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Abstract

Marine controlled source electromagnetic (CSEM) surveys have been proven to be an effec-
tive tool in hydrocarbon exploration, principally due to the method’s ability (in the right
circumstances) to identify electrical resistivity contrasts between hydrocarbon-saturated
and brine-saturated sedimentary units. However, the sensitivity of such surveys decreases
in shallow water, for deeper targets, and for targets with limited horizontal extent. In prin-
ciple, the resolution and sensitivity of a survey can be improved by moving either the trans-
mitting or the receiving dipoles into the sub-surface. We have therefore investigated the
sensitivity of Seafloor to Borehole CSEM (sbCSEM) survey geometries, specifically for the
case of simplified targets with small lateral dimensions in shallow water areas—including
targets whose depth of burial substantially exceeds their lateral extent. The results are
encouraging. Neither small target size nor shallow water presents obstacles in principle to
the use of this approach. Our models reveal distinct lobes in the patterns of electric field and
current density amplitudes around a sub-seafloor transmitting dipole. The shape, positions
and amplitudes of these lobes are all strongly modified by the presence of one or more small
resistive targets, and they are strongly influenced by the positions of target edges. These
effects significantly modify the pattern of electric fields at the seafloor and hence result in
good sensitivity for realistic survey geometries. Small targets can be detected by seafloor
receivers when the sub-seafloor transmitting dipole is located at some distance laterally
outside the targets—leading to potential applications in ‘step-out’ prospecting. The asym-
metry of responses at the seafloor from targets that are offset with respect to transmitter
location has potential applications in field appraisal, while monitoring of reservoirs during
production provides another possible application. Varying the depth of the transmitter
down the borehole generates a Vertical EM Profiling (VEMP) survey—analogous to Vertical
Seismic Profiling (VSP)—and we demonstrate that this too can have useful applications.
Modelling for deeper (3 km sub-seafloor) targets continues to yield encouraging results
and suggests that step-out sbCSEM may be effective at depths beyond the detection limit
of conventional seafloor–seafloor CSEM.

Keywords: controlled source electromagnetic (CSEM); shallow water; borehole to seafloor;
3-D modelling
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1. Introduction
In a conventional seafloor–seafloor CSEM survey, a horizontal electric dipole (HED)

transmitter is towed near the seafloor and emits low-frequency electromagnetic (EM)
signals. After propagating for some distance, these signals are measured using HED
receivers at suitable offsets, placed on the seafloor. The modification of amplitudes and
phases of these signals as they propagate from transmitting to receiving locations constitutes
the CSEM responses of the survey, and these can contain information about the electrical
resistivity structure below the seabed. Of particular importance in an economic context,
CSEM responses can, in the right circumstances, provide constraints on the presence or
otherwise of thin resistive layers associated with hydrocarbon reservoirs [1–3]. Chave and
Cox [4] showed that both the source coupling and the sensitivity of CSEM surveys are
optimised for this combination (HED-HED) in the presence of a large resistivity contrast
across the seabed—as found, for example, over young oceanic crust, where there is little
or no sediment cover over the igneous basement. However, in a sedimentary basin, the
resistivity contrast across the seabed is much smaller, which tends to improve the coupling
of vertical electric dipole (VED) transmitters [5]. VED geometries can also be useful because
they are less influenced by the sea surface interaction or ‘air wave’ effect, which reduces
sensitivity to buried resistive structures for HED-HED surveys in shallow water [6–9].

A second motivation for investigating VED geometries is the practical possibility of
placing a VED transmitter or receiver within a borehole—for example, an existing well
drilled for exploration, appraisal or production purposes. Despite the great advances made
by the industry both in geophysical imaging and in geological risk analysis, not all wells
achieve their objectives; undoubtedly, many small, undiscovered or unproven panels and
reservoirs containing commercially viable hydrocarbon accumulations, close to existing
and producing fields, remain unexploited. Our objective is therefore to assess whether and
how sbCSEM surveys could add value to existing wells, or to wells in the process of being
drilled, or indeed to wells that are deemed unsuccessful owing to their failure to penetrate
a hydrocarbon-bearing structure.

Several studies have shown that borehole electromagnetic measurements can be per-
formed successfully, using open-hole wells and fibreglass-cased boreholes, for appraising
and monitoring hydrocarbon reservoirs [10]. Tseng et al. [11] have successfully used a
borehole-to-surface CSEM survey to locate a saltwater body. Crosshole CSEM surveying
has been used for reservoir characterisation and waterflood monitoring by Patzek et al. [12],
Wilt and Morea [13] and Colombo and McNeice [14]. Most relevantly, in a marine setting,
the general behaviour of the seafloor to borehole CSEM surveying for resistive targets
has been investigated by Scholl and Edwards [15], as well as by Maxey et al. [16–18]
and by Baranwal and Sinha [19,20]. In the last decade, there have been more develop-
ments in simulating the VED sources in the steel-cased boreholes for CSEM modelling and
inversion [21,22].

Boreholes are cased as well, generally using steel, which is highly conductive. There
have been several studies to model the steel casing effects and include the steel casing in
the forward modelling and inversion [21–27]. Steel casing is often considered a hindrance,
but it helps transmit low-frequency signals deep into the formation, allowing it to act as a
conductive source/antenna that enhances the detection of surrounding resistivity contrasts.
It distorts electromagnetic fields as well. The casing effect dominates at close distances
(200–300 m from the well), but for far-enough distances (>500 m) and for transmitters placed
far below the casing shoe, the formation response can still be detected well and unaltered.

In this paper, we present the results of a numerical modelling study of an sbCSEM
setup, which uses a VED transmitter located in a borehole and receiver responses mea-
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sured at the seafloor. We have not considered the steel casing effects to keep our forward
modelling study simple and directly relatable to fibreglass-cased or open-hole wells.

