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Abstract. In this paper we consider an application of the method of electromagnetic (EM) migration to the interpretation
of a typical marine controlled-source (MCSEM) survey consisting of a set of sea-bottom receivers and a moving electrical
bipole transmitter. Three-dimensional interpretation of MCSEM data is a very challenging problem because of the
enormous number of computations required in the case of the multi-transmitter and multi-receiver data acquisition systems
used in these surveys. At the same time, we demonstrate that the MCSEM surveys with their dense system of transmitters
and receivers are extremely well suited for application of the migration method. In order to speed up the computation of
the migration field, we apply a fast form of integral equation (IE) solution based on the multigrid quasi-linear (MGQL)
approximation which we have developed. The principles of migration imaging formulated in this paper are tested on a
typical model of a sea-bottom petroleum reservoir.
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Introduction

During the past few years marine controlled-source
electromagnetic (MCSEM) surveys have become widely
used for offshore petroleum exploration (e.g. Eidesmo et al.,
2002; Ellingsrud et al., 2002; Edwards, 2005; Constable and
Weiss, 2006; Constable and Srnka, 2007). The main target of
such surveys is the sub-sea-bottom petroleum reservoir, which
is usually characterised by a low electrical conductivity anomaly
within the relatively conductive sea-bottom sediments. There is
growing interest in the interpretation of the MCSEM databased
on 3D geoelectrical models.

Figure 1 demonstrates the general survey configuration of the
MCSEM method.

A set of electromagnetic receivers (typically from 10 to 50) is
deployed at the seafloor along the survey profile line(s). Usually,
these receivers are dropped from the survey vessel and fall freely
to the seafloor. There are two well known transmitter types for
marine EM surveys. One is a vertical electric bipole, used in
the magnetometric resistivity (MMR) method (Tada and Seama,
2006; Kasaya et al., 2006); the other is the horizontal electric
current bipole transmitter. In this paper, we develop a new data
interpretation method for the horizontal bipole configuration.
The transmitting horizontal electric bipole typically has a length
of several hundred metres and is towed by the survey vessel via
an umbilical cable. This transmitter generates a low-frequency
(typically from 0.1 to 10 Hz) EM field, which propagates both
upwards in the sea-water and downwards within the sea bottom.
The receivers measure the amplitude and the phase of the electric
and/or magnetic fields generated by the transmitter. The recorded
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signal is formed both by the primary field from the transmitter
and by the EM response from the geoelectrical structure beneath
the seafloor. After data acquisition is completed, the receivers
float up to the surface and are retrieved by the survey vessel.

The conventional approach, based on standard 3D forward
modelling and inversion of MCSEM data, meets significant
difficulties because of the enormous number of computations
required in the case of the multi-transmitter and multi-receiver
data acquisition systems typical for marine CSEM surveys.

EM field receiverTowed electric transmitter

Sea level

Seafloor

Fig. 1. The general survey configuration of the MCSEM method. An
electric bipole transmitter towed by the survey vessel generates an EM
signal, while fixed multi-component EM field receivers located on the
seafloor measure the EM response from the geoelectrical structure beneath
the seafloor.
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There is, however, an alternative approach to the solution
of this problem, which is based on the principles of multigrid
quasi-linear approximation (MGQL) of integral equation (IE)
modelling and electromagnetic (EM) holography and migration.
There are several papers on EM holography and migration;
see for example, Zhdanov and Frenkel (1983a, b), Zhdanov
and Keller (1994), Zhdanov et al. (1996), Zhdanov and Traynin
(1997), Zhdanov (1981, 1999, 2001, 2002), Tompkins (2004),
and Mittet et al. (2005).

