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The identification of hydrocarbons buried on the seafloor is highly dependent on
geophysical exploration capabilities. Seismic exploration has been an important
tool in providing information on submarine stratigraphy before offshore drilling,
butitis a challenge to identify the nature and saturation of the fluid in the structure
by seismic exploration. Of all the physical properties, electrical parameters are the
most sensitive to the fluids in the reservoir and would be able to be combined with
seismic data to improve the identification of hydrocarbons at depth. However, the
marine controlled-source electromagnetic method usually only considers the
effect of electromagnetic induction and ignores the induced polarization (IP)
effects. The IP effects can occur in the stratum where the reservoir is located due
to a variety of factors, so considering the IP effects will make the modeling more
reasonable and thus give more accurate results when interpreting and processing
the data. We have used the integral equation method for modeling, adopted the
scattering and superposition methods to calculate the dyadic Green's function
required in the study, replaced the real resistivity with a complex resistivity that
takes into account the IP effects, investigated the response patterns of different
ion polarization models, and analyzed the influence patterns of various model
parameters. These investigations will provide important contributions to the study
of submarine hydrocarbon detection. The field data also show the amplitude, and
phase response results of polarizability show that it gradually increases from the
offset.
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1 Introduction

The marine geophysical method is one of the most important
tools used to explore the structure and resources under the
seafloor (Liu et al., 2017). 3D seismic exploration has been an
essential approach to providing information on the stratigraphy
of the seafloor prior to marine drilling. It is usually desirable to
understand the nature of the fluids in the formation through
geophysical exploration to improve the success rate of drilling
(Xu et al., 2018; Cai et al., 2020; Guo et al., 2021; Liu et al., 2021;
Wang et al., 2021; Yu et al,, 2022). However, it is challenging to
identify the nature and saturation of the fluid in the structure by
seismic (Guo et al, 2021). It is noted that of all the physical
properties, electrical parameters (resistivity/conductivity and
dielectric constant) are the most sensitive to the fluids in the
reservoir and would be able to be combined with seismic data to
improve the identification of hydrocarbons (HCs) at depth
(Strack, 2014). Since the 1970s, marine -electromagnetic
methods have been recognized and included as a research
topic. However, it was not until the 1990s that research on
methods
(Nabighian, 1991). The main methods applied in marine

marine  electromagnetic gradually  developed
exploration are the marine controlled-source electromagnetic
method (CSEM) and the marine magnetotelluric method
(MT) (Constable, 2013). In particular, CSEM, as a new
marine oil and gas exploration technique, has broken the
dullness of marine non-seismic exploration and is known as
the most important geophysical survey technique since the
emergence of 3D reflection seismic survey decades ago. With
the development and exploitation of subsea oil and gas resources,
CSEM has gradually developed from the initial application of
probing the marine environment, geological structures, and
mineral resources in the deep sea. It has gradually become an
important method for finding subsea oil and gas resources
(Constable and Srnka, 2007).

The resistivity of oil and gas reservoirs are usually tens to
hundreds of times higher than that of the surrounding rock, so
the low resistivity of the surrounding rock and the high resistivity
of the oil and gas reservoirs form an obvious diversity in
resistivity. Thus, the submarine oil and gas resources can be
easily detected by CSEM (Chave and Cox, 1982).

The CSEM exploration technology was developed by ENI-
AGIP Petroleum Company. Commercial projects can already be
explored. Between 1996 and 2003, Morrison, AOA, California
Berkeley, Scripps, and Arnold Orange of Hoversten Geophysical
Company conducted a large number of tests in the Gemini work
area of the Gulf of Mexico. Statoil was the first to conduct a test of
directly detecting offshore oil and gas with MCSEM and achieved
success. Constable and Srnka (2007) studied the identification
ability of marine CSEM for high-resistivity thin layers. These
experimental studies have verified the feasibility of MCSEM in
the exploration of submarine oil and gas hydrates. In recent
years, companies such as OHM in the United Kingdom, EMGS
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in Norway, AGO, and MTEM in the United States have
completed hundreds of MCSEM exploration projects; most of
which have been verified by drilling results (Constable, 2013). At
present, breakthroughs have been made in the 1D, 2D, 2.5D, and
3D forward modeling theories of marine CSEM. The Scripps
Institute of Oceanography was the first institution to carry out
MCSEM forward research. In 1982, Chave studied marine CSEM
based on a horizontal electric dipole source in detail.
Subsequently, Flosadotir and Constable (1996) introduced the
fast Hankel transform algorithm and the Occam smooth
inversion algorithm based on their research and completed
the research of the 1D forward and inversion programs. Based
on Chave’s algorithm, Unsworth and Oldenburg (1995) studied
and wrote 2.5D forward and inverse algorithm programs.
MacGregor adapted Unsworth’s forward algorithm and
introduced the Occam inversion algorithm to calculate the
measured data in the work area. Everett studied a time-
domain algorithm for the 2.5D model. Bakr et al. (2013)
method  based

decomposition for the simulation of 3D marine CSEM.

developed a numerical on domain
Zhdanov et al. (2011) developed our implementation of an
iterative migration method for CSEM data that is equivalent
to rigorous 3D inversion.

CSEM

electromagnetic induction but ignores the IP effect. The IP

However, marine usually only  considers
effect can occur in the reservoir due to various factors
(Veeken et al.,, 2009), so considering the IP effect as well will
make the modeling more reasonable and therefore give more
accurate results when interpreting and processing the data
(Veeken et al, 2012; Xu and Sun, 2018). We have used the
integral equation method for modeling, adopted the scattering
and superposition methods to calculate the dyadic Green’s
function required in the study, replaced the real resistivity
with a complex resistivity that takes into account the IP effect,
investigated the response patterns of different ion polarization
models, and analyzed the influence patterns of various model
parameters.

These investigations will provide important

contributions to the study of submarine hydrocarbon detection.

2 Methodology

2.1 Marine controlled-source
electromagnetic method

The basic principle of CSEM is electromagnetic induction,
where an alternating electric field can induce an alternating
magnetic field, and an alternating magnetic field can in turn
induce an alternating electric field. Energy is thus constantly
transformed in the form of electric and magnetic fields and
radiated into space by alternating between the two fields, with the
same refraction and reflection occurring when it encounters
different interfaces.

media When electromagnetic fields
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propagate through media of various resistivity, they have both
similar and different characteristics. The similarity is that,
regardless of whether the medium is of high or low resistivity,
the energy of electromagnetic waves will be reduced with the
distance of propagation in a geometrically attenuated manner;
the difference is that high-resistivity media hardly absorb the
energy of electromagnetic waves, but low-resistivity media
strongly absorb the energy of electromagnetic waves, that is,
the existence of “eddy current”. Therefore, it is possible to analyze
the received electromagnetic field responses to obtain the
electrical distribution of the subsurface medium.

CSEM as a means of identifying HC is that porous rocks are
resistive when saturated with natural gas or oil (Fan et al., 2010).
For conventional marine CSEM surveys, the horizontal current
dipole is used as a source to generate electromagnetic fields and is
towed close to the submarine to avoid energy loss in conducting
seawater. The receiver is located on the ocean floor. An
underground reservoir of higher resistive HC embedded in a
conductive background acts as an auxiliary source to direct the
electromagnetic field back to the receiver. In this way, one can
infer from the measured electromagnetic field that there are
resistors underground.