Since the principles of reciprocity of transmitting and receiving dipoles apply [28–30],
our results could equally be used for the case of a mobile transmitting dipole at the
seafloor and a VED receiver in the borehole. The single VED source configuration is
most computationally efficient for this modelling study, and would in practice allow the
collection of survey data from many water column receivers simultaneously, minimising the
well time required for a survey. However, the logistical, engineering and safety challenges of
operating a powerful electric dipole transmitter in a borehole are formidable. In engineering
terms, the use of VED receivers within the borehole and one or more mobile transmitting
dipoles within the water column would be more straightforward, but possibly at the cost
of requiring more well time to complete a survey.

We have chosen to concentrate on a specific set of circumstances, all corresponding to
a ‘difficult’ or ‘challenging’ target for conventional marine CSEM surveys. These include
shallow water, representative of shallow shelf seas on the upper parts of continental margins
or in intracontinental basins; laterally small targets, with horizontal dimensions comparable
to or less than their depth of burial; and, in the later sections, relatively deep targets (2 to
3 km sub-seafloor). The results of our study may be particularly relevant to mature oil
provinces such as the North Sea, where substantial production infrastructure is already in
place; where numerous wells have been drilled; and where small, unproven and therefore
undeveloped reservoirs or panels may exist close to existing wells.

As well as modelling the most favourable situation, in which a VED can be placed in a
borehole that penetrates the resistive reservoir target, we have also modelled situations
in which the borehole misses the target completely, or in which the maximum depth of
the borehole is less than that of the target. We also investigate situations with two offset
target structures close to one another, for cases in which the borehole penetrates one but
not both, and for cases in which the borehole fails to penetrate either target. Possible future
applications of sbCSEM based on this approach may include step-out exploration from
existing wells; ‘downward looking’ sbCSEM, to refine knowledge of structures ahead of
the well; and vertical CSEM profiling (VEMP).

Lastly, there is a need to improve our ability to use geophysical methods to monitor
and, especially, to quantify for audit and verification purposes, as well as the emplacement
and migration of carbon dioxide which has been captured and injected into reservoirs for
the purpose of long-term geological storage (‘sequestration’). This can include situations
in which it is undesirable for a well to pierce the cap rock above a reservoir (an example
might be the Sleipner CO2 storage project [31]), and in these cases, transmitting or receiving
dipoles placed in the subsurface but above the reservoir seal may produce higher resolution
results than those available from seafloor to seafloor surveys.

2. Earth Resistivity Models
Our objective is to assess whether seafloor to borehole CSEM surveying can be applied

usefully in a particular set of geological and economic circumstances. We have therefore
chosen to model specific resistivity structures and survey layouts which, although geo-
metrically simplistic, are relevant to this context. Figure 1a schematically shows both the
basic layout of our modelled survey and the background resistivity structure. A layer
of seawater, 100 m thick and with resistivity of 0.3 Ω·m, overlies the solid earth, which,
for this case, consists of a uniform half-space of resistivity of 1 Ω·m. This constitutes our
half-space reference model. The transmitter consists of a 25 m long vertical electric dipole
(VED), which we assume to be placed beneath the seafloor, within a borehole. A number
of receivers are placed immediately above the seafloor, so that their sensors are within
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the water column, at a range of horizontal offsets from the transmitter location. We have
modelled both horizontal and vertical components of the electric field at the receivers. The
transmitter is located at the origin in the x-y plane, and the receivers are placed along
y = 0. Resistive target structures are located symmetrically about y = 0, and the horizontal
component of the electric field modelled at the receivers is usually the x-component (which,
for this case, is also the radial component).

 
(a) 

(b) 

Figure 1. Schematic diagram of the resistivity structure and survey layout for (a) our half-space
reference model and (b) our centred resistive disk model (not to scale). Dashed line symbolises water
surface and triangles symbolise transmitter (Tx) and receivers (Rx).

The basic target which we have modelled consists of a resistive disk, is 100 m thick,
and is buried 1.1 km beneath the seafloor (Figure 1b). The disk has a resistivity of 100 Ω·m
and a radius of 712.5 m (diameter of 1425 m). In the centred resistive disk model, the VED
transmitter is located within and at the centre of the target disk. In the Section 5.1, we have
also modelled a number of scenarios in which the target disk is displaced laterally, along
the x-axis, with respect to the transmitter. Two particular cases are the just inside model,
in which the transmitter is located 12.5 m inside the perimeter of the resistive target, and
the just outside model, in which the transmitter is located 12.5 m beyond the perimeter of
the target.

In addition to the small resistive disk target, we have also modelled (purely for
comparison) the 1D case (resistivity varies only along the z-axis) of a layer that extends
infinitely in the x and y directions, with the same resistivity, depth of burial and thickness
as the target in the centred resistive disk model. We refer to this as the thin resistive layer model.

In the Section 5.4, we also investigate a stacked reservoir model. Here, a second resistive
disk target with the same dimensions and properties as the centred resistive disk model is
added to the structure, at a depth 200 m deeper than the first target. The second deeper
resistive target is offset laterally from the first target, with its centre located 1400 m along
the positive x-direction from that of the standard target. It has the same dimensions and
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resistivity as the first target, so the edges of the two resistive features just overlap in the
x-direction. In the Section 5.5, we investigate a number of scenarios in which the depth of
the target resistive body or bodies is increased to 2 or 3 km. Table 1 represents a summary
of the standard model parameters used in the present study.

Table 1. Description of parameters for various standard models used for modelling in the present
work. All the models have the following parameters in common: transmitter—25 m long VED and
centred at (0, 0, −1250), half-space resistivity—1 Ω·m, sea water resistivity—0.3 Ω·m, sea water
thickness—100 m, disk thickness—100 m, disk resistivity—100 Ω·m, and disk diameter—1425 m
(Figure 1). The thin resistive layer model consists of an infinite layer in the x and y directions with a
thickness of 100 m and a resistivity of 100 Ω·m.