In this paper we consider an application of this approach to
the interpretation of a typical MCSEM survey which consists
of a set of seafloor receivers and a moving electrical bipole
transmitter. The receivers record the magnitude and the phase of
the frequency domain (FD) EM field generated by the moving
transmitter and scattered back by sea-bottom geoelectrical
structures. The combined EM signal in the receivers forms
a broad-band EM hologram of the sea-bottom geological
target (e.g. petroleum reservoir). In order to reconstruct the
geoelectrical image of the target, we replace the set of receivers
with a set of auxiliary transmitters located at the receivers’
positions. The strength and the phase of the signals transmitted
by these auxiliary transmitters are determined from the fields
observed in the receivers. These transmitters generate an EM
field which is called the backscattering or the migration field.
The background/migration EM fields include geoelectrical
information about the seafloor, because their transmitter signal
is based on the observed field. The vector cross-power spectrum
of the background field (the field generated by the original
transmitter in a medium without a target) and backscattering
field produces a numerical reconstruction of a volume image of
conductivity distribution (Zhdanov, 2001).

We should note, however, that the frequency of the EM
signal used in the marine EM field is very low, ∼1 Hz. In this
low frequency range, the EM field propagates in sea-bottom
formations according to the diffusion equation (Zhdanov and
Keller, 1994), which results in relatively low resolution of
the geoelectrical image obtained by the numerical algorithm
described above. In order to improve the resolution of the EM
holographic imaging, we should apply the migration iteratively.
In this paper we present a description of the corresponding
method of iterative migration, using the MGQL method with
application to the MCSEM data.

MGQL of the IE method

For completeness, we begin our paper with a short review of the
MGQL method (Ueda and Zhdanov, 2006). In the framework
of the QL approximation we formulate a general forward EM
problem so that the anomalous conductivity can be treated
as a perturbation from a known background (or ‘normal’)
conductivity distribution. The solution of the EM problem in
this case contains two parts:

1) the linear part, which can be interpreted as a direct scattering
of the source field by the inhomogeneity without taking into
account coupling between scattering (excess) currents, and

2) the non-linear part, which is composed of the combined
effects of the anomalous conductivity and the unknown
scattered field in the inhomogeneous structure.

The QL approximation is based on the assumption that this
last part is linearly proportional to the background field Eb

through some electrical reflectivity tensor �̂(r) (Zhdanov and
Fang, 1996):

Ea(r) ≈ �̂(r)Eb(r). (1)

A simple modification of this equation was introduced by Gao
et al. (2004) for 3D EM modelling in anisotropic formations for
well logging applications. They assumed that the anomalous field
is linearly proportional to the absolute value of the background
field:

Ea(r) ≈ �(r)|Eb(r)|. (2)

where �(r) = (�
x
, �

y
, �

z
) is an electrical reflectivity vector.

Note that exact representation (2) always exists because the
corresponding electrical reflectivity vector can always be found
for any given anomalous and background electric fields. Formula
(2) becomes an approximation if we use some approximate
method (for example, a multigrid approach introduced by
Ueda and Zhdanov (2006)) for evaluation of the electrical
reflectivity vector. In the framework of the multigrid approach,
the components of the electrical reflectivity vector on a coarse
grid are found by direct calculations as:

�
x
(rc) = Ea

x
(rc)/|Eb(rc)|,

�
y
(rc) = Ea

y
(rc)/|Eb(rc)|,

�
z
(rc) = Ea

z
(rc)/|Eb(rc)|,

(3)

assuming that |Eb(rc)| �= 0.
After we have found �(rc), we introduce a fine discretisation

grid
∑

f
describing the conductivity distribution in the same

model. We determine the �(rf ) values on this new grid by linear
interpolation (where rf denotes the centres of the cells of the
grid

∑
f

with fine discretisation). We compute the anomalous
electric field Ea(rf ) in the centres of the cells of the new grid∑

f
with fine discretisation using expression (2):

Ea(rf ) ≈ �(rf )|Eb(rf )|. (4)

We can find now the total electric field E(rf ) on a new grid, as:

E(rf ) = Ea(rf ) + Eb(rf ). (5)

Finally, we compute the observed fields in the receivers using
the discrete analogue of the IE form of Maxwell’s equations
for the grid with fine discretisation. In the next section, we will
demonstrate a numerical comparison between the full IE and
MGQL methods.

