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1 INTRODUCTION

SUMMARY

Two novel transient controlled source electromagnetic methods called circular electrical dipole
(CED) and differential electrical dipole (DED) are theoretically analysed for applications in
shallow marine environments. 1-D and 3-D time-domain modelling studies are used to investi-
gate the detectability and applicability of the methods when investigating resistive layers/targets
representing hydrocarbon-saturated formations. The results are compared to the conventional
time-domain horizontal electrical dipole (HED) and vertical electrical dipole (VED) sources.
The applied theoretical modelling studies demonstrate that CED and DED have higher signal
detectability towards resistive targets compared to TD-CSEM, but demonstrate significantly
poorer signal amplitudes. Future CED/DED applications will have to solve this issue prior
to measuring. Furthermore, the two novel methods have very similar detectability character-
istics towards 3-D resistive targets embedded in marine sediments as VED while being less
susceptible towards non-verticality. Due to the complex transmitter design of CED/DED the
systems are prone to geometrical errors. Modelling studies show that even small transmitter
inaccuracies have strong effects on the signal characteristics of CED making an actual ma-
rine application difficult at the present time. In contrast, the DED signal is less affected by
geometrical errors in comparison to CED and may therefore be more adequate for marine
applications.

Key words: Electromagnetic theory; Non-linear electromagnetics; Marine electromagnetics.

One drawback of the FD-CSEM system is the influence of the
insulating air half-space on the measured signal that becomes espe-

Until present, many marine controlled source electromagnetic
(CSEM) applications focus on detecting resistive bodies, that is,
hydrocarbon (HC) saturated reservoirs embedded in a conductive
background environment (e.g. Eidesmo et al. 2002). The most gen-
eral application utilizes a horizontal electrical dipole (HED) trans-
mitter exciting a continuous, low-frequency waveform along with
multiple inline electromagnetic (EM) receivers. This method, com-
monly referred to as the frequency-domain controlled source elec-
tromagnetic (FD-CSEM or just CSEM) method, shows exceptional
signal detectability towards resistive targets and, compared to other
well-established land-based EM methods, is quite practical to apply
within the marine environment. As a result, several academic and
industrial institutions have developed their own FD-CSEM systems
generally consisting of a towed transmitter dipole accompanied by
several seafloor-based receivers (e.g. Chave ef al. 1991; Constable
2010).

cially prominent in shallow-sea applications. For FD-CSEM mea-
surements in shallow water, the signature of the air—sea interface
may dominate the signal at large offsets and, as a result, sensitivity
towards the subseafloor resistivity structure will be limited (Connell
& Key 2013). Under these circumstances, the measured signal typ-
ically decays by 1/ at large offsets, where r represents the dis-
tance between transmitter and receiver. This geometrical decay is
attributed to the effect of the so-called airwave (Weidelt 2007).

As an alternative, several marine CSEM applications are con-
sidered in the transient mode (time-domain or TD) where the
‘shallow-water problem’ is less severe in terms of masking the
resistive target (Weiss 2007; Chen & Alumbaugh 2011). Further-
more, methods exciting EM fields that are independent of the
airwave signal have received an increased attention in scientific
literature. The most popular in terms of recent practical and theo-
retical developments being the vertical electrical dipole (VED), also
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called vertical electrical lines (VEL; e.g. Scholl & Edwards 2007,
Holten et al. 2009; Helwig et al. 2013; Singer & Atramonova 2013;
Barsukov & Fainberg 2014). In a 1-D setting, the EM field of the lat-
ter is solely described by a unimodal transverse magnetic (TM) field
meaning the absence of vertical magnetic fields and presence of a
vertical electric field. As a result, the excited TM field leads to an
increased target response towards resistive layers in comparison to
unimodal transverse electric (TE) field methods. Despite this char-
acteristic, the drawback of applying unimodal TM-mode methods
is the smaller signal amplitude (Chave & Cox 1982). However, the
unimodal TM field is not crucially influenced by the airwave and,
therefore, predestined for shallow-sea applications. And although
VED is considered a unimodal TM-mode method, its applicability
in shallow sea is quite troublesome. On the one hand, the depth
of the water column restricts the extent of the transmitter antenna.
Hence, the limited dipole moment may result in a poor signal-to-
noise ratio (SNR). On the other hand, the method suffers from the
severe non-verticality effect (e.g. Goldman et al. 2015) that makes
its application in shallow water rather problematic.

As an alternative to VED, we theoretically substantiate a fur-
ther unimodal TM-mode method called circular electrical dipole
(CED). This transmitter system was originally designed for land
measurements as a surface-based equivalent of the VED, to avoid
the use of boreholes (Mogilatov 1992, 1996). As stated above, the
application of VED in a shallow-sea environment is associated with
several issues. Consequently, Goldman et al. (2015) suggest a CED
application within shallow marine environments to benefit from the
advantages of using unimodal TM-mode methods and avoid the use
of VED’s.

Additionally, the application of a completely novel marine EM
method called differential electrical dipole (DED) is proposed. The
transmitter consists of two electrical dipoles in an inline config-
uration with a common central electrode. The central electrode
has one polarity, whereas the two outer electrodes have the other
polarity. A similar idea of using differentially normalized electro-
magnetic method (DNME) is discussed in Russian literature (e.g.
Legeydo et al. 1990, 1997). The method works by injecting the cur-
rent through an electrical dipole and the electrical receivers are used
to create the differential signal. The DED approach suggests produc-
ing the differential signal through the application of a double-dipole
transmitter system.

In the course of this study, we will compare DED and CED to the
conventional time-domain CSEM and VED methods. The theoreti-
cal basis of the former methods is described and rigorous 1-D and
3-D modelling is used to study resistive targets within a conductive
background environment. Furthermore, signal distortions caused
by asymmetry of the complex transmitter geometry are studied and
elaborately discussed in terms of applicability.