Model
Centre of Disk-1 Centre of Disk-2 Centre of Layer

X (m) Y (m) Z (m) X (m) Y (m) Z (m) X (m) Y (m) Z (m)

Half-space reference - - - - - - - - -

Thin resistive layer - - - - - - 0 0 −1250

Centred resistive disk 0 0 −1250 - - - - - -

Just inside 700 0 −1250 - - - - - -

Just outside 725 0 −1250 - - - - - -

Stacked reservoir 0 0 −1250 1400 0 −1450 - - -

In all of these models, the low resistivity background material represents water satu-
rated marine sediments. The resistive disk structures correspond to targets of economic
interest. In the case of hydrocarbon exploration, the targets would correspond to small
oil or gas reservoirs, or undeveloped pockets, close to existing exploration or appraisal
wells or to existing production systems. Alternatively, they may correspond to known
accumulations of oil or gas, with the survey being undertaken either for field appraisal
prior to development, or for reservoir monitoring during production. Thirdly, the resistive
disk targets can be taken to represent reservoirs used for long-term geological storage
(sequestering) of CO2—in which case the relevance of our modelling is to monitor and
verify such schemes, including quantitative assessment of rates and directions of lateral
migration of CO2 from its injection point.

A limitation of our models is that we have placed our transmitting dipole directly
within the geological structure, without taking into account either the resistivity structure
of the borehole itself or any casing that might be present. The issue of well casing and its
effect on geophysical results is complex [22,32]. The electromagnetic effects of the well itself
will depend on whether it remains filled with oil-based or water-based mud, or indeed
whether it is being used for hydrocarbon production or for injection purposes. The detailed
modelling of the effects of the well and its casing would therefore have to be undertaken on
a case-by-case basis and is outside the scope of this study. However, it is common for many
wells, even after completion, to have an uncased section—sometimes some hundreds of
metres in length—at the bottom. It is also normal practice during the drilling of exploration
and appraisal wells to leave lower sections uncased for at least as long as it is needed for
wireline logging to be completed. Some uncased well sections are therefore likely to be
available for sbCSEM studies.

3. Numerical Modelling Method
We carried out the numerical modelling using the EH3D code [33] developed at the

Geophysical Inversion Facility, University of British Columbia. The EH3D code is based
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on finite volumes using a staggered grid and enables us to calculate all the components of
electric and magnetic fields at each grid node. In this study, we focus on electric fields only.

The first stage of our modelling was to verify the stability and resolution of our grid
by comparing the predictions of the 3D code against those for an identical Earth model
from a 1D code. For this, we used versions of the HED 1D code of Chave and Cox [4],
extended and modified (Andreis and MacGregor [9] to allow computations for VED sources
and receivers. In all cases, the verification comparisons used a VED transmitter. The first
comparison is for the x- or radial component of the horizontal electric field at the receiver.
We refer to this as Ezx, where the first subscript denotes the orientation of the transmitter,
and the second the orientation of the receiver. The second comparison is for the vertical
electric field at the receiver, denoted by Ezz.

Figures 2 and 3 show plots of amplitude and phase of Ezx and Ezz respectively for
VED transmitters located at depths of 150 m, 450 m, 850 m and 1250 m below sea surface,
computed using the EH3D and 1D codes. For each source depth, lines represent the EH3D
result and symbols represent the 1-D code result. There is good agreement between the
two codes, at least up to horizontal offsets of 5 km for Ezx and 6 km for Ezz. Beyond these
offsets, edge effects from the boundaries of the 3D mesh begin to produce distortions. We
conclude that our modelling procedure and mesh structure are valid for horizontal offsets
up to 5 km.

 
(a) 

 

 
(b) 

Figure 2. Comparison of (a) amplitude normalised to unit source dipole moment and (b) phase of
horizontal component of the electric field at the seafloor as a function of horizontal source–receiver
offset, as calculated for the half-space reference model and for varying source depths by the EH3D and
1D codes.
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(a) 

 
(b) 

Figure 3. Comparison of (a) amplitude normalised to unit source dipole moment and (b) phase of
vertical component of the electric field at the seafloor as a function of horizontal source–receiver
offset, as calculated for the half-space reference model and for varying source depths by the EH3D and
1D codes.

The second task was to select an appropriate frequency for the remainder of the study.
A frequency range of 0.1 to 10 Hz is commonly used for marine CSEM modelling [23,26,27].
Therefore, a 3D modelling was performed for various frequencies ranging from 0.03 Hz to
3.16 Hz for the centred resistive disk model. An optimum frequency for any survey will ideally
combine observable inflexion points in the fields at the seafloor associated with the edges
of the target (seen best at high frequencies) with receiver amplitudes that are sufficiently
large to be detectable (seen best at low frequencies). The logarithmic amplitude of the
horizontal and vertical electric fields calculated at the seafloor for the various frequencies is
plotted in Figure 4. A frequency of 0.31 Hz represents an optimum trade-off for this case
between curvature and amplitude of the responses; therefore, this frequency was used for
all further modelling.
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(a) 

 
(b) 

Figure 4. The variation in electric field amplitudes normalised to unit source dipole moment for
(a) horizontal and (b) vertical components of the electric field as a function of horizontal offset,
calculated at the seafloor for the centred resistive disk model at a range of frequencies. The transmitter is
a 25 m long VED with 0 offset and at a depth of 1.1 km below the seafloor. The water depth is 100 m.
The location of the disk is plotted with black dashed lines.

4. Dimensionless Amplitudes and Patterns of Induction
In this section, we present plots of the x- and z-components of electric field amplitudes,

in the xz plane at y = 0, for the half-space reference model and the centred resistive disk model.
The y-component of the electric field amplitude is zero everywhere in this plane, due to
symmetry, for all of our models. As mentioned above, we refer to the two components as
Ezx and Ezz respectively, where the first subscript corresponds to the transmitter orientation
(z for VED) and the second subscript corresponds to the component at the receiver.