Marine CSEM in oil and gas exploration first processes the
data of the measured electric or magnetic field, analyses the
electrical distribution of the subsurface medium through
the
hydrocarbon-bearing properties of the highly resistive layer

processing and interpretation, and then evaluates
by the relationship between the electrical and physical
characteristics of the rock and ore. The resistivity of oil and
gas reservoirs is typically in the order of tens to hundreds of
ohmmeters, while the resistivity of the overburden above the oil
and gas and the sedimentary layers below is typically a few
ohmmeters or even less. When an electromagnetic wave
propagates through a highly resistive oil layer, the energy
decays slowly and travels forward along the reservoir level at
a faster rate because the resistivity of the highly resistive layer is
greater than that of the surrounding overburden, and the
receiving device on the seabed picks up the electromagnetic
energy or current that leaks and reflects back from the reservoir
level (similar to a seismic refraction wave). MCSEM is used to
find oil and gas reservoirs by analyzing the electrical differences
between high-resistivity oil layers and low-resistivity
surrounding rocks. Depending on the time and frequency
domain, the emission source, the observation point, and the
observation field, there are various ways of working with CSEM.
At present, the most effective method for identifying highly
resistive subsurface bodies in domestic and international
marine exploration is the frequency domain CSEM, while
the transmitting source is a horizontal electric dipole source.
Figure 1 shows that the current common working methods of
CSEM exploration can be divided into towed receiver point
construction methods and fixed receiver point construction

methods.
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The transmitting electrodes are placed at a certain height
above the seafloor and excite a low-frequency electromagnetic
wave signal which is simultaneously propagated through the
seawater and the seafloor strata (Figure 1). Measuring points are
placed on the surface of the seafloor to measure the electric or
magnetic field. The electromagnetic waves received by the
measuring device are direct, air, reflected, and refracted waves
(Figure 1). The ship is towed with the transmitting dipole moving
at a constant speed during the measurement. The frequency of
excitation of the transmitting source is generally between
0.01 and 10 Hz, and in practice, the excitation occurs once
every 50-200 m of towing. After the start of the measurement,
the receiving system continuously receives and records the
of the
propagating from the seabed and seawater.

signals multiple electromagnetic =~ components

2.2 Modeling by the integral equation

To build a three-dimensional ocean model, it is assumed that
the electrical conductivities of air, seawater, submarine sediment,
and HC are 04ir, Owater> Osed> and oy, respectively. When the
magnetic permeability in the earth is g, the distance of the
current source from the seafloor is h., the thickness of the
seawater layer is h,,, the depth below the seafloor of the top
of HC is h,, and the time factor is e !, then the system of
classical Maxwell’s equations yields

VxE = iw,uoﬁ (1)

VxH = (0 - iwe)E + T, (2)

where Tl) denotes the current density of the excitation source
term, € is the dielectric constant, and w is the angular frequency.
When we consider the IP effect, we should also include the
polarization current term, so by the derivation of Harrington
(1961), the abovementioned Eq. 2 can be written as follows:

o N
VxH= 0dE+ ], + J;

3)

where T; = (0, — 0seq)E. T; denotes the polarization current
within the target body. Taking the curl on both sides of the
equal sign of Eq. 1, simultaneously, the curl of the magnetic field
is then substituted into Eq. 3 and simplified to obtain the
fluctuation equation containing only the electric field vector as
follows:
VxVxE-KE = iwyo(f + Tf) (4)
The electric field E in Eq. 4 contains both the incident and
scattered fields, so E = E: + ES) From this, it can be shown that
the electric field of the two parts satisfies the equation:

- = . -
VxVxE; =K E; = iy, J;

= = . - (5)
VxVxE—KSEs = iwy, J;
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FIGURE 1
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pe—

Configuration of the marine CSEM exploration system with deep near-seafloor towed horizontal electric dipole (HED) transmitter and multiple
ocean bottom receiver array arrangements along the survey line. The two-dimensional survey grid is composed of multiple survey lines that can
carry out 3D exploration The ship towed a long cable with the HED transmitter close to the seafloor to enhance the weak response signal from
beneath the seafloor. The low-frequency electromagnetic wave with a controllable waveform is transmitted by the transmitter. The wave
propagates to the surrounding areas, including 1) penetrating the submarine stratum and HC that was received by the receiver (red line), 2)
propagation in seawater that was received by the receiver (yellow line), 3) propagation through the seafloor (blue line), 4) propagation through the
sea surface (green line). If the receiver can measure the obvious electromagnetic response signal from HC, it can help us detect the distribution

structure of HC.

To solve for the scattered field :Fi, 7, is deemed as an ordinary
current source, and based on the theory of the dyadic Green’s
function (Tai, 1971), integration over the target body gives the

J

Based on the method of integral equations combined with the

following:

E (r) = iwp, (0, — 0cea) E(r|r’) ~E(r')dv' (6)

theory of dyadic Green’s function, the following integral
equations are obtained by transforming and simplifying Eqs. 1
and 2:

E(r) = Ei () + iy (0, ~ 0cea) j G(r|r")-E( v ()

Va

where E;(r) is the incident field excited by the transmitted
source, and according to the classification made by Tai
(1971), G(rlr') is a category-III dyadic Green’s function.

With Eq. 7 in the case where the incident field (i.e., primary
field) E) (r) has been solved, it is possible to calculate the electric
field at each point within the anomaly. The electric field at each
point in the model can then be calculated from the corresponding
dyadic Green’s function.

The 3D target body is dissected into n small cells, while
assuming that the electric field inside each dissected cell is
constant and equal to the electric field at its center, then Eq. 3
can be written as follows:

N . _
E(r) = B (1) + 0ty (0, ~ 0ued) Y. j G(r|)av' - E.  (®

n=1 Va
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Thus, the expression for the electric field at the center of the
m-th cell is obtained as follows:

N

e red
En = Ei‘n + iw,uo (Gr - Gsed)zrmn .

n=1

—
E,

(©)

where T, = Jé(ﬂr’)dv'. According to Eq. 9, the matrix
equation is obfained as follows:

N = = ed
Z [iw.u() (Or - Used)rmn - é\mn] : E—: = _Ein (10)
n=1
where 8, = {i’”" M=7 and T is the unit dyadic.
0y Mm#n

When the IP effect exists, the resistivity of rock and ore will
change with frequency, that is, the complex resistivity spectrum.
Using complex resistivity p (iw) instead of real resistivity po, the
electric field at the center of each cell can be obtained by solving
matrix Eq. 10. Then, the response of the electric field at any point
in space can be obtained using Eq. 7.