2 METHODS

This study focuses on the comparison of four time-domain EM
methods. The theory of an HED field excitation in a 1-D subsurface
can be found in numerous publications (e.g. Edwards 2005). For a
VED source, refer to Scholl & Edwards (2007) and for loop sources
to Swidinsky et al. (2012). In contrast to HED, VED and even loop
sources, CED and DED are rather unfamiliar and will be elabo-
rately discussed. Both methods have their origin in Russia and were
originally developed for land-based hydrocarbon investigations. A
joint application was recently performed in Russia.
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Figure 1. Sketch of an approximated CED transmitter on the left and an
idealized CED transmitter with an inner radius of ¢ and an outer radius of b
on the right (Mogilatov & Balashov 1996).

2.1 Marine circular electrical dipole

The advantages and disadvantages of time-domain VED systems
have been discussed in preceding literature (e.g. Goldman et al.
2015). On land, an analogue EM field of the VED can be realized
by applying a surface-based CED. This idea was first introduced by
Mogilatov (1992) and practically realized by Mogilatov & Balashov
(1996) for two main reasons: (1) To avoid the necessity of boreholes
during the measurement that are often time and cost consuming and
(2) to circumvent the issue of perfect verticality by VED measure-
ments that can be problematic even in predefined boreholes.

As shown in Fig. 1, the ideal CED transmitter consists of a con-
tinuum of ‘outer electrodes’ arranged in a circle around a central
electrode. In practice, Mogilatov & Balashov (1996) show that an
ideal CED transmitter is sufficiently approximated by using eight
outer electrodes with one polarity arranged in a circle around the
mutual, central electrode with the other polarity. The current be-
tween the inner and outer electrodes flows through insulated wires.

One of the major shortcomings of CED is the strict criterion of
equal current amplitudes in the eight electrical dipoles. This task
may be quite cumbersome for land-based measurements due to dif-
ferent coupling conditions of the outer electrodes. This issue has
been successfully solved through the development of a transmit-
ter system that regulates the current in the eight arms individually
(Helwig et al. 2010). Within the marine environment, the coupling
problem is expected to be less severe due to the homogenous sur-
roundings (sea water). The issue of maintaining equal currents is
expected to be less challenging.

When assuming a 1-D subsurface, the EM field of a CED is
described by a unimodal TM field, irrespective of the z-location of
the transmitter. The radial EM field of a CED transmitter situated at
any interface of a layered earth model is described by the following
Hankel transform,

PO

dk 1
P+ 0 M

L [
E@:%;/AW}H
0

where [ is the current amplitude, J; is the first kind Bessel function
of order 1, b is the radius of the CED transmitter, O, and P, are
the transfer functions just below/above the source layer and % is
the wavenumber. The complete derivation of eq. (1) is given in
the Appendix. The Hankel transform in eq. (1) can be evaluated
in the time domain by using appropriate digital filter techniques as
described by Johansen & Serensen (1979).

Similar to VED, CED is a zero-field method meaning that a mag-
netic field is absent over a stratified 1-D subsurface. Previous land-
based field measurements successfully exploited this characteristic
by using CED as a mapping tool for resistive 3-D bodies embedded
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Figure 2. Schematic sketch of a DED system in a marine setting. The transmitter consists of two opposite dipoles in an inline configuration. The dashed lines

display the excited current system in the xz-plane.

in predominantly 1-D background environments. The 3-D bound-
aries of hydrocarbon reservoirs were successfully mapped using a
large, fixed CED transmitter of several hundred metre radii accom-
panied by mobile, magnetic field receivers (Mogilatov & Balashov
1996; Helwig et al. 2010).

Although this feature is unique for mapping resistive 3-D tar-
gets, the application of large CED transmitters is hardly feasible
in marine applications. Therefore, the theoretical considerations of
a marine CED application, previously shown by Goldman et al.
(2015), suggest using the CED as a short-offset sounding method.
The suggested system confines to transmitters of several tens to one
hundred metres radii with short-offset electric field receivers (2—5
CED radii distance). This restriction will primarily lead to poor
SNR due to the limited extent of the CED antenna in comparison
to the conventional TD-CSEM systems. Yet, the following study
will theoretically assess CED signals in both short- and long-offset
configurations while keeping the poor SNR in mind as the limiting
factor for future CED applications.

2.2 Marine differential electrical dipole

The application of a marine DED system is, to our knowledge, a
novel approach. A similar approach called DNME has indeed been
presented in Russian literature (Bubnov et al. 1984; Legeydo et al.
1990, 1997; Mandelbaum et al. 2002). The difference to DED is
that the DNME system applies a normal HED transmitter to in-
ject the current while the differential signal is obtained through the
receiver geometry. For the proposed DED system, the current is
injected differentially through a three-electrode transmitter. Theo-
retically, Davydycheva & Rykhlinski (2011) discussed the appli-
cation of a focused-source EM (FSEM) method that essentially is
identical to the application of DED (as suggested incomplete axial
focusing mode). They use 3-D modelling studies to demonstrate
the improvement of FSEM compared to both FD-CSEM and TD-
CSEM. Veeken et al. (2009) successfully applied a DNME system
in marine hydrocarbon exploration. Also, some land-based DED
measurements (generally referred to as counter lines) have been
performed in conjunction with CED.

As illustrated in Fig. 2, the DED transmitter consists of a double-
dipole system, where the two HED’s share a common central elec-
trode. The current in each dipole flows in opposite directions. Unlike

CED/VED, a DED transmitter excites a bimodal EM field consist-
ing of both TE and TM mode. The sensitivity towards resistive
layers embedded in a conductive background is, therefore, similar
to TD-CSEM.

Contrary to all other methods subjected in this study, DED has
not been extensively discussed in terms of detectability towards
resistive targets in a shallow marine setting. In the course of this
study, we compare DED signals to TD-CSEM, CED and VED for
both, short and long offsets. The aim is to assess the detectability
characteristics and lateral resolution in comparison to CED, VED
and TD-CSEM.