Figure 5 shows amplitude normalised to unit source dipole moment of the x- and z-
components of the electric field for the half-space reference model. Due to both inductive
losses and the 1/r3 amplitude behaviour of any dipole field, amplitudes decrease very
rapidly away from the transmitter, with a factor of about 1012 difference in amplitude
between the centre and the edges of each plot. Also, clearly visible are the expected lobate
amplitude patterns, with maxima along the directions at 45◦ and 135◦ from the vertical,
and minima along the horizontal and vertical directions on the Ezx plot, and vice versa on
the Ezz plot. It can also be seen that the vertical field amplitudes are substantially smaller
in the water column and larger in the atmosphere than in the subsurface. This is largely
due to the galvanic response to the resistivity contrasts across the seafloor and sea surface,
as discussed below.
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(a) 

 
(b) 

Figure 5. Amplitude normalised to unit source dipole moment of (a) the horizontal and (b) the
vertical components of the electric field in the xz plane through the transmitter, for the half-space
reference model. Water layer is shown by white dotted lines. Transmitter is shown by a white marker.

Figure 6 shows the equivalent plots for the centred resistive disk model. Several differ-
ences are immediately apparent. Firstly, amplitudes are larger everywhere. This is partly
because inductive losses immediately around the transmitter are less, since it is in a more
resistive part of the model. However, a large part of the difference is simply that the dipole
moment is unchanged between Figures 5 and 6, and so, the current emitted from the two
ends of the dipole is the same. Since, in Figure 6, the dipole is in a local medium that is
100 times more resistive, a much larger potential difference would be required to drive
the transmitter current in this case. Electric field amplitudes are larger everywhere in
Figure 6 than in Figure 5, principally because, in the case of Figure 6, a much larger voltage
(and hence power) would need to be applied to the transmitting dipole to maintain its
dipole moment.

A second difference between the two plots is that, in the centred resistive disk model, the
horizontal electric fields inside the target body are smaller than those outside it, while the
vertical electric fields are larger inside it than outside it.

The steep gradient in electric field amplitudes away from the transmitting dipole
(i.e., over about 1012 orders of magnitude) in both Figures 5 and 6 tends to mask much
of the more interesting aspects of the behaviour of the fields within the model, even
when amplitudes are plotted on a logarithmic scale as here. We have therefore plotted
dimensionless amplitudes of both the horizontal and vertical components of the electric
field [34] in subsequent figures. Dimensionless amplitudes have the advantage that they
compensate for the 1/r3 decrease in amplitude away from a dipole source—in effect,
a ‘geometric spreading’ correction. Secondly, they take into account variations in local
resistivity at either hypothetical or real receiver locations, so that they correspond to
variations in the amplitude of the current density rather than the electric field. In the low
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frequency limit, current density normal to a boundary between two regions of contrasting
resistivity is continuous, whereas electric field along the same direction is discontinuous,
and varies in inverse proportion to the resistivity contrast. This makes the dimensionless
amplitude less sensitive than conventional electric field amplitude to purely galvanic
behaviours (i.e., those that occur even in the DC case), and hence relatively more sensitive
to the inductive behaviour.

(a) 

(b) 

Figure 6. Amplitude normalised to unit source dipole moment of (a) the horizontal and (b) the
vertical components of the electric field in the xz plane through the transmitter, for the centred resistive
disk model. Water layer is shown by white dotted lines. Locations of the transmitter and resistive disk
are marked by a white marker and white dashed lines, respectively.

Dimensionless amplitude is expressed as:

Szx =
2πEzxr3

s
ρr M

, and Szz =
2πEzzr3

s
ρr M

(1)

where S is the dimensionless amplitude, E is the electric field amplitude (units Vm−1),
M is the transmitter dipole moment (units Am), rs is the slant range (in m) between the
transmitter and the receiver and ρr is the local resistivity at the receiver. The amplitude
normalised to unit dipole, with units VA−1m−2, is equal to E/M.

Figures 7–9 show the patterns of Szx and Szz for the half-space reference model, the thin
resistive layer model and the centred resistive disk model respectively. Note that in these and
subsequent figures, S is presented on a linear, not logarithmic, scale. Note that for ease of
comparison, the colour scale is the same in all three pictures.
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(a) 

 
(b) 

Figure 7. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field in the xz plane through the transmitter, for the half-space reference model. Water layer is
shown by white dotted lines. Transmitter is shown by a white marker.

The pronounced differences in the behaviour of the fields for the three contrasting
models are clearly seen in these plots. In Figure 7, the lobate patterns for the two compo-
nents described above can clearly be seen. We also note from Figure 7 that vertical current
densities in the water column are very small, while horizontal current densities in the
water layer are large above the upper lobes. The combination of current channelling within
the conductive water layer and current blocking by the extremely resistive atmosphere is
forcing current to flow predominantly horizontally in the water layer at these locations.

In Figure 8, we note that the thin resistive layer strongly modifies the field patterns.
Horizontal current densities are increased in the water layer at medium and long offsets
and are also increased in the background sediment material immediately above and below
the resistive layer. Horizontal current densities are small within the resistive layer at long
offsets as well (Figure 8a). In contrast, vertical current densities are greatly increased within,
above and below the resistive layer at long offsets (Figure 8b).
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(a) 

(b) 

Figure 8. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field in the xz plane through the transmitter, for the thin resistive layer model. The locations of
the disk and source are also plotted. Water layer is shown by white dotted lines. Locations of the
transmitter and thin resistive layer are marked by a white marker and white dashed lines, respectively.

(a) 

 
(b) 

Figure 9. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field in the xz plane through the transmitter, for the centred resistive disk model. Water layer is
shown by white dotted lines. Locations of the transmitter and resistive disk are marked by a white
marker and white dashed lines, respectively.
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In the centred resistive disk model (Figure 9), the patterns of Szx and Szz both clearly
respond to the locations of the edges of the resistive target. In Figure 9a, the maxima lobes
are moved outwards, while the current density in the overlying water column is again at
its greatest above the upper lobes. This suggests that the Szx component should show good
sensitivity to the spatial extent of the target body. In Figure 9b, the periphery of the resistive
target appears to be behaving as an annular emitter of vertical current density. This suggests
that the Szz component should also have good sensitivity to the lateral extent of the target.