2.3 Induced polarization in controlled-
source electromagnetic method

The IP phenomenon is usually associated with charging and
discharging effects in the rock formation in the process of current
injecting. Schlumberger (1920) discovered the phenomenon of
induced polarization and used it in geophysical exploration.
Subsequently, many geophysicists made contributions to the
research methods (Sternberg, 1991; Zonge et al., 2005; Seigel
et al., 2007; Veeken et al., 2009; Marchant et al., 2013; Tarasov
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FIGURE 2

Schematic diagram of membrane polarization in rock containing clay particles and (A) rock with clay before the application of an electric field;

(B) after the application of an electric field.

and Titov, 2013; Ji et al, 2020). Chargeability is a physical
property related to conductivity. As we learned previously,
ionic charges within a rock’s pore water begin to move under
the influence of an electric field, resulting in an electrical current.
However, some of the pore ions do not move uninhibited
through the rock and begin to accumulate at impermeable
boundaries. This build-up of ionic charges is commonly
referred to as induced polarization (IP), as it is responsible for
generating electric dipole moments within the rock. Despite the
complexity, there are two primary phenomenological
that the

chargeable behavior of rocks: membrane polarization and

mechanisms are insightful in characterizing
electrode polarization.

There are many factors affecting the charging rate, mainly in
the following aspects: 1) clays; 2) pore water salinity; 3) sulfide
mineralization; 4) tortuosity. Figure 2 schematically illustrates
the typical IP effect from clays. Clays have a tendency to partially
block the path which ions take through the rock’s pore water.
Upon application of an electric potential, positive charge carriers
pass easily, while negative carriers accumulate. This results in an
“ion-selective” membrane polarization. Clays represent a
dominant source of induced polarization in unmineralized
sedimentary rocks.

IP can be observed in time domain signals and frequency
domain signals in electromagnetic exploration. The IP effect can
be expressed as a percentage frequency effect (PFE) in the

frequency domain, which is defined as the relative difference
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between apparent resistivity with a higher frequency pgh, from
that with a lower frequency p,);l (frequencies spaced about
one decade apart, for example, 0.1 and 1Hz), in percent
(Zonge et al., 2005):

fh_ fl
Pa fhP“ x 100% 11)

Pa

PFE =

But this technique is noise-prone and susceptible to EM
coupling effects. Thus, the IP effect in the frequency domain is
usually measured by the phase shift, or time delay, between the
transmitted current and the received voltage.

Figure 3 schematically illustrates the IP effects in the
frequency domain. The waveform of the transmitted current
and received voltage of CSEM with a transmitted fundamental
frequency of 1 Hz. There is an obvious phase difference between
the transmitting current and the receiving voltage, and the
amplitude also decreases slightly.

2.4 Complex resistivity with induced
polarization

The parameters used to represent the IP effect of rock ores at
small excitation currents can be considered linear time-invariant
systems. Therefore, when the frequency of the emitted current
varies, the corresponding received potential difference is the
variable about frequency, AU (w), and therefore the resistivity
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FIGURE 3

Representation of the IP effects in the frequency domain. The
waveform of the transmitted current and received voltage of CSEM
with a transmitted fundamental frequency of 1 Hz with the IP
effects. There is an obvious phase difference between the
transmitting current and the receiving voltage, and the amplitude
also decreases slightly.

obtained from the transfer function R(w) = U(w)/I(w) is also a
function about frequency and is the complex resistivity. We
usually use an equivalent circuit to describe the physical
process of the IP effect in rocks and ores. However, this
description has uncertainties, as the equivalent circuit model
is different for different structures of rock ore. Sometimes, the
same response can be obtained with different equivalent circuit
models for the same rock ore, as its structure is microscopic in
nature.

Although the induced polarization effect of rocks and
minerals cannot be accurately described, it is still feasible to
use some simplified equivalent models to approximate it (Titov
etal., 2002; Zhdanov, 2008). When representing a polarized rock
ore in an equivalent model, a basic unit can be approximated into
four components: a conductive mineral component, a non-
conductive mineral component, a pore filled with conductive
minerals, and a pore filled with non-conductive minerals (as
shown in Figure 2). The constituent parts of a rock ore that
produce electrolysis include minerals with ion-exchange capacity
and impregnated metals, which are linked by pores filled with
ionic solutions.

This understanding of rock polarization is first due to the free
movement between the ionic solution and solid conductive
(metallic) or ion-exchange capable (clay, zeolite, and some
other organic) particles in the vicinity of the contact surface.
There are three commonly used ion polarization models to study
the effect of electromagnetic induced polarization: the Cole-Cole
model (Zhdanov, 2008), the Dias model (Merriam, 2007), and
the short narrow pore (SNP) model (Titov et al., 2002). This
article will study the influence of the IP parameters in the three
models on the electric field response.
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1) The Cole-Cole model. The following formula can be used

(Zhdanov, 2008):
1
1+ (iwt)°

where p (w) is the complex resistivity of the polarizable rock; py is

piw) = po[l - m(l (12)

the resistivity at zero frequency; m is the chargeability or
polarizability; t is the time constant; ¢ is the frequency
correlation coefficient.

2) The Dias model expression. The following formula can be
used (Merriam, 2007):

p(iw):po[l—m<1— (13)

1
1+iwt' (i+ y*1)>]
where p (w) is the rock complex resistivity at various frequencies,
po is the resistivity at zero frequency, m is the polarizability,
7, 7/, and 7'' represent various relaxation mechanisms,
/)1/2 _ V7
» =7

and the volume percent § =

U =iwt + (iot is the electrochemical parameter,

1
1+5 (1-m)’

3) The SNP model expression. The following formula can be
used (Titov et al., 2002):

1-exp (- 2(ia)‘r)1/2)>] (14)

2 (iwt)"?

p(iw) =po[1—m<1—

where p(w) is the rock complex resistivity at various frequencies,
Po is the resistivity at frequency 0 Hz, m is the polarizability, and t
is the relaxation time.

3 Results

We studied the response law of different ion polarization
models and analyzed the influence law of various model
parameters. We have calculated the model from the following
aspects: 1) the 1D/3D HC model in CSEM; 2) the influence of the
Cole-Cole model on CSEM, including the effect of the
polarizability, time constant, and frequency correlation
coefficient; 3) the influence of the Dias model on CSEM,
including the effect of the polarizability, time constant,
frequency correlation coefficient, and volume percentage; 4) the
influence of the SNP model on CSEM, including the effect of the
polarizability, time constant, and frequency correlation coefficient.

3.11D and 3D hydrocarbons in controlled-
source electromagnetic method

In order to verify the correctness and accuracy of the theory,
our 3D calculation results were compared with those of the 1D
model program of Kerry Key (2009). The emission current was
setasI=1 A, frequency: 0.1 Hz, dipole source length: 1 m, source
height: 40 m from the seafloor, receiving point at the origin,
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FIGURE 4

Geoelectric model of HC and corresponding forward calculation Ex versus offset in the 1D and the 3D marine CSEM. (A) 1D model with seafloor
depth = 0.3 km; (B) 1D model with HC below seafloor = 1 km; (C) 3D model with HC below seafloor = 1 km and the size = 50 x 50 X 0.1 km?; (D)
calculated magnitude of electric fields Ex versus offset (km) from the 1D and the 3D model without HC in (A,B);(E) calculated magnitude of electric

fields Ex versus offset (km) from the 1D and the 3D model with HC in (C).

seawater depth: 300 m, seawater resistivity: 0.3 Qm, rock
resistivity: 1 Qm, HC resistivity: 100 Qm, HC depth below
seafloor: 1 km, and HC size: 50 x 50 x 0.1 km?>.