3 ONE-DIMENSIONAL FORWARD
MODELLING

The aim of the 1-D modelling studies is to demonstrate the signal
detectability of the investigated EM methods toward resistive target
layers, for example, HC-saturated layers embedded in conductive
background environments. The main focus is the shallow water
environment (water column has a maximum thickness of 100 m). We
do not attempt to present a feasible marine system of any particular
configuration (transmitter length, offset, etc.), but rather to give
a fair comparison between the time-domain methods CED, DED,
TD-CSEM and VED. Therefore, all investigations will be presented
for both short- and long-offset configurations. It should be noted
that the short-offset configuration clearly favours the CED/VED
systems, whereas the long offset is best applied for TD-CSEM
measurements. Unless stated else, all 1-D modelling studies were
performed using 100 m dipoles with 1 A current.!

To compare the signal detectability of resistive targets for differ-
ent EM methods, a simple three-layer resistivity model is used (see
Fig. 3). A resistive target layer of variable thickness and 100 Q2m
resistivity is embedded in marine sediments (1 m) at a depth of
1000 m beneath the seafloor. The thickness of the target layer varies
between values of 10, 50, 100, 200, 500 and 1000 m. The water
column has a thickness of 100 m and a resistivity of 0.333 Qm.
Offsets of 400 and 5000 m were chosen corresponding to a short-
and long-offset configuration, respectively. For CSEM, CED and

1Dipole lengths are meant. The TD-CSEM/VED is, therefore, 100 m long
whereas CED/DED has a radius of 100 m.

je /310°sjeuanolpioyxo’1(3,/:dyy woiy papeojumoq

9107 ‘Lz 11dy uo



Sea
100 m
Sediments
1Q9Om
1000 m
HC saturated layer A
100 Qm h
-----------------------v-l
Sediments
10Om

Figure 3. Layered earth model representing a hydrocarbon (HC) saturated
layer embedded in marine sediments. The thickness (/;) of the resistive HC
layer is varied between 10 and 1000 m.

DED, both transmitter and £, receiver are located on the seafloor.
For VED, the vertical transmitter fills the complete water column
with an E| receiver located on the seafloor.

The calculated step-off forward responses are presented as tran-
sients in the left column of Figs 4 and 5. Additionally, the same
transients are displayed as curves normalized to a 1 2m host half-
space (no target) in the right column. This very basic characteristic
serves as a tool to interpret the response of the resistive layer on
the calculated data while neglecting other aspects of EM measure-
ments, that is, SNR, equivalence, etc. that may become relevant
when interpreting actual data.

In Fig. 4, the 1-D forward response of CSEM, VED, DED and
CED is shown for a short-offset configuration (» = 400 m). The
superior detectability of CED/VED is clearly notable in comparison
to both TD-CSEM and DED. However, since the TD-CSEM signal
is known to be sensitive towards resistors only at large offsets, this
comparison is rather biased. Nonetheless, CED and VED signals
can detect very thin resistive layers of 10 m thickness at a depth
of 1000 m beneath the seafloor. In comparison, the normalized
response of TD-CSEM at short offsets shows little to no response
towards very thin resistive layers (10 m thickness). As mentioned,
this is primarily due to the short-offset configuration applied in this
study. Layer thicknesses of 50 m are distinguishable from the half-
space response in the DED signals, whereas TD-CSEM still lacks
the necessary detectability. For thickness of 100 m or greater, all
methods show a significant response towards the resistive layer. Yet,
a clear distinction of signals between different resistor thicknesses
may be quite ambitious when analysing the TD-CSEM response.

One characteristic that should not be neglected is the signal am-
plitude and dynamics that become relevant issues in field mea-
surements. In respects to the former, TD-CSEM clearly dominates
all other methods by 4-5 orders of magnitude at late times. In
noisy background environments, this may be the logical inference
of choosing TD-CSEM above any other method. However, success-
ful VED applications have been performed using current amplitudes
of up to 6000 A to obtain the necessary SNR (Helwig ef al. 2013).
Therefore, the superior detectability of CED, VED and DED may
justify future applications, as signal strength is more of a technical
issue that becomes less severe as technology develops.
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In the long-offset configuration (» = 5000 m) shown in Fig. 5, the
situation is somewhat different. All methods, including TD-CSEM
show a measureable detectability towards very thin resistive targets.
This is mainly due to the strong effect of the resistive layer on the
DC-level that is represented in the very early times of the tran-
sient. However, when analysing the transient decay, CED/VED still
show a stronger response towards the resistive layer. Again, DED
seems to have enhanced detectability characteristics in comparison
to TD-CSEM. In terms of signal amplitude and dynamics, the situ-
ation is similar in comparison to the short-offset configuration. The
amplitudes of TD-CSEM are two orders of magnitude larger com-
pared to the other methods.

It is safe to say that CED/VED exhibit a sufficient target re-
sponse in the short- and long-offset range, even for very thin re-
sistive layers. Whether this characteristic may be exploited in ac-
tual field measurements remains to be determined due to the very
small signal amplitudes. This issue and the resulting SNR have to
be considered before attempting actual measurements. TD-CSEM
transients have large signal strengths but a much lower target re-
sponse. DED is somewhere in between CED/VED and TD-CSEM in
terms of detectability and signal strength. This particularly applies
to short-offset range where DED shows a sufficient target response
in comparison to TD-CSEM, which exhibits practically no response
towards the resistive layer. However, in comparison, the latter has
advantages due to the larger signal amplitudes.