We can clearly see from Figures 7–9 that dimensionless amplitude components present
a better insight into the interactions between the source and the resistivity structure. We
note the following advantages of using dimensionless amplitudes. Firstly, it applies a
correction for the huge variations in amplitude caused by geometric spreading, so that
the patterns we observe are no longer dominated by this effect. Secondly, the values of
the dimensionless amplitudes no longer vary through many orders of magnitude. We
can use linear rather than logarithmic amplitude plots. Finally, the patterns observed are
more closely related to inductive behaviour and the presence of secondary fields, rather
than the geometrical decrease in the primary fields. Therefore, we will present plots of
dimensionless amplitude only for further models.

5. Modelling Results
5.1. Offset Targets

Figures 10 and 11 show the patterns of dimensionless amplitudes for the just inside
model and the just outside model. We can clearly observe asymmetry in the amplitudes
in both plots, reflecting the offset target position; note that this asymmetry is observable
for both components at the seafloor, as well as in the subsurface—a positive result for a
practically realisable survey.

 
(a) 

(b) 

Figure 10. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field in the xz plane through the transmitter, for the just inside model. Water layer is shown by
white dotted lines. Locations of the transmitter and resistive disk are marked by a white marker and
white dashed lines, respectively.
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(a) 

 
(b) 

Figure 11. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field in the xz plane through the transmitter, for the just outside model. Water layer is shown
by white dotted lines. Location of the transmitter and resistive disk are marked by a white marker
and white dashed lines, respectively.

An important distinction between the two cases is that while in Figure 10 the transmit-
ter is still inside the resistive target, in Figure 11, the transmitter is outside the target. The
galvanic consequences of this, as discussed above (i.e., the decrease in voltage and power
required to drive the source current from the transmitter in the more conductive back-
ground sediments), are chiefly responsible for the generally lower amplitudes observed
in Figure 11 than in Figure 10 (note the differences in scale bars). However, in Figure 11,
we continue to see marked asymmetry in both sets of responses. In particular, the far
perimeter of the target body again appears to be acting as an induced emitter of fields for
both components. This has important practical implications for exploration, appraisal and
monitoring—a well that ‘misses’ a target laterally can still be valuable for sbCSEM survey
purposes, in both detecting a resistive target and delineating its lateral boundaries.

While these plots usefully illustrate the pattern of induction that occurs in the subsur-
face, any practical application of sbCSEM depends upon measurements made in the water
column. Therefore, we have extracted the responses at the set of node points 12.5 m above
the seafloor for the remainder of this section.

5.2. Seafloor Responses for the Standard Models

The Szx and Szz responses just above the seafloor are plotted for the various models
in Figure 12, along a linear profile parallel to the x-axis and passing above the centre of
the target and the transmitter location. The centred resistive disk and half-space reference
model responses are symmetrical on both sides of the transmitter as expected, due to the
symmetry of the models. The magnitude of the responses and the lateral positions of
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maxima and minima in the responses are influenced both by the depth of the VED dipole
source (although this is not illustrated here) and also by the edges of the resistive body.

 
(a) 

(b) 

Figure 12. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of
the electric field at the seafloor for various models. The locations of the disk are also plotted
with corresponding colour markers, and they only vary in the horizontal direction, not in the
vertical direction.

The responses for the just inside and just outside models are asymmetric along the
profile. The minimum (in the case of Szx) and maximum (in the case of Szz), which are
observed directly above the source position (x = y = 0) for the symmetric models, are
shifted laterally for the non-symmetric models, reflecting the change in the position of
the edges of the resistive body. Similarly, the locations of the local maxima in Szx and
minima in Szz at between 0 and 2 km offsets are shifted laterally by appreciable distances
in the non-symmetric model responses. This behaviour would clearly be useful in reservoir
monitoring and appraisal applications.

To illustrate how the responses vary laterally at the seafloor in both the x and y di-
rections, Figure 13 shows two plan views for the just outside model. For values of y not
equal to 0, it is useful to resolve the horizontal component into radial and tangential
components—so the two panels show Sz,rad and Sz,tan components respectively. Panel (a)
illustrates very clearly the asymmetric pattern of the response, corresponding to the offset
location of the resistive target with respect to the transmitting VED. Panel (b) shows some-
thing rather different. In a 1-dimensional or radially symmetric (about a VED transmitter)
resistive structure, the tangential horizontal component of the electric field would be zero
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everywhere. Panel (b), therefore, corresponds to a ‘null-coupled’ component of the field. In
this case, where the resistivity structure is neither 1-D nor radially symmetric, the non-zero
values of the tangential component are therefore highlighting the edge of the resistive body
where it is closest to the transmitter. This use of the null-coupled tangential component
could provide an additional valuable application of sbCSEM for delineating the boundaries
of anomalously resistive bodies.

 
(a) 

(b) 

Figure 13. Contour plot of a plan view of horizontal dimensionless amplitude response at the seafloor
for the just outside model. (a) Sz,rad component. (b) The null-coupled Sz,tan component. The locations
of the disk and source are also plotted. Locations of the transmitter and resistive disk are marked by
a white marker and white dashed lines, respectively.

5.3. Maximum Detectable Offset of the Target from the Transmitter

After investigating these responses for the just inside and just outside models, we
moved the small resistive target progressively further away from the transmitter location,
while keeping its dimensions and other properties constant. This simulates a case where
the transmitter is placed in a well which has missed the resistive target laterally by up to
several hundred metres. We modelled three new offset positions, in which the distance
from the nearest point on the perimeter of the small resistive body to the borehole increased
to 400 m, 700 m and 1000 m. The VED transmitter of 25 m length was placed at the centre

https://doi.org/10.3390/geosciences16050178

https://doi.org/10.3390/geosciences16050178


Geosciences 2026, 16, 178 17 of 29

of the mesh and at 1150 m depth below the seafloor as before. The horizontal and vertical
components of the dimensionless amplitude of the electric field at the seafloor are plotted in
Figure 14. In all cases, the amplitudes and lateral locations of local maxima and minima in
the responses are significantly affected by the presence of the resistive body. The minimum
detectable electric field amplitude in marine CSEM is reported as 10−14–10−15 V/Am2

with 5–10% of uncertainty [35,36]. Therefore, we assumed a noise floor of 10−14 V/Am2.
The noise floor (equivalent to 10−14 V/Am2 in electric fields) is shown by dashed lines in
Figure 14, which coincides with the 0 level on the y-axis. The location of the source dipole
at various offsets and the location of the disk with its lateral extent are also plotted.