Comparison between the full IE and MGQL
modelling results

A detailed numerical study of the multi-grid-based QL
approximations was presented in the paper by Ueda and Zhdanov
(2006). In this section, we present the results of another study,
which illustrates different aspects of the MGQL method.

In this set of numerical experiments we have investigated
more carefully the errors which could appear in the MGQL
modelling of the typical 2D MCSEM survey where the data in the
sea-bottom receiver are collected from the different transmitters
moving along a line above this receiver. A vertical cross-section
of the model is shown in Figure 2.

The sea-bottom reservoir with a resistivity of 100 �.m, a
thickness of 0.1 km, and a horizontal size of 5 km by 5 km
is located at a depth of 1 km below the sea bottom, within
a homogeneous conductive background with a resistivity of
1 �.m. The synthetic MCSEM survey was conducted with a set
of horizontal electric dipole transmitters moving at an elevation
50 m above the seabed. The separation between the different
transmitter positions is 200 m. The horizontal Ex component
of the electric field generated by the transmitters is recorded
by an array of seafloor electric receivers located 5 m above the
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Fig. 2. A typical 2D MCSEM survey where the data are collected from the different transmitters moving along a horizontal line above the sea-bottom
receivers.

sea bottom along the same line, with the separation between
receivers of 1 km.

Numerical modelling was conducted using the rigorous IE
and the MGQL methods (Hursán and Zhdanov, 2002). The
reservoir was divided into 50 × 50 × 2 = 5000 cells, with a cell
size of 0.1 km by 0.1 km by 0.05 km in the x, y, and z directions,
respectively. This grid was used for the rigorous IE modelling.
We used a coarse grid, consisting of 25 × 25 × 2 = 1250 cells,
with a cell size of 0.2 km by 0.2 km by 0.05 km, for the MGQL
modelling.

Figures 3 and 4 present the observed MCSEM data for
different receivers computed using the rigorous IE method and
the MGQL approximation respectively. In all plots the origin of
the horizontal coordinates corresponds to the receiver position,
while the relative horizontal location of the reservoir is shown
schematically by the bold horizontal bar. The top panels in these

figures present the amplitude-versus-offset (AVO) curves of the
total electric field and the field normalised by the background
electric field. The AVO curve for the total field computed by the
rigorous IE method is shown by the solid line, while the MGQL
solution is plotted by the filled circles. The dashed line shows the
AVO curve for the normalised field obtained with the IE code,
while the open circles represent the same data computed by the
MGQL method.

The bottom panels in the same figures show the absolute
values of the difference between the IE and MGQL solutions
normalised by the IE solution. The solid line corresponds to the
log scale, while the solid line with dots is plotted on a linear scale,
for convenience. One can see that the maximum values of the
differences (errors of the MGQL approximation) do not exceed
3%. For the synthetic model experiment described above, the
MGQL calculation was approximately four times faster than the
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Fig. 3. The top panel presents the amplitude-versus-offset (AVO) curves of the total electric field (a solid
line for the IE solution and filled circles for the MGQL solution) and an AVO curve of the field normalised
by the background electric field (a dashed line shows the AVO curve for the normalised field obtained with
the IE code, while the open circles represent the same data computed by the MGQL method). The bottom
panel shows the absolute values of the difference between the IE and MGQL solutions normalised by the
IE solution. The reservoir is located from 2 to 7 km in the x direction.
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Fig. 4. The top panel presents the amplitude-versus-offset (AVO) curves of the total electric field (a solid
line for the IE solution and filled circles for the MGQL solution) and an AVO curve of the field normalised
by the background electric field (the dashed line shows the AVO curve for the normalised field obtained
with the IE code, while the open circles represent the same data computed by the MGQL method). The
bottom panel shows the absolute values of the difference between the IE and MGQL solutions normalised
by the IE solution. The reservoir is located from −2.5 to 2.5 km in the x direction.

calculation by the IE method. The computer memory required
for the MGQL simulation is approximately 10 times less than
that for the IE method. This numerical study demonstrates the
accuracy of the developed fast-modelling technique based on the
MGQL method.

