining digits identify an element or



component in the drawing. Similar elements or components between different figures may be
identified by the use of similar digits. As will be appreciated, elements shown in the various
embodiments herein can be added, exchanged, and/or eliminated so as to provide a number of
additional embodiments of the present disclosure. In addition, as will be appreciated, the
proportion and the relative scale of the elements provided in the figures are intended to illustrate
certain embodiments of the present invention, and should not be taken in a limiting sense.

[0011] Figure 1 illustrates an elevation or xz-plane 130 view of marine surveying in
which an electric current is injected into a fluid volume 108 a dipole source 126 for recording by
electromagnetic receivers 122. Processing and analysis of data from injecting the electric
current can be performed in order to help characterize the structures and distributions of features
and materials underlying the surface of the earth. For example, such processing can include
generating a resistivity profile directly from measured EM field data as described herein.

[0012] Figure 1 shows an example of a marine survey vessel 118 equipped to carry out
marine surveys. In particular, the marine survey vessel 118 can tow one or more streamers 120
(shown as one streamer for ease of illustration) generally located below the sea surface 109. The
streamers 120 can be long cables containing power and data-transmission lines, such as
electrical, optical fiber, etc., to which receivers may be coupled. In one type of marine survey,
each receiver, such as receiver 122, comprises an electromagnetic receiver that detects
electromagnetic energy within the water. In another type of marine survey, receivers on one or
more streamers 120, such as receiver 122, can be a combination of electromagnetic receivers and
seismic receives, such as hydrophones or geophone sensors, such that one or more streamers 120
can be used in both electromagnetic surveys and seismic surveys. The streamers 120 and the
marine survey vessel 118 can include sensing electronics and data-processing facilities that allow
receiver readings to be correlated with absolute positions on the sea surface and absolute three-
dimensional positions with respect to a three-dimensional coordinate system. In Figure 1, the
receivers along the streamers are shown to lie below the sea surface 109, with the receiver
positions correlated with overlying surface positions, such as a surface position 124 correlated
with the position of receiver 122. The marine survey vessel 118 can also tow one or more
sources 126 that produce signals as the marine survey vessel 118 and streamers 120 move across
the sea surface 109. Sources 126 and/or streamers 120 may also be towed by other vessels, or

may be otherwise disposed in fluid volume 108. For example, receivers may be located on ocean



bottom cables or nodes fixed at or near the surface 109, and sources 126 may also be disposed in
a nearly-fixed or fixed configuration.

[0013] Figure 1 shows the energy flux 112 and 116 (displayed as arrows) resulting from
the electric current injected by the dipole source 126 and a subsurface resistivity profile 110 from
an inversion (indicated by the shading). A change in the resistivity profile may indicate a change
in the geology of the subsurface. For example, the darker shading 114 surrounded by lighter
shading may be indicative of hydrocarbons in the subsurface.

[0014] A purpose of Controlled Source ElectroMagnetics (CSEM) may be to estimate the
subsurface resistivity from measured EM field data. In some instances, the resistivity may be
obtained by utilizing an inversion algorithm. The measured EM field data may be compared
with modeled EM field data given a resistivity model in an iterative procedure. For example, an
objective function may be iteratively minimized until the measured and modeled data difference
is lower than a threshold value. Some examples of iterative algorithms to minimize the objective
function include, but are not limited to, a regularized Gauss-Newton and various types of
conjugate gradient methods. Such algorithms may be time consuming when an inversion
algorithm is used for large sub-surface domains where a large amount of data is included. For
example, a long survey line 100 kilometers (km) long may take many hours to invert when using
a parallelized 2.5-dimensional inversion code. The computation time may be even greater for a
3-dimensional inversion of large subsurface domains. For example, a 100 km by 70 km survey
area may take many days on a computer cluster with several hundred processors. The inversion
results, as a consequence of high spatial data density from a receiver such as a towed sensor
cable (streamer) or ocean-bottom cable EM survey, may have high resolution and may be of
good quality. However, a disadvantage may be extensive computational time that may be
required. Inversions may also suffer from non-uniqueness and may be ill posed. An inversion
may lead to an objective function that is minimized to have several minima. Multiple inversion
results may yield the same good match between modeled and measured EM data. An ill posed
inversion may refer to an inversion that is unstable and may ultimately crash or fail. Therefore,
it may be necessary to regularize the objective function in order to stabilize the minimization.
Therefore, it can be useful to regularize the minimization algorithm to obtain a stable solution.
The solution can vary with the type of regularization as well as the minimization method itself.