(a) 

 
(b) 

Figure 14. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field at the seafloor for variants of the resistive disk model with a range of horizontal offsets of
the borehole from the nearest edge of the target. The locations of the offset source are plotted with
corresponding colour markers, and the resistive target is plotted by black ‘x’ markers.

Figure 15 shows a plot of percentage differences in horizontal and vertical components
of the dimensionless amplitude of the electric field at the seafloor, relative to the correspond-
ing half-space reference model response. We have assumed a noise floor of 10−14 V/Am2. Note
that the percentage difference in dimensionless amplitudes and the percentage difference
in electric field are essentially the same because of cancelling out the common parameters
when taking a ratio with respect to the half-space or any other model. Again, this shows
that the standard resistive disk placed at various offset locations is detectable from the
modelled field components. A 5% uncertainty level for Szx and Szz will be 5 in amplitude for
the percentage difference in Szx and Szz in Figure 15. The response is well within detectable
limits for these models. It is more readily distinguished in the vertical components than
in the horizontal components, but the magnitude of the vertical component is smaller.
The amplitude of the vertical electrical field for the half-space reference model at around
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1000 m horizontal offset is of the order of 10−12 V/Am2 (corresponding to about 0.1 of
Szz in Figure 14b)—which is again easily detectable using realistically achievable receiver
sensitivities, noise levels, and transmitter dipole moments.

(a) 

 
(b) 

Figure 15. Percentage difference between the modelled response and that of the half-space reference
model of (a) the horizontal and (b) the vertical components of the electric field at the seafloor for
variants of the resistive disk model with a range of horizontal offsets of the borehole from the nearest
edge of the target. The locations of the offset source are plotted with corresponding colour markers,
and the resistive target is plotted by black ‘x’ markers.

Information about the lateral extent (as opposed to existence and direction) of the
resistive target is largely masked in the case of the just outside model by the source depth-
related field behaviour. However, at the longer (700 m and 1000 m) offsets of the target
from the borehole, both the lateral extent and the position of the resistive target become
more apparent, but still not exact in the seafloor responses. The responses show that the
resistive body has moved but cannot be precisely located.

5.4. Multiple, Stacked Reservoir Targets

The next part of our study investigates the situation of stacked reservoirs at different
depths. For this, we include in our model two resistive bodies, each with dimensions and
properties equal to those of the standard resistive disk of the previous model. These are
placed laterally so that the borehole containing the transmitter passes through the centre
of the first body, while the second body has its nearest edge displaced by 700 m from the
borehole (so that its centre is displaced laterally by just under 1400 m). The two resistive
disks are placed vertically so that their centres are at 1150 m and 1350 m depths below the
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seafloor respectively. Modelling is performed for two VED source depths: 1150 m (within
the central, first, shallower body) and 1350 m (below the first body, at the depth of the
second body).

The two-body models show responses (Figure 16) which are broadly similar to the
single-centred resistive disk model response for the corresponding source depth. The equiva-
lent noise level is shown by a dashed line. We have therefore plotted percentage differences
in the two-body model responses with respect to the single-centred resistive disk model in
Figure 17. These results show that the additional, deeper, offset target is detectable, even
in the presence of the central target. However, the sensitivity to the deeper target is larger
when the transmitter is at the shallower of the two depths and inside the central body
than when it is deeper and outside of any resistive body. The responses are detectable
and distinguished, especially when the percentage difference is calculated with respect
to the central body response (Figure 17). The location of the offset body can be seen in
the percentage difference plot of Szz (Figure 17b) more clearly; however, it is difficult to
estimate its exact extent.

(a) 

 
(b) 

Figure 16. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field at the seafloor for the stacked reservoir model for various combinations of resistive targets
and transmitter depths. Resistive targets are plotted by black ‘x’ markers.
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(a) 

 
(b) 

Figure 17. Percentage differences in dimensionless amplitudes between the modelled response
and that of the corresponding centred resistive disk model of (a) the horizontal and (b) the vertical
components of the electric field at the seafloor for the stacked reservoir model for two transmitter depths.
Resistive targets are plotted by black ‘x’ markers.

5.5. Deeper Targets

Conventional seafloor to seafloor CSEM surveys progressively lose sensitivity to
resistive targets as target depth increases; sensitivity also moves out to longer source
receiver offsets. Consequently, detecting resistive targets of realistic and finite lateral extent,
around 3 km depth below the seafloor, presents a serious challenge. To investigate the
additional value of sbCSEM in such circumstances, we extended our borehole-seafloor
modelling to include deeper targets. We repeated the entire model runs, including multiple
and offset targets, for target depths of 3 km beneath the seafloor. They show a similar
pattern as with the source at 1.1 km depth but with lower amplitude and are therefore not
presented here. We only present responses for offset and stacked targets at 3 km depth
in Figures 18–20.
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(a) 

(b) 

Figure 18. Dimensionless amplitudes of (a) the horizontal and (b) the vertical components of the
electric field at the seafloor for variants of the resistive disk model for a range of horizontal offsets of the
target and for a target depth of 3 km. The locations of the offset source are plotted with corresponding
colour markers, and the resistive target is plotted by black ‘x’ markers.

5.5.1. Deeper Single Offset Target at 3 km Depth

As discussed earlier, a much more useful application for the deeper targets is the
situation where a well has been drilled to the target depth but has failed to penetrate the
resistive body due to lateral mispositioning. To investigate this scenario for the deepest
target, the modelling has been repeated for the same offset models as previously, but at
3 km depth. The standard resistive disk target is placed at 400 m, 700 m and 1000 m offset
locations. Dimensionless amplitudes and percentage differences with the half-space model
of the horizontal and vertical components are shown in Figures 18 and 19, respectively. The
results are very similar to those from the offset models at 1.1 km depth. The magnitude
of response is less now, but still in the detectable range. For example, a value of around
0.025 for Szz at a 4 km receiver offset location corresponds to the amplitude of Ezz in the
order of 10−13 V/Am2.