EM migration of the MCSEM data

Principles of EM migration

In this section, we will formulate the basic principles of EM
migration (Zhdanov, 2002) applied to the interpretation of
the MCSEM data. Let us consider a typical MCSEM survey
consisting of a set of electric field receivers located at the
sea bottom, and an electric bipole transmitter moving at some
elevation above the sea bottom, as shown in Figure 2. We assume
that the electrical conductivity in the model can be represented
as a sum of a background conductivity σ = σb and an anomalous
conductivity ∆σ distributed within some local inhomogeneity
D associated with the location of the petroleum reservoir. The
background conductivity is formed by a horizontally layered
model consisting of nonconductive air, a conductive seawater
layer, and a horizontally homogeneous (layered) section of a
sea-bottom formation (Figure 2).

The receivers are located at the points with radius-vector rj ,
(j = 1, 2, 3, . . . , J ) in some Cartesian coordinate system. Every
receiver Rj records electric and magnetic field components of
the field generated by an electric bipole transmitter moving above
the receivers. We denote this field as Ei(ri), Hi(ri) where i is the
index of the corresponding transmitter, Ti , located at the point
ri , (i = 1, 2, 3, . . . , I ).

Let us consider the data observed by one receiver, Rj .
According to the reciprocity principle (Zhdanov, 2002, p. 226),
one can substitute a reciprocal survey configuration for the
original survey, assuming that we have electric, TE

j
, and

magnetic, TH
j

, dipole transmitters located in the position of the
receiver, Rj , and a set of receivers measuring the reciprocal
electric fields, EE

j
(ri) and EH

j
(ri), in the positions of the original

transmitters, Ti .
We can calculate now the backscattering (or migration)

field for the data collected by one fixed sea-bottom receiver,
Rj . Consider, for example, the reciprocal electric field EE

j
(ri).

This field can be represented as a sum of the background and
anomalous parts:

EE

j
(ri) = Eb

j
(ri) + EEa

j
(ri), (6)

where the background electric field, Eb
j
(ri), is generated by the

electric dipole transmitter TE
j

in a model with a given background
conductivity σb. The residual electric field, REj (ri) is equal to the
difference between the background and ‘observed’ reciprocal
field:

REj
(ri) = Eb

j
(ri) − EE

j
(ri) = −EEa

j
(ri). (7)

According to the definition (Zhdanov, 2002), the backscattering
(migrated) residual field is a field generated in the background
medium by a combination of all electric dipole transmitters
located at points ri with the current moments determined by
the complex conjugate residual field R∗

Ej
(ri) according to the

following formula:

Em

j
(r) = Em

j
(r; R∗

Ej
) =

I∑

i=1

GE(r|ri)R∗
Ej

(ri), (8)

where the lower subscript j shows that we migrate the field
observed by the receiver Rj , GE is the electric Green’s tensor
for the layered (background) conductivity modelσb and r denotes
the arbitrary location inside the anomalous domain. Therefore,
the migration field can be computed as a superposition of 1D
responses weighted by the corresponding receiver residual. It
is generated by electric dipoles with unit moments located at
every transmitter position in the model with the background
conductivity σb. This 1D modelling of the field generated by
electric dipole is a very fast process, which results in a fast
migration algorithm.

Formula (8) allows us to reconstruct the migration field
everywhere in the medium under investigation. It can be shown
that this transformation is stable with respect to noise in the
observed data (Zhdanov et al., 1996). At the same time the
spatial distribution of the migration field is closely related to
the conductivity distribution in the medium. However, one needs
to apply the corresponding imaging conditions to enhance the
conductivity image produced by the EM migration (Zhdanov,
2002).
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In a general case of multiple receivers, the migration field
is generated in the background medium by all electric dipole
transmitters located above all receivers, Rj , having the current
moments determined by the complex conjugate residual field
R∗

Ej
(ri):

Em(r) =
J∑

j=1

I∑

i=1

GE(r|ri)R∗
Ej

(ri). (9)

According to formula (8), we have:

Em(r) =
J∑

j=1

Em

j
(r). (10)

Therefore, the total migration field for all receivers can be
obtained by summation of the corresponding migration field
computed for every individual receiver.