4 THREE-DIMENSIONAL FORWARD
MODELLING

A 3-D modelling study is performed to compare CED, DED, TD-
CSEM and VED responses to a finite resistive slab of 100 Qm
and a thickness of 100 m. Such model more adequately represents
real HC-saturated reservoirs than the above considered 1-D earth.
As displayed in Fig. 6, the lateral extent of the slab is considered
to be either 900 m x 900 m or 4500 m x 4500 m shown by red
and blue blocks, respectively. The former representing a resistive
body with dimensions smaller than the depth of burial and the latter
one that is much larger. The sea water layer is assumed to have a
perfectly lateral bathymetry with a thickness of 100 m. The profile
curves displayed in Fig. 7 show time delays (df) calculated for each
method and plotted against the transmitter position (in kilometres)
along a profile crossing directly above the resistive body. Since the
1-D modelling studies show that TD-CSEM is sensitive towards the
resistor at early times whereas the other three methods at late times,
different time delays were chosen. A time delay of 0.45 s was chosen
for TD-CSEM complying with the time range of high detectability
of the 1-D modelling. For CED, VED and DED a time delay of
10 s was chosen. Generally, the profile curves of the latter three
methods show comparable behaviour at sufficiently late times. The
time delay of df = 10 s was therefore chosen arbitrarily. It should be
mentioned that a comparison of signal strengths between TD-CSEM
and the other methods would be rather biased toward TD-CSEM at
this point, as amplitudes will be stronger at early times for a step-off
current excitation. Hence, the chosen time delays would favour the
TD-CSEM signals in terms of signal amplitudes. Yet, if the SNR
would be the only factor of consideration, TD-CSEM is clearly
superior to the other methods.

The centre of the resistive body is located at 0 m. Again, both
short- and long-offset configurations are investigated with receivers
Rx1 and Rx2, respectively. Similar offsets to the 1-D modelling
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Figure 4. Results of 1-D modelling study shown in Fig. 3 for a short-offset configuration (» = 400 m). The step-off transients of CSEM, VED, DED and CED
are displayed in (a), (c), (¢) and (g), respectively. The transients of the left column are also displayed as normalized responses (ratio of target to no target) for

all methods in the right column for better representation of detectability.

study were chosen. The minor differences are due to the grid design
of the finite difference modelling code. All 3-D modelling stud-
ies are performed with the finite-difference software SLDMEM3t
based on a modified spectral Lanczos decomposition method first
introduced by Druskin & Knizhnerman (1988, 1994).

Goldman et al. (2015) presented a similar 3-D modelling study
focusing on the lateral resolution of CED and VED in a short-offset
configuration for water depths of 100 and 1000 m. They argue
that both VED and CED have exceptional lateral resolution capa-
bilities in comparison to the FD-CSEM method, even in deep-sea
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Figure 5. Results of 1-D modelling study shown in Fig. 3 for a long-offset configuration (» = 5000 m). The step-off transients of CSEM, VED, DED and CED
are displayed in (a), (¢), (¢) and (g), respectively. The transients of the left column are also displayed as normalized responses (ratio of target to no target) for

all methods in the right column for better representation of detectability.

environments. CED/VED shows a considerable response towards
small resistive bodies with lateral dimensions smaller than the depth
of burial. In the short-offset configuration, the signals of CED and
VED remarkably follow the shape of the resistive body. Further-
more, they state that for shallow marine applications CED is even

more effective in comparison to VED since the depth of the water
column does not limit the dipole moment and an SNR issue is less
likely.

Whereas Goldman et al. (2015) used a VED-E, receiver config-
uration as it is applied commercially (i.e. Helwig et al. 2013), this
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Figure 6. 3-D modelling study representing a HC-saturated body with a resistivity of 100 2m and a thickness of 100 m is embedded in marine sediments.
The lateral dimensions of the resistive body are finite with either 900 m x 900 m or 4500 m x 4500 m. The four EM systems are towed over the centre of the
body with receiver offsets of approximately 450 and 6000 m representing the short- and long-offset acquisition.

modelling study confines to E,-receivers. Compared to Goldman
et al. (2015), the offset between Tx and Rx1 in the short-offset con-
figuration is of a factor 2—4 times larger. Nonetheless, the general
results of Goldman et al. (2015) for short offsets are reproducible.
The signal follows the shape of the resistive body with amplitude
maxima directly over the edge of the body. Furthermore, the sig-
nals of CED and VED are practically identical although amplitudes
differ by a half order of magnitude. If SNR is neglected in the theo-
retical assessment, the study shows that CED and/or VED assuming
a conductive homogeneous host medium may easily detect resistive
bodies with rather small lateral dimensions and thicknesses of 100 m
or more. Moreover, the lateral boundaries of the resistive body are
easily pinpointed using both methods as the signal amplitudes are
at a maximum.

The signal amplitudes of TD-CSEM are approximately 45 or-
ders of magnitude larger compared to the other methods (Fig. 7a).
This large difference in signal amplitude is partly explained by the
chosen time delays of the profile curves but also reflects the ad-
vantages of TD-CSEM applications. However, the signal shows no
significant response towards the resistive 3-D bodies at short offsets,
which again is attributed to the chosen (short-offset) configuration.
For a larger 3-D reservoir, small deviations from the background
signal are notable. However, if this signature can be measured is de-
bateable. Hence, for geological targets of this kind, an application of
short-offset TD-CSEM is not advisable. In contrast to TD-CSEM,
the profile curves of DED (Fig. 7e) are very similar to CED/VED.
This contradicts the 1-D modelling results where the detectability
of DED was only slightly better compared to TD-CSEM. The DED
signal follows the shape of the resistive body and is, therefore, in
unison with the signals of CED/VED. Depending on the drag direc-
tion, the signal may reach either maximum, or minimum amplitude
above the reservoir edges. This may be considered a disadvantage
compared to CED/VED where the amplitudes are at maximum com-
pared to the 1-D background. Thus, the SNR level may become a
relevant issue over one of the reservoir boundaries when applying
DED. However, the DED signal of background half-space exceeds
those of CED/VED by almost one order of magnitude and may,
therefore, be considered more suitable in terms of SNR.

The situation slightly changes in a long-offset configuration
(Fig. 7, right column). The most obvious change is that the signal

dynamics of all methods is decreased in comparison to the short-
offset configuration. The amplitude of TD-CSEM now exceeds the
other methods by 2—3 orders of magnitude. In the long-offset config-
uration, all methods are rather insensitive towards the small resistive
body. However CED and VED signals still show a significant re-
sponse. The DED signal displayed by the red line in Fig. 7(f) shows
a response towards the small resistive body, but may generally be
too small to be distinguished from the background. In comparison,
the TD-CSEM signal shows practically no response towards the
900 m x 900 m reservoir.