According to at least one embodiment of the present disclosure, a resistivity profile for a



subsurface domain can be determined directly from measured EM field data from a marine
survey, without the utilization of an inversion algorithm.

[0015] According to at least one embodiment of the present disclosure, a resistivity
profile for a source position (or “shot points™) in a source array of source positions can be
determined directly from measured EM field data from a marine survey, without the utilization
of an inversion algorithm. A resistivity profile in depth can be generated from an explicit
expression, which can be derived from a series of transformations of measured EM field data.
The method can include a Hankel transformation of the measured EM field data resulting in an
ordinary differential equation (ODE) with a boundary condition at a measurement point such as a
measurement point along a towed streamer or an ocean-bottom cable. A boundary condition can
be a constraint used in solving a boundary value problem (BVP). The BVP can be a differential
equation together with one or more boundary conditions. The solution of this ODE is dependent
on the resistivity profile. However, a second transformation can be applied to the ODE resulting
in an integro-differential equation with a solution that is no longer dependent on the resistivity
profile.

[0016] An explicit expression for determining a resistivity profile for a source directly

from measured EM field data can be derived to:
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where p(z) is the marine environment resistivity as a function of the depth z below a receiver,
is the angular frequency of a source, g(z,7) is an EM field transformation function of the depth z
and the angular frequency @ (see expression (8) discussed below), 7 is an angular frequency
variable for integrating the EM field transformation function g over the angular frequency from
o to o, (the integration variable is changed from @ to 7 because w used at the start of the
integration), uo is the magnetic permeability of the marine environment, and i/ is the imaginary
unit. Expression (1) can be used to generate a resistivity profile for each shot point in an array of
shot points. Thus, the geometry of the sailing and/or survey pattern can be irrelevant because a
resistivity profile can be generated for each shot point.

[0017] Expression (1) can be derived by starting from a vector potential A = (4,,0,4;) for
a horizontal electric current dipole source in the x-direction (the horizontal direction in-line with

the dipole source). The dipole source can be a pair of electrodes used to inject an electric current



into a body of water. The electric current may interact with the structure of the marine survey
equipment, which may include a marine vessel and a towed streamer. The interaction may affect
an electric potential measurement. As will be appreciated by one of ordinary skill in the art, in-
line refers to a field component that is tangent to a source and a receiver. In a conductive

medium and at frequencies used in CSEM, the vector potential is approximately given by:
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where E is an EM field. A partial differential equation (PDE) for the EM field can be

approximately given by:
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where r is a three-dimensional position vector in a three-dimensional (x-y-z) coordinate system
as shown in Figure 1 (the y-direction is into and out of the page) and o(r) is the conductivity of
the marine environment as a function of the position vector r.
[0018] Taking the zero-order cylindrical Hankel transformation # of the x-component of
the vector potential yields:

u(¢,z,w) =[] Jo(§5)Ex(s, 2, w)rdr (6)
where s is the radial distance from the dipole source, ¢ is the Hankel transform variable, and Jj is
the zero-order Bessel function of the first kind. Estimating the conductivity as a function of

depth z can result in the following BVP:
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where u is the Hankel transformation shown in expression (6). The boundary conditions are a
measurement point at a receiver (depth z is 0) and the radiation condition at the subsurface (depth
z1s L). This BVP can be solved if the conductivity, which is the inverse of the resistivity, is
known. However, the conductivity is often unknown and in some instances can be estimated

through inversion.



[0019] To remove the conductivity dependency from BVP (7), which consists of

expressions (7a), (7b), and (7c), a second transform can be applied:
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Applying transform (8) to BVP (7) ultimately results in expression (1), the resistivity profile.
There can be several intermediary steps before reaching expression (1). First, a portion of

transform (8) can be rewritten as follows:
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where w is an intermediate transform. Inserting transform (9) into expression (8) yields:

q(8, 2, w) = 2822 (10)
Next, u(¢,z,w) can be rewritten as a function of g(¢,z,w):
w(,z,w) = — f: g, z,n)dr=>ulé,z,w) = e~ Jo aGz)ar (11)