Figure 4 shows the calculated magnitude of electric fields Ex
in the geoelectric model with and without HC. The calculated Ex
field of the 3D model is consistent with that using Key’s 1D
program. For the model with the presence of HC, the offset
distance is 1-3 km, and our 3D calculation is slightly lower than
the 1D program. This is due to the fact that the finite length of the
HC in the horizontal direction in the 3D model contributes
slightly less to the Ex field value than the infinite length of the HC
in the horizontal direction in the 1D model. Therefore, the 3D
calculation results in this study are credible.
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3.2 Induced polarization of the Cole—Cole
model in a controlled-source
electromagnetic method

We have compared the results of the Cole-Cole models of the
HC with various parameters in the 3D CSEM.

3.2.1 Polarizability

We have compared the model responses of various
polarizability study the effect of the
polarizability on CSEM with the IP using the Cole-Cole
model. Use the following parameters: transmitted frequency

coefficients  to

f = 0.1 Hz, time constant 7 = 1.0s, frequency correlation
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Amplitude and phase ratio of CSEM with the IP and pure electromagnetic field to the Cole—Cole model of various polarizability m = 0.01 (red),
0.05 (green), 0.1 (blue), and 0.2 (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced polarization in the 3D

marine CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

coefficient ¢ = 0.25, and polarizability m = 0.01, 0.05, 0.1, and 0.2.
The height of the dipole source: 40 m. The receiver is at the
origin. The origin of the coordinate is directly above the center
point of the 3D HC. The seawater depth: 300 m, the seawater
resistivity: 0.3 Qm, the marine sediment resistivity: 1 Qm, the
resistivity of HC is 100 Qm, the buried depth of HC: 1 km, and
the size of HC: 5 x 2 x 0.1 km’.

Figure 5 shows the amplitude and phase ratio curves of the
IP field to the pure electromagnetic field under different
polarization rates of the Cole-Cole model, respectively. As
can be seen from this result, within the offset distance of 1 km,
the ratio of the IP field to the pure electromagnetic field is 1,
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indicating that the electromagnetic induction effect was
dominant in this region, while the influence the IP effect
was very weak; as the offset distance increases, the ratio is
greater than I; as the offset distance is in the range of 1-2 km,
the ratio reaches the peak and then decreases to 1. In the
interval, where the ratio is greater than 1, the polarization field
is in the same direction as the electromagnetic field. The larger
the m, the larger the polarization field, and the higher the total
field amplitude.

As the offset distance continues to increase, the ratio
decreases from 1, and there is a minimum value near the
boundary of the anomaly between 2 and 3 km, after which the
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marine CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

ratio increases to 1 with the increase of the offset distance. In
the interval, where the ratio is less than 1, the polarized field is
in the opposite direction to the electromagnetic field, and the
larger the m, the larger the polarized field, and the lower the
total field amplitude.

When the offset distance is greater than 4 km, the ratio
converges to 1, mainly dominated by the electromagnetic
induction effect, and the IP effect can be ignored. From this
figure, it can be seen that once the offset distance is greater than
1 km, the phase ratio curve of the IP field and the pure
electromagnetic field is basically the same as the change of its
amplitude curve.

Frontiers in Earth Science 09

3.2.2 Time constant

We have compared the model responses of various time
constants to study the effect of the polarizability on CSEM with
the IP using the Cole-Cole model. Use the following parameters:
transmitted frequency f = 0.1 Hz, polarizability m = 0.1, and
frequency correlation coefficient ¢ = 0.25. Time constants 7 = 1,
10, 100, and 1,000 s. The height of the dipole source: 40 m. The
receiver is at the origin. The origin of the coordinate is directly
above the center point of the 3D HC. The seawater depth: 300 m,
the seawater resistivity: 0.3, the marine sediment resistivity:
1 Qm, the resistivity of HC: 100 Qm, the buried depth of HC:
1 km, and the size of HC: 5 x 2 x 0.1 km®.
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Figure 6 shows the amplitude and phase ratio curves of the IP
field to the pure electromagnetic field under different time
constants of the Cole-Cole model, respectively. As can be
seen from the result, within the offset distance of 1 km, the
ratio of the IP field to the pure electromagnetic field is 1,
indicating that the electromagnetic induction effect was
dominant in this region while the influence of the IP effect
was very weak; as the offset distance increases, the ratio is greater
than 1; as the offset distance is in the range of 1-2 km, the ratio
reaches the peak and then decreases to 1. In the interval, where
the ratio is greater than 1, the polarization field is in the same
direction as the electromagnetic field, and the larger the T, the
smaller the polarization field, and the lower the total field
amplitude.

As the offset distance continues to increase, the ratio
decreases from 1, and there is a minimum value near the
boundary of the anomaly between 2 and 3 km, after which the
ratio increases to 1 with the increase of the offset distance. In the
interval, where the ratio is less than 1, the polarized field is in
the opposite direction to the electromagnetic field, and the larger
the T, the smaller the polarized field and the higher the total field
amplitude. When the offset distance is greater than 4 km, the
ratio converges to 1, mainly dominated by the electromagnetic
induction effect, and the IP effect can be ignored. From this
result, it can be seen that once the offset distance is greater than
1km, the phase ratio curve of the IP field and the pure
electromagnetic field is basically the same as the change of its
amplitude curve.

3.2.3 Frequency correlation coefficient

We have compared the model responses of various frequency
correlation coefficients to study the effect of this coefficient on
CSEM with the IP using the Cole-Cole model. Use the following
parameters: transmitted frequency f = 0.1 Hz, polarizability m =
0.1, time constant 7 = 1.0 s, and frequency correlation coefficient
¢=0.2,04, 0.6, and 0.8. The height of the dipole source: 40 m.
The receiver is at the origin. The origin of the coordinate is
directly above the center point of the 3D HC. The seawater depth:
300 m, the seawater resistivity: 0.3 Qm, the marine sediment
resistivity: 1 Qm, the resistivity of HC: 100 Qm, the buried depth
of HC: 1 km, the size of HC: 5 x 2 x 0.1 km®.

Figure 7 shows the amplitude and phase ratio curves of the IP
electric field to the pure electromagnetic field under different
frequency correlation coefficients of the Cole-Cole model,
respectively. As can be seen from this result, within an offset
of 1km, the ratio of the IP electric field to the pure
electromagnetic field was 1, indicating that within this
interval, the electromagnetic induction effect was dominant
while the influence of the IP effect was very weak. With the
increase in offset, there was a maximum value between 1 and
2 km. Between 1 and the maximum value on the curve, the
polarization field decreased with the increase of the frequency
correlation coefficient c.
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As the offset continued to increase until the ratio
decreased to 1, within the interval from the maximum
value to the ratio of 1, the polarization field increased
with c. There was a minimum value between 2 and 3 km,
which then increased to 1-4 km. In this interval, with the
increase of ¢, the polarization field decreased. When the
offset was greater than 4 km, the ratio tended to be 1 due
to the electromagnetic induction effect, and the influence of
the IP effect was weak. According to this result, the phase
ratio was less than 1 within 1 km of the offset. When the
offset was greater than 1 km, generally, the phase ratio curve
of the IP electric field to the pure electromagnetic field was
consistent with that of the amplitude curve of the IP electric
field to the pure electromagnetic field.

3.3 Induced polarization of the Dias model
in a controlled-source electromagnetic
method

We have compared the results of the Cole-Cole models of the
Dias with various parameters in 3D CSEM.