5.5.2. Deeper, Stacked Reservoir Targets

Two-body models similar to those at shallower depths (1.1 and 1.3 km) have been
modelled for target and VED transmitter depths of 3 and 3.2 km below the seafloor. The
results for percentage difference plots referenced to the corresponding centred resistive
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disk model are plotted in Figure 20. These responses are somewhat similar to those from
1.1 and 1.3 km depths, although the amplitudes are smaller. The amplitudes should still be
detectable, assuming a noise threshold corresponding to 10−14 V/Am2.

 
(a) 

(b) 

Figure 19. Percentage differences between the modelled response and that of the half-space reference
model of (a) the horizontal and (b) the vertical components of the electric field at the seafloor for
variants of the resistive disk model for a range of horizontal offsets of the target and for a target depth
of 3 km. The locations of the offset source are plotted with corresponding colour markers, and the
resistive target is plotted by black ‘x’ markers.

5.6. Vertical Electromagnetic Profiling: VEMP

Our last series of models simulates a different, but potentially exciting, application of
sbCSEM: vertical electromagnetic profiling (VEMP), which is a CSEM analogue of vertical
seismic profiling (VSP). The results show that a small resistive target can be detected at
least 300–400 m before the borehole (or more exactly, a transmitter at the bottom of the
borehole) reaches it. Applications of this technique might include looking ahead of the
bit before entering the reservoir, or improving estimates of the lateral extent of a reservoir,
possibly influencing well sidetrack decisions. This series of model runs is also relevant
to scenarios (e.g., CO2 sequestration projects) in which it is undesirable for the well to
pierce the seal above a reservoir, but in which the maximum resolution in terms of total
quantity and lateral distribution of the resistive material is required for audit, monitoring
or verification purposes.
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(a) 

 
(b) 

Figure 20. Percentage differences between the modelled response and that of the corresponding
centred resistive disk model of (a) the horizontal and (b) the vertical components of the electric field
at the seafloor for variants of the stacked reservoir model for two transmitter depths, in which the
depths of the two target structures are 3.0 and 3.2 km respectively. Resistive targets are plotted by
black ‘x’ markers.

Figure 21 shows percentage difference between the centred resistive disk model and that
of the half-space reference model of horizontal and vertical components of the dimensionless
amplitude in the x-z plane through the transmitter, for a 25 m long VED transmitter located
within the overburden at 350 m depth below the seafloor [i.e., with the ends of the dipole
at (0, 0, −437.5) and (0, 0, −462.5)]. We can clearly observe the position of the VED source
at −450 m in these plots, and that it behaves like a radiating point. We see slightly higher
amplitudes of Szx just above the depth of the resistive target (Figure 21a). This appears to be
a current blocking phenomenon, with the resistive target layer obstructing vertical current
flow within and above the target and tending to deviate the current horizontally. This
obstructing and channelling behaviour can also be observed in the plot of Szz (Figure 21b).
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(a) 

(b) 

Figure 21. Percentage differences between the centred resistive disk model and that of the half-space
reference model of (a) the horizontal and (b) the vertical components of the electric field in the xz plane
through the transmitter placed at 350 m depth below the seafloor. Water layer is shown by white
dotted lines. Locations of the transmitter and resistive disk are marked by a white marker and white
dashed lines, respectively.

We have modelled the responses for the centred resistive disk model for a series of VED
transmitter depths between 50 m and 1450 m below the seafloor. As we move the source
up and down within the borehole, the position of the radiating centre moves with it, as
expected. The lateral position of the maximum accumulation of Szx at the seafloor also
shifts as the depth of the source varies. Other than this, the current blocking and current
channelling behaviours associated with the resistive target are broadly similar for all source
depths above the target layer. Rather than presenting large numbers of the resulting
plots similar to earlier figures, we present a contour plot of the horizontal and vertical
components of the responses at the seabed instead.

The percentage difference in the dimensionless amplitude Szx for various source
depths ranging from 50 m to 1450 m below the seafloor is shown as a contour plot in
Figure 22a. The response is symmetric across the centre of the target; therefore, only the
right side of the responses is presented. The horizontal axis corresponds to horizontal
source–receiver offset, and the vertical axis corresponds to the transmitter depth. Starting
from zero depth and zero horizontal offset (top left), the amplitude initially decreases with
increasing source depth. A large increase in amplitudes is observed when the source is
within or in contact with the resistive target (~1087 m to ~1212 m depth below the seafloor).
The increase in amplitude is maintained as long as at least one pole of the VED source is
inside the resistive target. Finally, after the VED source moves completely out of the target,
the amplitude suddenly decreases again to its lower value.
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(a) 

(b) 

Figure 22. Contour plots of the percentage difference between the centred resistive disk model and that
of the half-space reference model of (a) the horizontal and (b) the vertical component of the electric field
at the seafloor, plotted as a function of the transmitter depth and horizontal transmitter–receiver
offset. The location of the resistive disk is marked by white dashed lines.

Figure 22b shows the corresponding percentage difference for Szz responses plotted
in the same manner. A large increase in amplitude is again seen when the transmitter
is in contact with, or inside, the target body. However, in this case, the lateral extent of
this increase in amplitude is limited by the extent of the resistive body itself, with a local
minimum along the horizontal direction occurring outside the limits of the resistive body.

We observe that at moderate receiver offsets (around 200 to 700 m), the survey becomes
sensitive to the presence of the resistive target at least ~300 m to 400 m before the depth
of the target. Interestingly, in this case, the receiver at 1162.5 m offset corresponds to the
maximum sensitivity for Szx, but the minimum sensitivity for Szz—an outcome which
can be explained by the patterns seen when the transmitter is close to the target depth
in Figure 21. This also suggests that the method could be used as down-hole logging by
putting a moving source in the borehole and a receiver on the seabed, and vice versa, due
to the reciprocity relation.