In comparison to the small resistive target (red line), the large
resistive body is detected by all methods at large offsets. The TD-
CSEM response is approximately a factor 2 larger compared to
the background response. This is attributed to the DC contribution
of the signal, which would be characterized by higher absolute
amplitudes if a resistive body was present in the subsurface. In
comparison, CED, VED and DED all show a decrease in signal
amplitudes for a resistive 3-D body. The signals are generally of a
factor 2-3 smaller compared to the background. In comparison, the
signal of the latter three methods follows the shape of the reservoir,
whereas the signal of CSEM deviates from the background only if
either transmitter or receiver is located over the reservoir. Therefore,
the profile curves of CSEM are off-centre. In comparison to the
short-offset configuration, CED, VED and DED do not resolve
the shape of the aquifer as accurately. Yet, a distinction of the
lateral boundaries would seem feasible using these profile curves. As
mentioned, the signal of TD-CSEM indeed possesses a measurable
signature of the reservoir if either transmitter or receiver (located at
—6 km from the transmitter) is located directly above it. However,
the signal does not give a clear distinction of the lateral boundaries
as for the other three methods. Therefore, the delineation of the
lateral boundaries would seem easier to interpret when applying
CED, VED or DED. Yet, as the signal amplitudes of the latter
methods are minimal above the centre of the body, an SNR issue
may become relevant for these applications.

The clear advantage of TD-CSEM compared to the other methods
is the signal amplitude; both in the short- and long-offset setting.
However, TD-CSEM has a limited response to a resistive block
with finite dimensions, especially if compared to the other meth-
ods. In turn, CED, VED and DED may seem superior in terms of
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Figure 7. Profile plots of CSEM at time delays of df = 0.45 s (a and b) and VED, DED and CED at time delays of df = 10 s (c—h). The left column represents
the short-offset configuration and the right column the long-offset configuration. The red line illustrates the response of the 900 m x 900 m body, the blue line
the 4500 m x 4500 m body. The background colours represent the lateral dimensions of the resistive bodies.
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Figure 8. Schematic sketch of non-verticality modelling of VED (a), CED (b) and DED (c). The receivers are placed on the seafloor at an offset of 400 m.
The transmitters are placed at the centre of the water column due to computational reason as explained in the text.

reservoir response but may lack the necessary SNR. The latter issue
will need to be addressed prior to measuring as all three methods
have a clear disadvantage compared to TD-CSEM. The enhanced
lateral detectability of CED, VED and DED may still justify future
application attempts.

The presented modelling studies have considered CED, DED,
VED and even TD-CSEM applications in a rather idealistic man-
ner. Up to now, the modelling study assumes a perfect transmitter
antenna immune against geometrical errors. However, under real-
world conditions where ocean currents, winds, etc. influence the
measurement symmetry, this assumption is doubtful. Therefore,
error studies are performed systematically investigating these in-
fluences on CED, DED, VED and TD-CSEM signals assuming
symmetry distortions.

5 ERROR DUE TO NON-SYMMETRY OF
THE TRANSMITTER

For land-based CED measurements, the issue of electrical symme-
try (equal current amplitudes) within the eight transmitter arms is
known and has been successfully solved through the development
of a transmitter unit (Mogilatov & Balashov 1996; Helwig et al.
2010). By regulating the current amplitude in each arm individu-
ally, inhomogeneous coupling conditions were circumvented and
the resulting error was minimized. In marine applications, the sta-
bility of the current regulation in the eight CED arms is less severe
due to the homogeneous coupling in sea water. However, in compar-
ison to land-based measurements, the geometrical symmetry of the
transmitter caused by transmitter tilt or arm misplacement is more
difficult to handle. The following modelling study will focus on
the errors in transient behaviour caused by latter symmetry issues.
The systematic errors of CED, DED and VED are evaluated and
compared.

5.1 Non-verticality study

As shown in Fig. 8, let us first assume that the internal transmit-
ter symmetry as a whole is maintained. For the CED transmitter

displayed in Fig. 8(b), the eight arms are all in position with an an-
gle of 45° between neighbouring arms. The transmitter as a whole
is tilted by a certain angle ®. Likewise, VED and DED trans-
mitters displayed in Figs 8(a) and (c) are inclined by the same
value. In fact, the non-verticality description originates from an
imperfect VED. In this case, ® describes the angle of inclination
where ® = 0° represents an ideal, perfectly vertical transmitter.
The underlying resistivity model is consistent to the 1-D modelling
study in the prior section. The transmitter dipoles have a length of
100 m and the E; receivers are located on the seafloor at an offset
of 400 m.

The errors in transient behaviour are obtained by applying a
superposition of transmitter components that arise in case of non-
verticality. For DED and CED, this means an additional vertical
transmitter component whereas VED has an additional horizon-
tal component. Since we assume that a transmitter arm may not
cross the seafloor interface, it was necessary to place the transmitter
within the water column at an adequate distance from the seafloor.
Consequently, the transmitter was placed in the centre of the water
column to prevent one arm from crossing the seafloor interface even
for large values of ®. Generally, it would be preferable to model
seafloor-based transmitters under the influence of bathymetry. How-
ever, this would require a multidimensional forward code, preferably
using finite elements to discretize the model space. As mentioned,
the modelling studies shown in Fig. 9 are done using a convenient
1-D forward code by superimposing transmitter components. Ad-
ditional calculations were also performed for transmitters closer to
the seafloor. In principle, these did not show significant differences
to the results presented in this study.