3.3.1 Polarizability

We have compared the model responses of various
polarizability study the effect of the
polarizability on CSEM with the IP using the Dias model. Use

the following parameters: transmitted frequency f= 0.1 Hz, time
v

coefficients  to

constant 7= 1.0 s, electrochemical parameter 77 = 10 s7"%, volume
percentage § = 0.2, and polarizability m = 0.01, 0.05, 0.1, and 0.2.
The height of the dipole source: 40 m. The receiver is at the
origin. The origin of the coordinate is directly above the center
point of the 3D HC. The seawater depth: 300 m, the seawater
resistivity: 0.3 Qm, the marine sediment resistivity: 1 Qm, the
resistivity of HC: 100 Qm, the buried depth of HC: 1 km, and the
size of HC: 5 x 2 x 0.1 km®.

Figure 8 shows the amplitude and phase ratio curves of the
IP electric field to the pure electromagnetic field under
different polarizabilities of the Dias model, respectively.
As can be seen from Fig. 5.8, within the 1 km offset, the
ratio of the IP electric field to the pure electromagnetic field
was 1, indicating that the electromagnetic induction effect
was dominant while the influence of the IP effect was very
weak. Between 1 and 2 km, the ratio was greater than 1, and
there was a maximum value. Within this interval, the
polarization field was consistent with the electromagnetic
field in direction. The larger the m value, the larger the
polarization field, and the higher the total field amplitude.
Within 2-4 km, there was a minimum value, and the point for
the minimum value was just located 2.5km near the
boundary of the HC body. Within the interval, the ratio
was less than 1, and the direction of the polarization field was
opposite to that of the electromagnetic field. The larger the m
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coefficients ¢ = 0.2 (red), 0.4 (green), 0.6 (blue), and 0.8 (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced
polarization in the 3D marine CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

value, the larger the polarization field, and the lower the total
field amplitude.

When the offset was greater than 4 km, the ratio tended to be
1 due to the electromagnetic induction effect, and the influence of
the IP effect was weak. According to this result, within 1-4 km,
the phase ratio curve of the IP electric field to the pure
electromagnetic field was opposite to that of the amplitude
curve of the IP electric field to the pure electromagnetic field
generally. When the offset was greater than 4 km, the ratio
tended to be 1, and the effect of IP was weak.

Frontiers in Earth Science

3.3.2 Time constant

We have compared the model responses of various time
constants to study the effect of the time constant on CSEM with
the IP using the Dias model. Use the following parameters:
transmitted frequency f = 0.1 Hz, polarizability m = 0.1,
electrochemical parameter 7 = 10 s—''%, volume percentage & =
0.2, and Time constants 7 = 1, 10, 100 and 1,000 s. The height of
the dipole source: 40 m. The receiver is at the origin. The origin of
the coordinate is directly above the center point of the 3D HC.
The seawater depth: 300 m, the seawater resistivity: 0.3 Qm, the
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Amplitude and phase ratio of CSEM with the IP and pure electromagnetic field to the Dias model of various polarizability m = 0.01 (red), 0.05
(green), 0.1 (blue), and 0.2 (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced polarization in the 3D marine

CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

marine sediment resistivity: 1 Qm, the resistivity of HC: 100 Qm,
the buried depth of HC: 1 km, and the size of HC: 5 x 2 x 0.1 km’.

Figure 9 shows the amplitude and phase ratio curves of the IP
electric field to the pure electromagnetic field under different
time constants of the Dias model respectively. According to this
result, within the 1 km offset, the ratio of the IP electric field to
the pure electromagnetic field was approximately 1, indicating
that the electromagnetic induction effect was dominant while the
influence of the IP effect was very weak. Within 1-2 km, the ratio
was greater than 1, and there was a maximum value. Within this
interval, the polarization field was consistent with the
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electromagnetic field in direction. The larger the t value, the
smaller the polarization field, and the lower the total field
amplitude. Within 2-4 km, there was a minimum value, and
the point for the minimum value was just located 2,500 m near
the boundary of the HC body. Furthermore, in this interval, the
ratio was less than 1, and the direction of the polarization field
was opposite to that of the electromagnetic field. The larger the t
value, the smaller the polarization field, and the higher the total
field amplitude.

When the offset was greater than 4 km, the ratio tended to be
1 due to the electromagnetic induction effect, and the influence of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.903816

Qiu et al. 10.3389/feart.2022.903816
A air 3e13 @'m
T
0.3km ‘ Seawater 0.3 Q'm
_L RO&GIVST Seafloor
Sediment 1 Q'm
1km
5x%2x0.1 km
0.1,km HC 100 @'m
| | |
-10 0 10
offset (km)
B .
1.001 —— 1.035 —— T
=1s =1s
o 1.0008 =10s . 1.03 =10s
g ©=100s 5 o =100
g 1.0006 t 210008 1 o 1.025 =1000s |
s £
S 1.0004 : g 1w
@ [}
5 4
& 10002 3 1015
s 2
©
= T o 101 1
o 09998 T 1.005 ]
E
S 0.99% £ 1
<€
0.9994 0.995 1
0.9992 1 1 1 1 1 1 1 0‘99 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Offset (km) Offset (km)
FIGURE 9

Amplitude and phase ratio of CSEM with the IP and pure electromagnetic field to the Dias model of various time constants t = 1 (red), 10 (green),
100 (blue), and 1,000 (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced polarization in the 3D marine

CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

the IP effect was weak. According to this result, within 1-4 km,
the phase ratio curve of the IP electric field to the pure
electromagnetic field was opposite to that of the amplitude
curve of the IP electric field to the pure electromagnetic field
generally. When the offset was greater than 4 km, the ratio
tended to be 1, and the effect of IP was weak.

3.3.3 Electrochemical parameter

We have compared the model responses of various
study the effect of the
electrochemical parameter on CSEM with the IP using the Dias

electrochemical parameters to

model. Use the following parameters: transmitted frequency f =
0.1 Hz, polarizability m = 0.1, time constants 7= 1.0 and 0.2 s, and
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electrochemical parameters #=5 572,10 s, 50 s %, and 100 s %,
respectively. The height of the dipole source: 40 m. The receiver is
at the origin. The origin of the coordinate is directly above the
center point of the 3D HC. The seawater depth: 300 m, the
seawater resistivity: 0.3 Qm, the marine sediment resistivity:
1 Om, the resistivity of HC: 100 Qm, the buried depth of HC:
1 km, and the size of HC: 5 x 2 x 0.1 km®.