[0020] Inserting expression (11) into expression (7a) results in expression (1), an
expression for calculating a resistivity directly from measured EM field data without utilizing an

inversion method. As a result of the transformation in expression (11), BVP (7) becomes:
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o = o(L) in the subsurface
To solve BVP (12), which consists of expressions (12a), (12b), (12¢), (12d), and (12e¢), and
obtain a boundary value, the derivatives can be estimated for a given conductivity o(L) and then
the integro-differential equation can be discretized in both z and w. A solution to BVP (12) can
be independent of o(L) for a large depth L, which can be 3 km below the seafloor.
[0021] At least one embodiment of the present disclosure can result in resistivity profiles
from expression (1) for two different values of o(L) as shown in Figure 2. Figure 2 shows
estimated 1D resistivity profiles from an inversion (profile 232) and from solving BVP (12) and



using expression (1) according to at least one embodiment of the present disclosure with two
different values of the background resistivity: 1000 Q (profile 236) and 2 Q (profile 238). A
“true” profile is also shown (profile 234). The “true” profile is the assumed correct profile for
the purpose of comparing the accuracy of various computational methods of arriving at a profile.
In the example of Figure 2, the source was placed 10 m below the sea-surface and the receiver
points along the streamer at a 100 meters (m) depth. The frequencies ranged from 0.1 - 5 Hz and
the offsets, the distance between a source and a receiver, reached from 1000 m to 6000 m.
[0022] Figure 2 shows estimated 1D resistivity profiles from an inversion and from
solving a BVP according to at least one embodiment of the present disclosure with two different
values of background resistivity. As shown in Figure 2, resistivity profiles 236 and 238
generated from expression (1) can agree with a “true” profile 234 as well as a profile 232
generated from an inversion. Seawater has a relatively low resistivity compared to that of
hydrocarbons. Variation in the overburden, the region above the resistive anomaly, can also be
captured including situations with a high resistive anomaly (refer to 240 in Figure 2). Such a
high resistive anomaly can be indicative of hydrocarbons in a subsurface. The expression (1) can
be used to recover or estimate the resistivity in the subsurface from towed streamer and ocean-
bottom cable EM field data. The conductivity value o(L) can be chosen according to expected
geology.

[0023] Figure 3 illustrates a diagram of a system 362 for generating a resistivity profile
for a source directly from measured EM field data from a marine survey. The system 362 can
include a data store 366, a subsystem 364, and/or a number of engines, such as a transformation
engine 368 and/or a boundary engine 370, and the subsystem 364 and engines can be in
communication with the data store 366 via a communication link. The system 362 can include
additional or fewer engines than illustrated to perform the various functions described herein.
The system can represent program instructions and/or hardware of a machine such as the
machine 474 referenced in Figure 4, etc. As used herein, an “engine” can include program
instructions and/or hardware, but at least includes hardware. Hardware is a physical component
of a machine that enables it to perform a function. Examples of hardware can include a
processing resource, a memory resource, a logic gate, etc.

[0024] The number of engines can include a combination of hardware and program

instructions that is configured to perform a number of functions described herein. The program



instructions, such as software, firmware, etc., can be stored in a memory resource such as a
machine-readable medium, etc., as well as hard-wired program such as logic. Hard-wired
program instructions can be considered as both program instructions and hardware.

[0025] The transformation engine 368 can include a combination of hardware and
program instructions that is configured to apply a series of transformations to a measured EM
field data to yield a BVP. The series of transformations can include a zero-order Hankel
transformation and a transformation to remove a conductivity dependency. The series of
transformations can be applied to an x-component of the measured EM field data, where “x” is a
sailing direction. The x-component can be in-line with the at least one source and a towed sensor
cable. The measurement point can be on a towed sensor cable or an ocean-bottom cable. The at
least one source can comprise a pair of electrodes forming a dipole source.

[0026] The boundary engine 370 can include a combination of hardware and program
instructions that is configured to determine a first boundary condition based on at least one of the
series of transformations of the measured EM field data and a measurement point, apply the first
boundary condition to the BVP, discretize a second boundary condition in depth and frequency,
and solve the BVP according to the first and the second boundary conditions to generate a
resistivity profile for at least one source. The measurement point can be on a towed sensor cable
or an ocean-bottom cable. A source can be a pair of electrodes comprising a dipole source.
[0027] In at least one embodiment, the system 362 can also include the profile engine.
The profile engine can include a combination of hardware and program instructions that is
configured to receive solutions to the BVP at a plurality of measurement points and generate a
resistivity profile for a surveyed area.