The results of the non-verticality study for VED, CED and DED
are displayed in Fig. 9. The absolute values of relative differences
are displayed as a function of time and angle ® in Figs 9(a), (c) and
(e) for VED, CED and DED, respectively. Note that the colour bar
for VED has a different range in comparison to CED/DED due to the
greater error. Additionally, transients for selected values of & are
shown in Figs 9(b), (d) and (f) for VED, CED and DED, respectively.
We want to point out that, although the conventional VED systems
as applied by Helwig et al. (2013) utilize an E, receiver, where
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Figure 9. Non-verticality effect of VED (a and b), CED (c and d) and DED (e and f) for the configuration displayed in Fig. 8. The left column shows the
absolute values of the relative differences plotted as a function of inclination and time, the right column shows transients at selected inclination angles of 0, 2
and 8 degrees. The colour bar of Fig. 9(a) is different from the ones of Figs 9(c) and (e).

the effect of non-verticality is less severe, we attempt to present form of a shift) for small angles and is not relevant for the purpose
a fair comparison between VED, CED and DED. Therefore, all of this first study.

modelling studies are performed with a radial electric field receiver. The results in Fig. 9 show that VED is particularly susceptible
We relinquish the comparison to the TD-CSEM method as it is clear towards non-verticality, whereas DED and CED are rather insen-

that an inclined HED will produce only a small geometric error (in sitive towards this effect. To demonstrate the severe effect of this
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Figure 10. Geometrical error study investigating dipole movements of TD-CSEM (a), DED (b) and CED (c). The black circles represent electrodes with one
polarity, the red circles the electrodes with the opposite polarity. The solid lines represent the ideal transmitter, whereas the dashed lines represent the altered

transmitter. « is the angle between ideal and altered transmitter.

phenomenon on VED data, the investigated angles range from un-
realistic values of ® < 0.1° to realistic values of ® > 1°. For
the investigated time range, the errors affect the intermediate to late
times of the transient. This is associated with the slower signal decay
of the parasitic HED component that arises if the VED transmitter
deviates from perfect verticality. For a 100 m transmitter dipole, one
would realistically expect ®-values no smaller than 1° meaning that
errors are produced exceeding 30 per cent even at very early times.
In this case, the data may significantly falsify the interpretation of
the subsurface resistivity structure.

In comparison to VED the signals of CED and DED are much
less affected by non-verticality. For ®-values exceeding 1°, errors
in the transient behaviour are hardly notable throughout the entire
time range. This is generally explained by the transmitter structure.
An imperfect VED will generate a small but relevant HED signal
that is especially prominent at late times. In contrast, the CED is
assumed as a disc where the internal symmetry is held. Therefore, an
inclination of the complete transmitter will solely produce a small
additional vertical field component, which is considerably smaller
in amplitude and, additionally, decays faster. Consequently, the error
is solely geometric caused by the effective radius decrease due to
inclination. This principle also applies to the DED transmitter.

It should also be mentioned that additional aspects that were not
considered in this modelling study might have an effect on the re-
sults. The effect of non-verticality may increase/decrease depending
on the offset and/or position of the receiver. Also, Goldman et al.
(2015) show that an E, receiver is less susceptible towards the ef-
fect non-verticality. The position of the transmitter within the water
column may also affect the absolute error values but will generally
not contradict the assertion of this study. If the internal symme-
try of CED/DED is maintained, then a non-verticality effect is less
prominent in comparison to VED.

5.2 Effect of asymmetric transmitter

The preceding non-verticality study assumed a perfect internal sym-
metry of the CED and DED transmitters, meaning the angle between
the transmitter arms is 45° and 180°, respectively. In a realistic setup,
this assumption can rarely be held, as the complex transmitter ge-
ometries are prone to minor errors. Errors in the range of several
tenths of degrees are expected during the construction phase. Ad-
ditionally, ocean currents at the seafloor may have an effect on the
symmetry by producing small, but relevant arm movements. These
effects are modeled in a static sense using the same 1-D resistivity
model as above. As non-verticality of VED has the same effect as

this symmetrical error, we confine to a comparison between CED,
DED and TD-CSEM.

The transmitter geometry is consistent with the preceding studies.
A dipole length of 100 m is applied with an E, receiver at an
offset of 400 m. Both transmitter and receiver are located on the
seafloor. As illustrated in Fig. 10, moving one or more electrodes
away from its ideal position in the xy-plane breaks the internal
transmitter symmetry. The extent of alteration is described by angle
a. For DED, only one of the outer electrodes is altered by « as a
movement of both would maintain the symmetry in a similar sense
as was investigated in the non-verticality study. In contrast, all outer
electrodes of the CED transmitter are altered in opposite directions
by « to simulate a realistic setting. An alteration of all electrodes in
the same direction would maintain the transmitter symmetry.

Transients and relative errors of TD-CSEM, CED and DED for
selected values of o are shown in Fig. 11. For small angles, TD-
CSEM is hardly affected by the transmitter asymmetry. Even for
a = 10°, the effect is negligible and typically lies in the error range
of stacked data. This effect can be accounted for in the interpreta-
tion process. In comparison, the transients of CED and DED behave
quite differently. The transients are shifted to a lower DC level at
early times depending on the value of «. Additionally, the transient
behaviour changes in comparison to the ideal geometry and, as a
result, the errors explode at intermediate to late times. This espe-
cially applies if a sign reversal is caused in the transient due to
geometrical distortions. Typically, DED tolerates small geometri-
cal errors not exceeding several degrees whereas CED immediately
punishes all deviations from a perfect symmetry. This issue makes
an application of a CED system rather problematic in the marine
environment as ocean currents may enforce small movements. In
contrast, a successful DED application seems feasible but requires a
precise positioning of the transmitter system. In general, TD-CSEM
is easiest to implement, as geometric requirements are not as strict.

Although the errors caused by geometric asymmetry of a
CED/DED may either increase or decrease depending on the under-
lying resistivity model, transmitter—receiver offset, dipole length,
acquisition window, etc., they are in general agreement with the
study shown in Fig. 11. We attempt to quantify the geometrical
errors of CED and DED depending on the measurement setup in
Fig. 12. The transmitter radius and offset is varied for different -
values while the background resistivity model stays consistent with
the prior studies. For transmitter radius variations, the receiver is
situated at an offset of four transmitter radii. The results are shown
in form of an rms error expressed as the square root of the sum of
squared relative differences divided by the number of data points.
As the geometrical errors increase at late times for both CED and
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Figure 11. The transients for several values of « are displayed in the left column. The ideal setup of @ = 0 is displayed by markers whereas « # 0 are displayed
by coloured lines. In the right column, the relative differences between the obliterated and ideal transients are displayed.