Figure 10 shows the amplitude and phase ratio curves of the
IP electric field to the pure electromagnetic field under different
electrochemical parameters of the Dias model, respectively.
According to this result, within the 1km offset, the ratio of
the IP electric field to the pure electromagnetic field was 1,
indicating that the electromagnetic induction effect was
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Amplitude and phase ratio of CSEM with the IP and pure electromagnetic field to the Dias model of various electrochemical parameters n =
5572 (red), 10 s™2 (green), 50 s (blue), and 100 s~ (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced
polarization in the 3D marine CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

dominant while the influence of the IP effect was very weak.
Within 1-2 km, the ratio was greater than 1, and there was a
maximum value. Within this interval, the polarization field was
consistent with the electromagnetic field in direction. The larger
the n value, the larger the polarization field, and the higher the
total field amplitude. Between 2 and 4 km, there was a minimum
value, and the point for the minimum value was just located
2.5 km near the boundary of the HC body. Within this interval,
the ratio was less than 1, and the direction of the polarization field
was opposite to that of the electromagnetic field. The larger the n
value, the larger the polarization field, and the lower the total field
amplitude.
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When the offset was greater than 4 km, the ratio tended to be
1 due to the electromagnetic induction effect, and the influence of
the IP effect was weak. According to this result, between 1 and
4 km, the phase ratio curve of the IP electric field to the pure
electromagnetic field was opposite to that of the amplitude curve
of the IP electric field to the pure electromagnetic field generally.
When the offset was greater than 4 km, the ratio tended to be 1.

3.3.4 Volume percentage

We have compared the model responses of various volume
percentages to study the effect of volume percentage on CSEM
with the IP using the Dias model. Use the following parameters:
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Amplitude and phase ratio of CSEM with the IP and pure electromagnetic field to the Dias model of various volume percentages § = 0.2 (red), 0.4
(green), 0.6 (blue) and 0.8 (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced polarization in the 3D marine

CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

transmitted frequency f = 0.1 Hz, polarizability m = 0.1, time

12 and

constant 7 = 1.0's, electrochemical parameter # = 10s~
volume percentage § = 0.2, 0.4, 0.6, and 0.8. The high of the dipole
source: 40 m. The receiver is at the origin. The origin of the
coordinate is directly above the center point of the 3D HC. The
seawater depth: 300 m, the seawater resistivity: 0.3 Qm, the
marine sediment resistivity: 1 Qm, the resistivity of HC:
100 Qm, the buried depth of HC: 1 km, and the size of HC:
5x 2 x 0.1km’.

Figure 11 shows the amplitude and phase ratio curves of the
IP electric field to the pure electromagnetic field under different
volume percentages of the Dias model, respectively. According to
this result, within the 1 km offset, the ratio of the IP electric field
to the pure electromagnetic field was 1, indicating that the
electromagnetic induction effect was dominant while the
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influence of the IP effect was very weak. Within 1-2 km, the
ratio was greater than 1, and there was a maximum value. In this
interval, the polarization field was consistent with the
electromagnetic field in direction. The larger the § value, the
larger the polarization field, and the higher the total field
amplitude. Between 2 and 4 km, there was a minimum value,
and the point for the minimum value was just located 2.5 km
near the boundary of the HC body. Within the interval, the ratio
was less than 1, and the direction of the polarization field was
opposite to that of the electromagnetic field. The larger the §
value, the larger the polarization field, and the lower the total field
amplitude.

When the offset was greater than 4 km, the ratio tended to be
1 due to the electromagnetic induction effect, and the influence of
the IP effect was weak. According to this result, between 1 and
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Amplitude and phase ratio of CSEM with the IP and pure electromagnetic field to the SNP model of various polarizability m = 0.01 (red), 0.05
(green), 0.1 (blue), and 0.2 (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced polarization in the 3D marine

CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

4 km, the phase ratio curve of IP electric field to the pure
electromagnetic field was opposite to the amplitude curve of
IP electric field to the pure electromagnetic field generally. When
the offset was greater than 4 km, the ratio tended to be 1.

3.4 Induced polarization of the short
narrow pore model in a controlled-source
electromagnetic method

We have compared the results of the SNP models of the Dias
with various parameters in 3D CSEM.

Frontiers in Earth Science

3.4.1 Polarizability

We have compared the model responses of various
polarizability ~ coefficients to study the effect of the
polarizability on CSEM with the IP using the SNP model. Use
the following parameters: transmitted frequency f = 0.1 Hz, time
constant 7 = 1.0 s, and polarizability m = 0.01, 0.05, 0.1, and 0.2.
The height of the dipole source: 40 m. The receiver is at the
origin. The origin of the coordinate is directly above the center
point of the 3D HC. The seawater depth: 300 m, the seawater
resistivity: 0.3 Qm, the marine sediment resistivity: 1 Qm, the
resistivity of HC: 100 Qm, the buried depth of HC: 1 km, and the
size of HC: 5 x 2 x 0.1 km’.
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Figure 12 shows the amplitude and phase ratio curves of the
IP electric field to the pure electromagnetic field under different
polarizabilities of the SNP model. According to this result, within
the 1 km offset, the ratio of the IP electric field to the pure
electromagnetic field was 1, indicating that the electromagnetic
induction effect was dominant while the influence of the IP effect
was very weak. Between 1 and 2 km, the ratio was greater than 1,
and there was a maximum value. In this interval, the polarization
field was consistent with the electromagnetic field in direction.
The larger the m value, the larger the polarization field, and the
higher the total field amplitude. Within 2-4 km, there was a
minimum value, and the point for the minimum value was just
located 2.5 km near the boundary of the HC body. Within the
interval, the ratio was less than 1, and the direction of the
polarization field was opposite to that of the electromagnetic
field. The larger the m value, the larger the polarization field, and
the lower the total field amplitude.

When the offset was greater than 4 km, the ratio tended to be
1 due to the electromagnetic induction effect, and the influence of
the IP effect was weak. According to this result, between 1 and
4 km, the phase ratio curve of the IP electric field to the pure
electromagnetic field was consistent with that of the amplitude
curve of the IP electric field to the pure electromagnetic field
generally.

3.4.2 Time constant

We have compared the model responses of various time
constants to study the effect of the time constant on CSEM with
the IP using the SNP model. Use the following parameters:
transmitted frequency f = 0.1 Hz, polarizability m = 0.1, and time
constants 7 = 1, 10, 100, and 1,000 s. The height of the dipole source:
40 m. The receiver is at the origin. The origin of the coordinate is
directly above the center point of the 3D HC. The seawater depth:
300m, the seawater resistivity: 0.3 Qm, the marine sediment
resistivity: 1 Qm, the resistivity of HC: 100 Qm, the buried depth
of HC: 1 km, and the size of HC: 5 x 2 x 0.1 km>.

Figure 13 shows the amplitude and phase ratio curves of the
IP electric field to the pure electromagnetic field under different
time constants of the SNP model, respectively. According to this
result, within the 1 km offset, the ratio of the IP electric field to
the pure electromagnetic field was 1, indicating that the
electromagnetic induction effect was dominant while the
influence of the IP effect was very weak. Within 1-2 km, the
ratio was greater than 1, and there was a maximum value. In this
interval, the polarization field was consistent with the
electromagnetic field in direction. The larger the t value, the
smaller the polarization field, and the lower the total field
amplitude. Within 2-4 km, there was a minimum value, and
the point for the minimum value was just located 2.5 km near the
boundary of the HC body. Within the interval, the ratio was less
than 1, and the direction of the polarization field was opposite to
that of the electromagnetic field. The larger the t value, the
smaller the polarization field, and the higher the total field
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amplitude. When the offset was greater than 4 km, the ratio
tended to be 1 due to the electromagnetic induction effect, and
the influence of the IP effect was weak. This result showed no
obvious trend for the phase ratio curve of the IP electric field to
the pure electromagnetic field.