6. Discussion
Our 3D-modelling results demonstrate that seafloor-to-borehole controlled-source

electromagnetic (sbCSEM) configurations exhibit strong sensitivity to the geometry and
spatial distribution of resistive targets. In contrast to conventional seafloor-to-seafloor
CSEM, the use of a vertical electric dipole (VED) in a borehole introduces a different
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coupling mechanism with the subsurface, enhancing sensitivity to resistivity contrasts
at depth.

A key observation from the results is the systematic variation in the spatial distribution
of the electric field amplitudes at the seafloor. In particular, the occurrence of local minima
followed by secondary maxima at offsets approximately related to the transmitter depth
reflects the transition between inductive and geometric effects in the electromagnetic
response. These features are strongly influenced by the presence of resistive bodies and
provide diagnostic information about their position and extent. The lateral displacement of
the amplitude maxima in the presence of resistive targets further indicates that sbCSEM
responses are sensitive not only to target presence but also to their spatial location.

The results also show that asymmetric resistivity distributions produce corresponding
asymmetry in the measured responses. This behaviour is particularly important for scenar-
ios in which the borehole does not intersect the target directly. The ability to detect and
characterise laterally offset resistive bodies suggests that sbCSEM may be well suited for
step-out exploration, where existing wells are used to investigate surrounding regions for
additional hydrocarbon accumulations or other resistive structures.

Detectable variations in the electromagnetic response are observed for targets at depths
of up to approximately 3 km, even when the targets have relatively small lateral dimensions
(on the order of a few hundred metres). This indicates that sbCSEM configurations can
maintain sensitivity under conditions that are challenging for conventional marine CSEM
methods, particularly in shallow-water environments where air-wave effects can limit reso-
lution. The results further demonstrate that multiple targets and complex configurations
can produce distinguishable signatures, suggesting potential applicability in more realistic
geological settings.

The modelling of vertical electromagnetic profiling (VEMP) configurations provides
additional insight into the potential of sbCSEM for borehole-based applications. The results
indicate that resistive targets can be detected several hundred metres ahead of the borehole,
prior to direct intersection. This “look-ahead” capability could be valuable during drilling
operations, enabling improved decision-making in real time and reducing exploration risk.

The use of dimensionless amplitudes in the analysis facilitates interpretation by reduc-
ing the influence of geometric spreading and emphasising inductive effects. This approach
highlights the role of current channelling within conductive layers and current blocking by
resistive bodies, which together control the observed response patterns. In addition, the
null-coupled tangential electric field component provides enhanced sensitivity to lateral
resistivity variations, particularly in non-axisymmetric scenarios, and may offer advantages
for delineating target boundaries.

Noise and uncertainty considerations are critical for assessing the practical applica-
bility of the method. In this study, detectability has been evaluated using a nominal noise
floor of approximately 10−14 V/Am2 and an assumed survey uncertainty of around 5% in
amplitude. These values are broadly consistent with the performance of modern ocean-
bottom electromagnetic (OBEM) receivers under favourable conditions. The modelling
results indicate that the predicted responses for the scenarios considered remain above
these thresholds over a range of offsets, suggesting that detection is feasible in practice.

However, actual survey performance will depend on several additional factors, in-
cluding receiver sensitivity, instrument stability, positioning accuracy, and environmental
noise. Stationary acquisition geometries typically provide more stable and lower-noise
measurements, whereas moving-source configurations may introduce additional uncer-
tainties related to navigation and temporal variability. For VEMP-type surveys, precise
control of transmitter depth and repeatability of measurements are essential for maintaining
data quality.
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Despite the encouraging results, there are several limitations. The models considered
in this study are intentionally simplified, with homogeneous background resistivity and
idealised target geometries. Borehole casing effects, which can significantly influence
electromagnetic responses, have not been included. Furthermore, the analysis is based on
forward modelling only, and the recoverability of target properties through inversion has
not been addressed. These factors may affect the resolution and reliability of the method in
real-world applications.

Overall, the results demonstrate that sbCSEM has strong potential as a complemen-
tary geophysical technique for exploration, appraisal, and monitoring. Its sensitivity to
small, deep, and laterally offset resistive targets, combined with the potential for borehole-
based deployment, makes it particularly attractive for challenging environments where
conventional methods may be less effective. Further work incorporating realistic geologi-
cal complexity, casing effects, and inversion-based approaches will be necessary to fully
evaluate its practical implementation.

7. Conclusions
This study presents a three-dimensional modelling investigation of seafloor-to-

borehole controlled-source electromagnetic (sbCSEM) configurations for the detection
of resistive targets in shallow-water environments. The results demonstrate that sbCSEM
geometries provide enhanced sensitivity to small, deep, and laterally offset resistive bodies
compared to conventional marine CSEM approaches. Source and receiver positions and
orientations can be interchanged with each other, based on the principles of reciprocity.
Therefore, the method could be applied in practice using either HED or VED sources at or
just above the seafloor, and one or more VED receivers placed down the borehole as well.

The modelling shows that resistive targets produce measurable perturbations in
both the amplitude and spatial distribution of electric fields at the seafloor. In particular,
variations in dimensionless amplitudes and the associated asymmetry of the responses
provide diagnostic indicators of target presence, position, and lateral extent. Detectable
responses are obtained for targets buried at depths of up to approximately 3 km and for
significant lateral offsets from the borehole, indicating the potential of sbCSEM for step-out
exploration and reservoir delineation.

The analysis further highlights the role of survey geometry and frequency selection
in balancing resolution and signal strength. The use of dimensionless amplitudes en-
ables clearer interpretation of inductive effects by reducing geometric spreading, thereby
improving sensitivity to subsurface resistivity contrasts.

The modelling also highlights the potential of vertical electromagnetic profiling
(VEMP) for detecting targets ahead of the borehole and for improving estimates of reservoir
extent. The null-coupled tangential component offers additional potential for delineating
target boundaries. Further work is required to incorporate realistic geological complexity,
borehole casing effects, and inversion-based analysis to fully assess practical applicability.
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