DED, the relative difference at time delays of df = 10 s is addi- arm will move by different «-values making the result even more
tionally displayed with white contour lines. It should be mentioned unpredictable.

that all w-values smaller than 1° are practically unrealistic for ac- Small CED transmitters with radii smaller than 100 m are ex-
tual field measurements. They simply demonstrate severity of the tremely susceptible to geometric errors. Even small values of o

problem. Furthermore, under practical conditions, each transmitter < le —2° cause significant errors of up to 100 per cent, especially
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Figure 12. Geometrical error study for CED (top row) and DED (bottom row). The rms errors are plotted as a function of « and radius (left column)/offset
(right column). The white contours represent the relative error at time delays of 7 = 10s.

at late times. In comparison, the DED is less susceptible, especially
if the transmitter radius is increased. Additionally increasing the off-
set further reduces the error. Hence, a trade-off between transmitter
radius, offset, lateral resolution and SNR needs to be considered
before executing actual measurements.

The results further show that a marine DED application may
be more feasible compared to a marine CED application for two
main reasons: (1) the transmitter is less susceptible to geometric
errors and (2) increasing the transmitter radius and offset of a DED
system is much more practical in comparison to CED, as everything
is inline. Even a towed DED system seems quite feasible for future
applications. In contrast, a marine CED transmitter is very costly
to install, as the geometric requirements are very strict. A mobile
measurement system is presently not imaginable. However, future
marine CED applications may confine to reservoir monitoring using
large, permanent transmitter systems with mobile receivers, similar
to the land-based applications.

6 DISCUSSION

The comparative modelling studies show advantages/disadvantages
of CED, DED, TD-CSEM and VED in a shallow-sea environment.
The conventional TD-CSEM method is clearly the favourite in re-
spect towards applicability and signal strength. The other methods

have smaller signal amplitudes and are, additionally, susceptible
towards geometrical errors. Increasing the induced current may ac-
count for the poor SNR while dipoles larger than 100 m will improve
the effect of the geometrical errors. Yet, the SNR issue for marine
CED and DED remains to be solved, as the amplitudes are signifi-
cantly smaller in comparison to TD-CSEM. This is one of the major
obstacles in future CED or DED applications. However, the latter
methods show an exceptional sensitivity towards resistive bodies
embedded in a conductive homogenous background environment.
Consequently, an attempt to apply DED may still be justified despite
the SNR issue.

The unimodal TM-mode methods CED and VED show high
detectability characteristics towards resistive layers and are quite
effective in delineating the lateral dimensions of 3-D resistive bod-
ies as their signals are at maximum above the boundaries. However,
an application of either method in shallow-sea environments seems
rather doubtful at the present time. On the one hand is VED ex-
tremely susceptible towards the non-verticality effect. This is rather
problematic for shallow-sea applications as the dipole has only a
limited length and the ship positioning needs to be quite accurate.
On the other hand is CED problematic due to the errors that occur
if the transmitter symmetry is obliterated. This error can be reduced
by applying large transmitter antennas, but is rather ineffective in a
prospecting sense. Future monitoring projects with a permanently
installed transmitter seem feasible.
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As an alternative for shallow water EM applications, the novel
DED method shows slightly improved detectability characteristics
compared to TD-CSEM. Additionally, the method has similar fea-
tures as CED/VED when delineating 3-D resistive bodies in both the
short- and long-offset configuration. In comparison to CED/VED,
the DED is less susceptible towards geometric errors and excites
EM fields with amplitudes that are one order of magnitude larger.
However, to serve as an alternative for TD-CSEM in shallow-sea
applications, marine DED still needs a substantial development
since its applicability has yet to be proven by actual field measure-
ments. Furthermore, we have restricted the study towards detection
of restive targets/layers and have not entirely addressed the issue of
resolving electrical properties of the subsurface. Further develop-
ment is, therefore, necessary to substantiate a DED application.

7 CONCLUSIONS

The novel marine CED method is still in the state of preliminary
research and has yet to be applied in actual field measurements. The
attempt to predict geometrical errors caused by an asymmetric trans-
mitter exceeded 100 per cent relative error for realistic deviations
of the ideal symmetry. As a consequence, the application of CED
as suggested by Goldman et al. (2015) is rather questionable at the
present time, even though its superior resolution capabilities makes
its application desirable. As a compromise to the conventional TD-
CSEM or VED methods, we propose to consider a further novel
approach called DED. In a 1-D shallow marine environment, DED
has similar detectability capabilities as TD-CSEM. The feasibility
of DED has also not been tested yet, but modelling studies show that
in comparison to CED, it is less susceptible to geometrical errors.
However, an actual justification can only be given after a successful
application of either DED or CED.

Clearly, the application of TD-CSEM is definitely the safest ap-
proach in obtaining data of good quality and may be sufficient in
detecting resistive targets in a shallow marine setting. However,
for small resistive 3-D targets, TD-CSEM has major disadvantages
compared to VED/CED and even DED. An application of the latter
may therefore be justified for these specific applications.
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APPENDIX: EXCITATION OF A RADIAL
CURRENT SHEET

As shown in Fig. Al, the 1-D forward algorithm was developed
for the ideal CED assuming a radial current sheet excitation. Ad-
ditionally, the approximated CED, comprising of the superposition
of eight HEDs arranged in a star-shaped pattern around a common
centre (see Fig. 1), was also implemented in the forward algorithm.
The DED works in a similar manner as the approximated CED but
uses only two HEDs with a common central electrode (see Fig. 2).
The aim is to obtain the electric and magnetic fields of a CED/DED
with radius (b) at the seafloor.