3.5 Field data

We used the marine CSEM data collected in the north of the
South China Sea in 2019, in which the dipole distance is 200 m,
the emission waveform is a square wave, the current is 950 A, and
the emission frequency is 0.1 and 1 Hz. The inversion calculation
fits the field amplitude and phase as shown in Figures 14 and 15
using frequencies 0.1 and 1 Hz. The figures show the field data
and the inversion response with the Cole-Cole model of various
polarizability m = 0 (pure electromagnetic field), 0.1, 0.3, 0.5, and
0.8. The inversion with the polarizability m = 0.5 is in the best
agreement with the field data.

The amplitude and phase response results of various
polarizability show that the difference gradually increases
from the offset to 2km. It is revealed here that the IP effect
begins to have a significant impact on the inversion results
beyond the offset of 2 km.

By comparing the inversion responses of various frequencies,
it can be seen that the IP response has an impact on both high-
frequency and low-frequency data. The high-frequency signal
itself attenuates rapidly with the increase of offset distance, but
the larger polarizability contributes more to the data. At the same
time, the response with larger polarizability will increase the data
amplitude compared with that without IP polarizability.

For the low-frequency (0.1 Hz) emission signals of the
marine CSEM, the amplitudes of the electric field with various
polarization decrease with the offset increase (Figure 14A). When
the offset is lower than 2.5km, The electric field amplitude
almost coincides and rapidly decreases by three orders of
magnitude (10> V/m/Am). The attenuation of the amplitude
decreases as the offset increases. When the offset is close to
20 km, the attenuation rate of the electric field amplitude
approaches 0. The electric field with a larger polarizability has
a relatively large amplitude for the same offset. For example,
when the polarizability is 0.8, the amplitude is higher than that of
0.1 polarizability. In particular, when the offset is about 20 km,
the difference between them is about an order of magnitude.

For the low-frequency (0.1 Hz) emission signals of the
marine CSEM, the phase of the electric field with various
polarization all increases with the offset (Figure 14B). When
the offset is lower than 2.5 km, The electric field phase almost
coincides and rapidly increases to about 70. The electric field with
a larger polarizability has a relatively small change in phase for
the same offset. For example, When the offset is about 12 km, the
phase curve with the polarizability m = 0.8 is lower than the phase
curve with other polarizabilities. In addition, when the offset is

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.903816

Qiu et al. 10.3389/feart.2022.903816
A air 3e13 @'m
K3
0.3 km Seawater 0.3 Q'm
i Regeiver Seafloor
Sediment 1 Q:m
1km
5%X2x%0.1km
0.1,km HC 100 @'m
| | |
-10 0 10
offset (km)
B
C
1.002 T T T T 1.01 T T T T T T T —=
=1s
210015 13;8 g -
[ f =
g b oo g <
g &
E 1,001 £
£ g 0.99
@
® ©
® 1.0005 ©
2 -
= 2 098
[ b=
g 1 AT E
° 5 097
® 0.9995 2
= o 0.9 =10s
g 0 = -100s
. =1000s
T T S S T S SR 0.5 "
0'99850 2 4 6 8 10 0 2 4 8 8 10
Offset (km) Offset (km)
FIGURE 13

Amplitude and phase ratio of CSEM with the IP and pure electromagnetic field to the SNP model of various time constants t = 1 (red), 10 (green),
100 (blue), and 1,000 (light blue), respectively. (A) Geoelectric model of submarine hydrocarbons with ion-induced polarization in the 3D marine

CSEM, (B) the ratio of amplitude, and (C) the ratio of phase.

about 20 km, most phase curves tend to be about 150, except for
the trends of the polarizability m = 0.8.

For the low-frequency (0.1 Hz) emission signals of the marine
CSEM, the magnetic field's amplitudes with various polarization
decrease with the offset (Figure 14C). When the offset is lower than
2.5 km, the electric field amplitude almost coincides and rapidly
decreases by three orders of magnitude (107'° V/m/Am). The
attenuation of the amplitude decreases as the offset increases.
When the offset is close to 20 km, the attenuation of magnetic field
amplitude approaches 0. The magnetic field with a larger
polarizability has a relatively large amplitude for the same
offset. When the polarizability is 0.8, the amplitude is higher
than that when the polarizability is 0.1. In particular, when the
offset is 20 km, the difference between them is about an order of
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magnitude. The phase of most curves tends to be about 107° T/
Am, except for the magnetic field with the polarizability m = 0.8.

For the low-frequency (0.1 Hz) emission signals of the marine
CSEM, the magnetic field phase with various polarization increases
with the offset (Figure 14D). When the offset is lower than 2.5 km,
The magnetic field phase almost coincides and rapidly increases to
about 230. The increase rate of phase gradually decreases with the
increase of the offset. The magnetic field with a larger polarizability
has a relatively small change in phase for the same offset. For
example, When the offset is about 12 km, the phase curve with the
polarizability m = 0.8 is obviously lower than the phase curve with
other polarizabilities. In addition, when the offset is about 20 km,
most phase curves tend to be about 150, except for the trends of the
polarizability m = 0.8.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.903816

Qiu et al. 10.3389/feart.2022.903816

A : : : : : 1 ' g

E _10f f=01Hz _* FrFedeete

s | — Ey: m=0.1

E -

Sl e

2 -~ Ey:m=0.8

g) =121 |

3

g -13f " |

E-1a
| 1 1 1 1 : I I I —

B

-

a

o
1

(&1
o
T

Phase Lag (Degrees)
=}
o
1

A | | | |

L 1 1
0 2 4 6 8 10 12 14 16 18 20
Horizontal Range (km), in-tow(-), out-tow(+)

(9]

T

13+ - * Bx: Field data 7
f=0.1Hz  Beio

Bx: m=0.1

Bx: m=0.3 -

Bx: m=0.5

Bx: m=0.8

Amplitude log10 (T/Am)
>
T

O

N

(o

(=]
T

N

(=]

o
T

Phase Lag (Degrees)
S o
o o
T T

a
o
T

1 1 |
6 8 10 12 14 16 18 20
Horizontal Range (km), in-tow(-), out-tow(+)

o
N
»

FIGURE 14

Log10 amplitude and phase (degrees) of f = 0.1 Hz CSEM field data [Ey (A,B) and Bx (C,D)]. Field data (blue) and inversion response with the
Cole—Cole model of various polarizability m = O (pure electromagnetic field) (green), 0.1 (red), 0.3 (light blue), 0.5 (purple), and 0.8 (yellow),
respectively.
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respectively.

For the high-frequency (1 Hz) emission signals of the marine
CSEM, the amplitudes of the electric field with various polarization
decreases with the offset increase (Figure 15A). When the offset is
lower than 2.5 km, the electric field amplitude almost coincides and
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rapidly decreases by three orders of magnitude (10™° V/m/Am).
The attenuation of the amplitude decreases as the offset increases.
When the offset is close to 20 km, the attenuation rate of the electric
field amplitude approaches 0. The electric field with a larger
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polarizability has a relatively large amplitude for the same offset. For
example, when the polarizability is 0.8, the amplitude is higher than
that when the polarizability is 0.1.In particular, when the offset is
20 km, the difference between them is about an order of magnitude.