[0028] Figure 4 illustrates a diagram of a machine 474 for generating a resistivity profile
for a source directly from measured EM field data from a marine survey. The machine 474 can
utilize software, hardware, firmware, and/or logic to perform a number of functions. The
machine 474 can be a combination of hardware and program instructions configured to perform a
number of functions and/or actions. The hardware, for example, can include a number of
processing resources 476 and a number of memory resources 478, such as a machine-readable
medium or other non-transitory memory resources 478. The memory resources 478 can be
internal and/or external to the machine 474, for example, the machine 474 can include internal

memory resources and have access to external memory resources. The program instructions,



such as machine-readable instructions, can include instructions stored on the machine-readable
medium to implement a particular function, for example, an action such as generating a
resistivity profile for a source directly from measured EM field data from a marine survey. The
set of machine-readable instructions can be executable by one or more of the processing
resources 476. The memory resources 478 can be coupled to the machine 474 in a wired and/or
wireless manner. For example, the memory resources 478 can be an internal memory, a portable
memory, a portable disk, and/or a memory associated with another resource, for example,
enabling machine-readable instructions to be transferred and/or executed across a network such
as the Internet. As used herein, a “module” can include program instructions and/or hardware,
but at least includes program instructions.

[0029] Memory resources 478 can be non-transitory and can include volatile and/or non-
volatile memory. Volatile memory can include memory that depends upon power to store
information, such as various types of dynamic random access memory among others. Non-
volatile memory can include memory that does not depend upon power to store information.
Examples of non-volatile memory can include solid state media such as flash memory,
electrically erasable programmable read-only memory, phase change random access memory,
magnetic memory, optical memory, and/or a solid state drive, etc., as well as other types of non-
transitory machine-readable media.

[0030] The processing resources 476 can be coupled to the memory resources 478 via a
communication path 480. The communication path 480 can be local or remote to the machine
474. Examples of a local communication path 480 can include an electronic bus internal to a
machine, where the memory resources 478 are in communication with the processing resources
476 via the electronic bus. Examples of such electronic buses can include Industry Standard
Architecture, Peripheral Component Interconnect, Advanced Technology Attachment, Small
Computer System Interface, Universal Serial Bus, among other types of electronic buses and
variants thereof. The communication path 480 can be such that the memory resources 478 are
remote from the processing resources 476, such as in a network connection between the memory
resources 478 and the processing resources 476. That is, the communication path 480 can be a
network connection. Examples of such a network connection can include a local area network,

wide area network, personal area network, and the Internet, among others.
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[0031] As shown in Figure 4, the machine-readable instructions stored in the memory
resources 478 can be segmented into a number of modules 482 and 484 that when executed by
the processing resources 476 can perform a number of functions. As used herein a module
includes a set of instructions included to perform a particular task or action. The number of
modules 482 and 484 can be sub-modules of other modules. For example, the boundary module
484 can be a sub-module of the transformation module 482 and/or the boundary module 484 and
the transformation module 482 can be contained within a single module. Furthermore, the
number of modules 482 and 484 can comprise individual modules separate and distinct from one
another. Examples are not limited to the specific modules 482 and 484 illustrated in Figure 4.
[0032] Each of the number of modules 482 and 484 can include program instructions
and/or a combination of hardware and program instructions that, when executed by a processing
resource 476, can function as a corresponding engine as described with respect to Figure 3. For
example, the transformation module 482 can include program instructions and/or a combination
of hardware and program instructions that, when executed by a processing resource 476, can
function as the transformation engine 368, and/or the boundary module 484 can include program
instructions and/or a combination of hardware and program instructions that, when executed by a
processing resource 476, can function as the boundary engine 370 and/or profile engine.

[0033] The machine 474 can include a transformation module 482, which can include
instructions to transform a vector potential of measured EM field data. The transformation
module 482 can also include instructions to transform a first BVP. The transformation module
can also include instructions for a series of transformations. The instructions to transform the
first BVP can include instructions to remove a conductivity dependency. The instructions to
estimate the boundary value for the given conductivity can include instructions to use a Hankel
transform variable equal to zero, where the given conductivity can be a known conductivity of
seawater and a conductivity of a subsurface.