The centre of the CED is located at point 0 of a cylindrical
coordinate system (7, ¢, z). The problem has an axial symmetry
and only one magnetic component (Bg) satisfies the Helmholtz
differential equation,

1 1
OBy + —0,By — < By + 0By = o’ By (A1)
r r

where o = iwuo at all source-free points within zones of constant
conductivity o (S m™"). This differential equation can be simplified
by introducing a Hankel transform that relates any two arbitrary
axial-symmetric functions A(7; z) and A(k, z) defined as:

A(r,z) = / k Ak, z) J, (kr) dk (A2)
0

where J; is a Bessel function of first kind and first order. By applying
the relation stated in eq. (A2) to By, and inserting it in eq. (A1), the
Helmholtz equation simplifies to the following relation:

d..By (k,z) — @B, (k,z) =0 (A3)
with @2 = I? — iouo;.

0,~ 1e-8 S/m P,
dW 0-W
r
- >
0 . P,
- > Q
b E, 1
di=1 Ozt
................................................................................... Q2
; a
d. o,
v
) Q.
di+1 it
______ /2
Oy QA

Figure Al. Sketch of a layered full-space model consisting of N-layers below the source and two layers above the source. The current excitation is caused by

an ideal CED transmitter with inner radius a— 0 and outer radius b.
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Figure A2. Comparison between transient of an ideal and approximated CED for the short-offset configuration (a) and long-offset configuration (b).

For a half-space consisting of N-layers beneath the transmitter
(see Fig. A1), eq. (A3) describes a 1-D diffusion equation containing
a resistivity p; = 1/o; (2m) with the solution in the form

By, = C exp(—0;z) + C; exp(0;z) (A4)

where C* and C~ are functions independent of z that are con-
strained by the boundary conditions. By eliminating C* and C~
and introducing the reciprocal impedance Q; = By i/uE:; (Where
E, is derived from Ampere’s law) and rearranging we obtain the
upward recursion relationship from the bottom most terminating
half-space to the source layer,

1 [ pi©; Qi1 + tanh (©;d;) ]
,O,-@,- pi®,~ Qi+l tanh (@,d,) + 1 ’
where Q; and Q; 4, are the values of Q at the top of the ith and (i+1)th
layer, respectively. For a given £, the value Q, directly beneath the
source is recursively obtained through the relation stated in eq. (AS5)
starting in the lowest half-space with the starting condition,

1
Ow PR (A6)
This procedure is repeated for the half-space above the source
consisting of two layers (may be extended to M-layers) with the
transfer function P defined as P; = —Bg j/ L,

1 |: ,O]@lpz +tanh(®1d1) ]
101 [ 1O Prtanh (©1d) +1]°

where P and P, are specific values of P at the bottom of the first and
second layer above the source, respectively. The starting condition
in the air layer above the source is defined as,

1
pAir®Air

Qi (k) =

(AS)

Py (k) = (AT)

Py = Ppip =

(A8)

where pai; = 10% Qm is the resistivity of the air layer. Outside of
the source, the transfer functions, P and Q are continuous across the
boundaries. By considering the boundary conditions at the source
layer for a radial current sheet with density j,(7), the electrical field
can be expressed as:

oo

E (r,z)= /Jl(kr)-k-S(k)

0

PO,

dk A9
P+ 0 (49)

where:

00

Sk) = /j,.(r)-r-Jl (kr)dr .

0

(A10)

Within the radius of the source, we can now define j,(7) to be:

Io
Jr(r) = { 2

fora <r <b
(A11)
0 else
with current amplitude /y. By inserting eq. (Al1) into eq. (A10)
we obtain the following expression for S(k) (Mogilatov & Balashov
1996):
b

S (k)= 21—701 / Jy (kr)dr = % [Jo (ka) — Jo (kb)].

a

(Al12)

This expression describes a pair of grounded electrodes with inner
radius a and outer radius b. We can now simplify this expression by
assuming a — 0 and therefore Jy(ka) = 1, meaning that we assume a
point electrode at the centre of the radial current sheet. If we further
assume that b < r then Jy(kb) ~ 1 — k?b*/4. Therefore, the radial
electric field at the source layer can now be computed according to
Mogilatov & Balashov (1996):

b [ P
Ew =22 [ g e 22
8 P+ 0

0

dk (A13)

where J; is the first kind Bessel-function of order 1, 4 is the radius
of the CED transmitter and O, and P, are the transfer functions
just below/above the source layer calculated according to eqs (AS5)
and (A7), respectively. The observation in the time domain can
be obtained by simply applying a fast Hankel transform of a half-
integer order (Johansen & Serensen 1979).

Field excitation of CED and DED using superposition of HED
sources

The forward code also contains the solution of an approximated
CED consisting of eight HEDs. This approach was implemented, as
the solution is closer to the measured signal of field measurements.
The theory for an HED field excitation is given in many academic
literatures and will only be shown in respect towards a CED ap-
plication here. As described, for example, by Edwards (2005), the
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Laplace transform of the electrical field at distance r to the receiver
is given by:

/)
2
where s is the Laplace variable, j(s) = /Al/s is the current dipole
moment and F(s) and G(s) are the Laplace transforms of the TM
mode and the TE mode, respectively. For an exact description of /'
and G for the inline and broadside configuration, refer to Edwards
(2005). A superposition of two or more HED sources is simply
performed by using eq. (A14) for each individual dipole followed
by a simple addition. Hence, the electrical field at the receiver is
obtained by:

E(s)= [F(s)+G(s)], (A14)

E = ) E). (A15)
i=l

where n describes the number of superimposed dipoles (n = 2 for
DED and n = 8 for CED) and Ej(s) is calculated according to
eq. (A14). The main difficulty is to calculate the right offset and
sign of current amplitude for each individual dipole.

A comparison of the algorithms is shown in Fig. A2 for the
short- and long-offset configuration. The applied 1-D resistivity
model is shown in Fig. 3 for a 100 m thick target formation. The
offsets correspond to the ones used in the 1-D modelling study. The
transient of the ideal and approximated CED is plotted with blue and
red lines, respectively. The absolute difference of both transients is
displayed with a blacked dashed line.

The early times of the short-offset configuration show minor
differences. If this is caused by the TE mode of the approximated
CED or by the approximation Jy(kb) ~ 1 — kK*b*/4 is difficult to
analyse. However, the solution of the ideal CED is in accordance
with the solution of Mogilatov & Balashov (1996).
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