Regularised iterative migration

We can now apply a general scheme of the re-weighted
regularised conjugate gradient method in the space of the
weighted parameters (Zhdanov, 2002, p. 163), to form an
iterative process for electromagnetic migration. According to
this scheme, we introduce a space of weighted conductivities:

σw = Wmσ, (11)

where the weighting operator Wm is the linear operator
corresponding to multiplication of the anomalous conductivity
∆σ (r) by the function Wm(r) equal to the square root of the
integral sensitivity.

The general iterative process can be described by the
formulae:

σw

n+1 = σw

n
+ δσw

n
= σw

n
− kα

n
l̃α
w
(σw

n
), (12)

where

l̃α
w
(σw

n
) = l̃α

wn
= lα

wn
+ βα

n
l̃α
w(n−1), l̃α

w0 = lα
w0, (13)

βα

n
= ||lα

wn
||2/||lα

w(n−1)||2, (14)

and kn is a step length.
The weighted regularised gradient direction at the nth

iteration lα
wn

can be calculated by a formula:

lα
wn

= W−1
m

ln + α(σw

n
− σw

apr
), (15)

where ln is a gradient direction at the nth iteration,

ln = Re�ωn(Ẽn · Ẽm

n
). (16)

The fields Ẽn and Ẽm
n

are determined from the following
conditions. The field Ẽn is a combination of the electric field
Enj (ri) generated by the electric dipole transmitters TE

j
in a

model with the anomalous conductivity σn found on the iteration
number n.

The field Ẽm
n

is obtained by the migration of the weighted
residual field found on the iteration number n:

Ẽm

n
(r) = Em(r; W ∗

d
WdR̃nE), (17)

where

R̃nE(ri) = Ẽn(ri) − ẼE(ri). (18)

Note that on each step we recompute the real conductivities from
the weighted conductivities at the nth iteration:

σn = W−1
m

σw

n
. (19)

Thus, we can describe the developed method of iterative
migration as follows. On every iteration we calculate
the theoretical electromagnetic response En for the given
geoelectrical model σn, obtained on the previous step, calculate
the residual field between this response and the observed field,
REn, and then migrate the residual field. The gradient direction
is computed as a sum over the frequencies of the dot product of
the migrated residual field and the theoretical response En. Using
this gradient direction and the corresponding value of the optimal
length of the step kn (Zhdanov, 2002), we calculate the new
geoelectrical model σn on the basis of expressions (12) and (13).
The iterations are terminated when the residual reaches the level
of the noise. The optimal value of the regularisation parameter α

is selected using conventional principles of regularisation theory,
described in Zhdanov (2002).

For marine hydrocarbon exploration, we usually seek the
highly resistive hydrocarbon-filled reservoir, which is a thin and
flat structure surrounded by the conductive seafloor sediments.
In such a situation, it is important to obtain a geoelectrical model
which has sharp resistivity boundaries and/or a blocky structure.

It was demonstrated in Portniaguine and Zhdanov (1999)
and Zhdanov (2002) that images with sharp boundaries can be
recovered by regularised inversion algorithms based on a special
family of stabilising functionals. In particular, the minimum
support (MS) functional was found to be useful in the solution
of this problem. It selects the inverse model within the class of
models with a minimum volume of a domain with anomalous
parameter distribution. This class of models describes compact
objects, which are typical targets, for example, in mineral
and hydrocarbon exploration. A similar approach can be
applied to migration transformation by substituting the focusing
stabilisers for the minimum norm functional in equation (15).
We call this technique focusing iterative migration. Numerical
implementation of the focusing migration is similar to that of
the focusing inversion (Zhdanov, 2002).