[0034] The machine 474 can include a boundary module 484, which can include
instructions to obtain a first BVP, obtain a second BVP, estimate a boundary value for a given
conductivity, discretize the second BVP in distance in depth below a below a water surface and
frequency, and generate a resistivity profile according to an explicit expression using the
estimated boundary value. The given conductivity can be known conductivity of seawater and/or

a subsurface. Generating the resistivity profile according to the explicit expression using the
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estimated boundary value can comprise a non-iterative computational modeling process. The
instructions to obtain the first BVP can include instructions to obtain an ordinary differential
equation and/or an integro-differential equation. The instructions to obtain the first BVP can
also include instructions to estimate a conductivity of a marine environment as a function of
depth only. )

[0035] In accordance with a number of embodiments of the present disclosure, a
geophysical data product may be produced. The geophysical data product may include, for
example, a marine survey measurement with an estimated acquisition effect removed therefrom.
Geophysical data may be obtained and stored on a non-transitory, tangible computer-readable
medium. The geophysical data product may be produced by processing the geophysical data
offshore or onshore either within the United States or in another country. If the geophysical data
product is produced offshore or in another country, it may be imported onshore to a facility in the
United States. In some instances, once onshore in the United States, geophysical analysis may
be performed on the geophysical data product. In some instances, geophysical analysis may be
performed on the geophysical data product offshore. For example, a series of transformations
can be applied to measured EM field data to yield a BVP, a first boundary condition can be
determined based on at least one of the series of transformations of the measured EM field data
and a measurement point, the first boundary condition can then be applied to the BVP, a second
boundary condition in depth and frequency can be discretized, and then a resistivity profile can
be generated for at least one source by solving the BVP according to the first and the second
boundary conditions. As another example, the resistivity profile can be generated directly from
measured EM field data offshore to facilitate other processing of the acquired marine survey
measurement either offshore or onshore.

[0036] Figure 5 illustrates a method flow diagram for generating a resistivity profile for a
source directly from measured EM field data from a marine survey. At block 588, the method
can include applying a series of transformations to measured EM field data to provide an
ordinary differential equation with boundary conditions at measurement points along a marine
survey cable. The measurement points can be offset from each source position.

[0037] At block 590, the method can include applying a first transformation to the
ordinary differential equation to provide an integro-differential equation that is independent of a

resistivity profile in depth.
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[0038] At block 592, the method can include removing a conductivity dependency from
the integro-differential equation by applying a second transformation to the first transformation.
Applying the second transformation can include rewriting the first transformation as a function
of the second transformation. Removing the conductivity dependency from the integro-
differential equation by applying the second transformation to the first transformation can
comprise a non-iterative computational modeling process.

[0039] At block 594, the method can include estimating a resistivity profile for each
source position in a source array based on the integro-differential equation.

[0040] At block 596, the method can include generating the resistivity profile in depth
from an explicit expression using the estimated resistivity profiles. Generating the resistivity
profile can include integrating the measured electric field data along the marine survey cable,
and obtaining a boundary value from a model with a known seawater conductivity and an
estimated subsurface conductivity.

[0041] Although specific embodiments have been described above, these embodiments
are not intended to limit the scope of the present disclosure, even where only a single
embodiment is described with respect to a particular feature. Examples of features provided in
the disclosure are intended to be illustrative rather than restrictive unless stated otherwise. The
above description is intended to cover such alternatives, modifications, and equivalents as would
be apparent to a person skilled in the art having the benefit of this disclosure.

[0042] The scope of the present disclosure includes any feature or combination of
features disclosed herein (either explicitly or implicitly), or any generalization thereof, whether
or not it mitigates any or all of the problems addressed herein. Various advantages of the present
disclosure have been described herein, but embodiments may provide some, all, or none of such
advantages, or may provide other advantages.

[0043] In the foregoing Detailed Description, some features are grouped together in a
single embodiment for the purpose of streamlining the disclosure. This method of disclosure is
not to be interpreted as reflecting an intention that the disclosed embodiments of the present
disclosure have to use more features than are expressly recited in each claim. Rather, as the
following claims reflect, inventive subject matter lies in less than all features of a single
disclosed embodiment. Thus, the following claims are hereby incorporated into the Detailed

Description, with each claim standing on its own as a separate embodiment.
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Claims

What is claimed is:

1. A system, comprising:
measured electromagnetic (EM) field data from a marine survey;
a transformation engine configured to apply a series of transformations to the measured
EM field data to yield a boundary value problem (BVP); and
a boundary engine configured to:
determine a first boundary condition based on at least one of the series of
transformations of the measured EM field data and a measurement point;
apply the first boundary condition to the boundary value problem;
discretize a second boundary condition in depth and frequency; and
solve the BVP according to the first boundary condition and the second

discretized boundary condition to generate a resistivity profile for at least one source.