For the high-frequency (1 Hz) emission signals of the marine
CSEM, the phase of the electric field with different polarizabilities
all increases with the increase of the offset (Figure 15B). When
the offset is less than 2.5 km, the electric field phase almost
coincides and rapidly increases to about 220. However, when the
offset is above 2.5 km, the growth rate of the phase gradually
decreases with the increase of offset. The electric field with a
larger polarizability has a relatively small change in phase for the
same offset. For example, When the offset is about 12 km, the
phase curve with the polarizability being 0.8 is obviously lower
than the phase curve with other polarizabilities. In addition,
when the offset is about 20 km, most phase curves tend to be
about 420, except for the trends of the polarizability being 0.8.

For the high-frequency (1 Hz) emission signals of the marine
CSEM, the magnetic field amplitudes with various polarizabilities
decreases with the offset (Figure 15C). When the offset is less than
2.5 km, the magnetic field amplitude almost coincides and rapidly
decreases by three orders of magnitude (107'°T/Am). The
attenuation of the amplitude decreases as the offset increases.
When the offset is close to 20 km, the attenuation rate of the
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electric field amplitude tends to be 0. The magnetic field with a
larger polarizability has a relatively significant change in amplitude
for the same offset. For example, when the polarizability is 0.8, the
amplitude is higher than that when the polarizability is 0.1. In
particular, when the offset is 20 km, the difference between them is
about an order of magnitude. In particular, when the offset is 20 km,
the difference between them is about an order of magnitude. The
phase of most curves tends to be the minimum (107 T/Am), except
for the magnetic field with the polarizability m = 0.8.

For the high-frequency (1 Hz) emission signals of the marine
CSEM, the magnetic field phase with various polarizabilities
increases with the offset (Figure 15C). When the offset is lower
than 2.5 km, The magnetic field phase almost coincides and rapidly
increases to about 280. However, when the offset is more than
2.5 km, the growth rate of the phase gradually decreases with the
increase of offset. The magnetic field with a larger polarizability has a
relatively small change in phase for the same offset. For example,
When the offset is about 12km, the phase curve with the
polarizability m = 0.8 is obviously lower than the phase curve
with other polarizabilities. In addition, the trends of most phase of
most phase curves is about 620, except for the trends of polarizability
of 0.8.

Figure 16 shows the resistivity inversion with various
polarizability m = 0 (pure electromagnetic field), 0.1, 0.3, 0.5, and
0.8. The inversion result with polarizability is more consistent with
the variation trends of seabed formation resistivity.

4 Discussion

4.1 Induced polarization of the Cole—Cole
model

When considering HC for the IP response of the Cole-Cole
model in CSEM, we identified the influence of Cole-Cole model
parameters as follows: the larger the polarization field, the
stronger the IP effect. The larger the time constant, the
smaller the polarization field, and the weaker the IP effect.
The influence of the frequency correlation coefficient was
relatively complicated. Within an interval in the same
direction as the pure electromagnetic field, with the increase
of ¢, the polarization field first decreased and then increased,
while in an interval opposite to the pure electromagnetic field in
direction, with the increase of ¢, the polarization field decreased.
The effects of polarization rate and time constant on the
polarization field were more obvious and regular. So, they
may be selected as parameters for inversion in data processing.

4.2 Induced polarization of the Dias model

When considering HC for the IP response of the Dias model in
CSEM, we identified the influence of Dias model parameters as
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follows: the larger the polarizability, the larger the polarization field,
and the stronger the IP effect. The larger the time constant, the
smaller the polarization field, and the weaker the IP effect. The
larger the electrochemical parameter, the larger the polarization
field, and the stronger the IP effect. The larger the volume
percentage, the larger the polarization field, and the stronger the
IP effect. The parameters that affected the polarization field most
significantly were the polarizability and volume percentage,
followed by time constant and electrochemical parameters.

4.3 Induced polarization of the short
narrow pore model

When considering HC for the IP response of the SNP model
in CSEM, we identified the influence of the SNP model
parameters as follows: the larger the polarizability, the larger
the polarization field, and the stronger the IP effect. The larger
the time constant, the smaller the polarization field, and the
weaker the IP effect. Both polarization and time constant had a
significant effect.

4.4 Influence of various polarizations on
EM with offset and frequency

1) The amplitude and phase trends of the CSEM
electromagnetic fields with various polarizabilities almost
coincide at a small offset (<2.5km) (Figures 14,15). It may be
that CSEM signals observed from shallow layers are mainly direct
wave signals propagating along the interface between seawater
and seafloor. Without polarizability, these signals may not show
polarization characteristics when passing through shallow media.
Therefore, observing obvious polarization characteristics at a
small offset (<2.5 km) is not easy.

2) At medium offset (3-20 km), the transmitter mainly
receives the reflected signals of CSEM signals passing through
oil and gas reservoirs, while the transmission of electromagnetic
waves in hydrocarbon media will be different due to different
polarizability reservoirs. Therefore, the phase curve has changed,
showing the polarization characteristics. The greater the
polarizability, the smaller the phase value, and the greater the
polarizability, the greater the amplitude.

3) When the offset is large (>20 km), the phase difference and
amplitude tend to be consistent because when the offset is too
large, the received CSEM signal is dominated by airwaves, and
the parameters of airwaves are consistent, so the polarization
characteristics disappear at large offset (>20 km).

4) The difference between Figures 14,15 is that the maximum
value of the phase difference and the minimum value of the
amplitude of the received CSEM signal display different features.
When the frequency increases, the propagation speed of the
electrical signal remains unchanged, and the reservoir's
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the
polarizability. According to the relationship between phase

propagation time remains unchanged at same
and frequency (w=2nf), the greater the frequency, the greater
the phase changes at the same time. According to the law of
electromagnetic wave energy attenuation, the wavelength of the
electromagnetic wave is inversely proportional to the frequency.
The higher the frequency is, the shorter the wavelength is. The
transmission of the electromagnetic wave is easier to be blocked
by small objects, so the amplitude of the electromagnetic wave

attenuates faster.

5 Conclusion

In this study, the influence of multiple ion polarization
the IP effect
electromagnetic method for offshore oil and gas was

models on in marine controlled-source
evaluated by integral equation forward modeling, the
scattering and stacking methods were used to calculate the
dyadic Green’s function needed in the study, and the real
resistivity was
considering the IP effect to obtain the 3D marine CSEM
forward algorithm incorporating the IP effect.

replaced with the complex resistivity

The influence of parameters in various ion polarization models
has been analyzed, and the conclusion is as follows: through
calculating the responses of three common ion polarization
models, we have found that within a small offset range, the
polarization field is first consistent with and then opposite to the
pure electromagnetic field in direction. In the same direction, the total
field amplitude is strengthened; otherwise, the total field amplitude is
weakened. Limited by three-dimensional scale, at a large offset, the
electromagnetic induction effect is dominant while the influence of
the IP effect is weak.

The polarization rate and time constant of the Cole-Cole
model have more obvious and regular effects on the polarization
field, and so they may be selected as parameters for inversion in
data processing. The parameters that may affect the polarization
field most significantly are the polarizability and volume
percentage, followed by time constant and electrochemical
parameters. For the SNP model, both polarization and time
constant have a significant effect.

The field data also show the amplitude and phase response
results of polarizability show that it gradually increases from the
offset. The IP response has an impact on both high-frequency
and low-frequency data. The larger polarizability may increase
the amplitude.
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