Numerical example of synthetic MCSEM data
migration

We have analysed the principles of the iterative EM migration
outlined above using as an example the synthetic MCSEM data,
computed for a model shown in Figure 5.

For the numerical experiment, a model with two resistive
reservoirs and a wide survey configuration is tested by the

Transmitter Receiver
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Host rock
1 Ω.m

Sea water  0.25 Ω.m

Air
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Fig. 5. A sketch of the survey and a geoelectrical model. The background
layered geoelectrical model consists of a seawater layer with a thickness of
300 m, a resistivity of 0.25 �.m, and homogeneous sea-bottom sediments
with a resistivity of 1 �.m. Two resistive (100 �.m) hydrocarbon reservoirs
are located in a homogeneous sea bottom at a depth of 850 m and 1050 m
below the seafloor, respectively, with a horizontal separation of 3000 m.
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Fig. 10. The noisy synthetic MCSEM observed data (the phase difference of the in-line
electric field in the receivers) for transmitter #8 at a frequency of 0.75 Hz.

developed EM migration imaging technique (Figure 5). A total
of 17 seafloor receivers are deployed at the sea bottom. An
electric dipole transmitter is towed along a line passing directly
above the receivers at an elevation 50 m above the seafloor. The
transmitter generates a frequency domain EM field every 200 m
along the transmitter towing line. The separation between each
receiver is 1000 m. The background layered geoelectrical model
consists of a seawater layer with a thickness of 300 m, a resistivity
of 0.25 �.m, and homogeneous sea-bottom sediments with a
resistivity of 1 �.m.

There are two rectangular reservoirs located in the seafloor
sediments at a depth of 1150 m and 1350 m below sea level,
respectively. The resistivity of the reservoirs is 100 �.m, their
thickness is 100 m, and their horizontal dimensions are 1000 m
by 1000 m for the shallow reservoir and 2000 m by 1000 m for
the deeper reservoir.

The area of inversion is discretised in 16 × 3 × 12 cells, and
the cell sizes are 500 m, 600 m, and 50 m in the x, y, and z
directions, respectively.

In order to simplify the computations, a relatively short
inversion domain length in the y direction has been selected
to reduce the number of the discretisation cells used in the
inversion. The synthetic dataset was contaminated by artificial
random noise of 1 to 10% depending on the source-receiver
offset.

The iterative migration started with 10 iterations of the
minimum norm (smoothing) stabiliser and then switched to
the minimum support (focusing) stabiliser with seven sets of
re-weighting and five iterations in each re-weighting set. We
started with smoothing inversion for a stable convergence at the
beginning and changed to focusing inversion to find a thin and
flat hydrocarbon reservoir.

Figure 6 represents the true resistivity cross-section of this
model.

Figures 7 and 8 present the 2D cross-section and 3D volume
rendering of the result of iterative migration.

As one can see, the depth and the horizontal extent of the
reservoir are recovered extremely well in the iterative migration
result. The observed data and predicted data computed using
the migration result model are plotted in Figures 9 and 10.
Remember that the observed data have been contaminated by
synthetic noise. The predicted data are represented by a smooth
curve which fits the observed data well.

Conclusions

Electromagnetic migration was originally introduced for the
interpretation of land EM data. However, this technique is most
effective in the case of relatively dense EM surveys, which are
difficult to implement on land. The MCSEM surveys with their
dense system of transmitters and receivers are extremely well

suited for the application of the migration technique. In this paper
we illustrate the basic principles of EM migration in application
to MCSEM data interpretation with the use of the multigrid QL
approximation method.

The basic principles of the migration imaging outlined in this
paper are implemented and tested on a typical model of a sea-
bottom hydrocarbon reservoir. The numerical results show that
migration can be treated as a prospective method of MCSEM
data interpretation. Future research will be focused on the
investigation of full 3D MCSEM surveys and the interpretation
of MCSEM data over more complex geological targets.
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