2. The system of claim 1, wherein the series of transformations comprise:

applying a zero order Hankel transformation to a vector potential of the measured EM
field data; and

applying a second transformation to the zero order Hankel transformation of the vector

potential of the measured EM field data.

3. The system of claim 1, wherein the series of transformations comprise:

applying a zero-order Hankel transformation to an x-component of a vector potential of
the measured EM field data; and

applying a second transformation to the zero-order Hankel transformation of the x-

component of the vector potential of the measured EM field data.

4. The system of claim 3, wherein the x-component of the vector potential of the measured

EM field data is in-line with the at least one source and a towed sensor cable.
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5. The system of claim 1, wherein the measurement point is on a towed sensor cable or an

ocean-bottom cable.

6. The system of claim 1, wherein the at least one source comprises a pair of electrodes

forming a dipole source.

7. The system of claim 1, further comprising a profile engine configured to:
receive solutions to the BVP at a plurality of measurement points; and

generate a resistivity profile for a surveyed area.

8. A non-transitory machine-readable medium storing instructions executable by a
processing resource to:

transform a vector potential of measured electromagnetic (EM) field data;

obtain a first boundary value problem (BVP);

transform the first BVP;

obtain a second BVP;

estimate a boundary value for a given conductivity;

discretize the second BVP in depth below a water surface and frequency; and

generate a resistivity profile according to an explicit expression using the estimated

boundary value.
9. The medium of claim 8, comprising instructions executable to generate the resistivity
profile according to the explicit expression using the estimated boundary value comprises a non-

iterative computation modeling process.

10. The medium of claim 8, wherein the instructions executable to obtain the first BVP

include instructions executable to obtain an ordinary differential equation.

11. The medium of claim 8, wherein the instructions executable to obtain the second BVP

include instructions executable to obtain an integro-differential equation.

15



12. The medium of claim 8, wherein the instructions executable to obtain the first BVP
include instructions executable to estimate a conductivity of a marine environment as a function

of depth only.

13. The medium of claim 8, wherein the instructions executable to transform the first BVP

include instructions executable to remove a conductivity dependency.

14, The medium of claim 8, wherein the instructions executable to estimate the boundary
value for the given conductivity include instructions executable to use a Hankel transform

variable equal to zero.

15.  The method of claim 8, wherein the given conductivity is a known conductivity of

seawater and a conductivity of a subsurface.

16. A method, comprising:

applying a series of transformations to measured electromagnetic (EM) field data to
provide an ordinary differential equation with boundary conditions at measurement points along
a marine survey cable;

applying a first transformation to the ordinary differential equation to provide an integro-
differential equation that is independent of a resistivity profile in depth;

removing a conductivity dependency from the integro-differential equation by applying a
second transformation to the first transformation;

estimating a resistivity profile for each source position in a source array based on the
integro-differential equation; and

generating the resistivity profile in depth from an explicit expression using the estimated

resistivity profiles.

17.  The method of claim 16, wherein the measurement points are offset from each source

position.
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18.  The method of claim 16, where applying the second transformation includes rewriting the

first transformation as a function of the second transformation.

19.  The method of claim 16, wherein generating the resistivity profile includes integrating
the measured electric field data along the marine survey cable, and obtaining a boundary value

from a model with a known seawater conductivity and an estimated subsurface conductivity.

20.  The method of claim 16, wherein removing the conductivity dependency from the
integro-differential equation by applying the second transformation to the first transformation

comprises a non-iterative computational modeling process.

21.  The method of claim 16, further comprising:
injecting an electric current into a fluid volume; and
recording the measured EM field data with an EM receiver resulting from injecting the

electric current.

22. A method of generating a geophysical data product, the method comprising:
obtaining geophysical data; and
processing the geophysical data to generate the geophysical data product, wherein
processing the geophysical data comprises:
applying a series of transformations to measured electromagnetic (EM) field data
to yield a boundary value problem (BVP);
determining a first boundary condition based on at least one of the series of
transformations of the measured EM field data and a measurement point;
applying the first boundary condition to the BVP;
discretizing a second boundary condition in depth and frequency; and
solving the BVP according to the first and the second boundary conditions to

generate a resistivity profile for at least one source.

23. The method of claim 22, further comprising recording the geophysical data product on a

non-transitory machine-readable medium suitable for importing onshore.
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24.  The method of claim 22, wherein processing the geophysical data comprises processing

the geophysical data offshore or onshore.
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