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Summary

In this paper we develop a fast 3-D electromagnetic (EM)
migration method for marine geophysical exploration.
The developed migration algorithm is based on downward
extrapolation of the observed EM field using a special
form of finite-difference equation for the migration field.
It allows us to migrate within the sea-bottom formations
the EM signals observed by the sea-bottom receivers.
The migration field is subsequently transformed in
the resistivity image of the sea-bottom geoelectrical
structures. This technique is in an order faster than the
conventional inversion. It can be used for fast imaging of
the marine magnetotelluric (MT) and controlled-source
electromagnetic (CSEM) data in off-shore hydrocarbon
(HC) exploration.

Introduction

There is growing interest in developing fast interpreta-
tion methods for marine controlled-source electromag-
netic (MCSEM) data. Over the last few years several pa-
pers have been published dedicated to imaging MCSEM
data using EM migration (e.g., Tompkins, 2004; Mittet
et al., 2005; Wan and Zhdanov, 2005a, b; Zhdanov et al.,
2006).

In this paper we present new results of developing a fast
3-D EM migration method for marine geophysical explo-
ration. We extend the method and numerical algorithm of
frequency domain (FD) 2-D EM migration, developed by
Wan and Zhdanov (2005a, b) for full 3-D migration. We
present several numerical examples of the practical appli-
cation of this technique for fast imaging of a sea-bottom
hydrocarbon (HC) reservoir.

EM migration in frequency domain

Consider a 3-D geoelectrical model with a background
electrical conductivity σ = σb and a local inhomogeneity
D with a conductivity σ = σb + ∆σ, varying spatially.
The background conductivity is formed by a horizontally
layered model consisting of nonconductive air, a conduc-
tive sea-water layer, and the homogeneous part of a sea-
bottom formation.

The electric field in this model can be represented as a su-
perposition of two fields: the primary field Ed, that prop-
agates downward into the sea bottom, and the secondary
field, Eu, which is scattered upward from the sea-bottom

inhomogeneities:

E = Ed+Eu, (1)

where the downward- and upward-going fields can be ex-
pressed approximately as follows (Zhdanov et al., 1996):

E
d = Qd (x, y, z) eikbz, and Eu = Qu (x, y, z) e−ikbz,

(2)
and kb is the wave number for the sea-bottom layer
(Re kb ≥ 0). Substituting (2) into (1), we obtain:

E (x, y, z) ≈ Qd (x, y, z) eikbz+Qu (x, y, z) e−ikbz, 0 ≤ z ≤ hD,
(3)

We can see from equations (2) and (3) that the amplitude

of downward-going field Ed decays with the depth, while
the amplitude of the up-going field Eu increases with the
depth. It is possible to separate the electric field measure-
ments at the sea bottom into up-going and down-going
fields (Berdichevsky and Zhdanov, 1984; Zhdanov, 1988).
We can transform the up-going part of the electric field
for imaging seabed structures by downward extrapolat-
ing this field inside the sea bottom. This transformation,
however, is very unstable due to the exponential increase
of noise in the data with the depth of the downward con-
tinuation. Zhdanov et al. (1996) have suggested, instead,
to downward propagate the up-going part of the field us-
ing the original diffusion equation. Mathematically this
means that we introduce a new EM field, called electro-
magnetic migration field Em,which satisfies the following
equation:

�× (�×Em)− k2bE
m = 0, z ≥ 0, (4)

and the boundary condition at the sea bottom:

E
m|z=0 = E

u|z=0 = Q
u (x, y, 0) . (5)

In other words, the EM migration field Em is a solution of
the boundary value problem for equation (4) within the
entire low half-space. It can be shown that this solution
has the form:

E
m∗(x, y, z, ω) = Qm(x, y, z, ω)e−kbz, 0 < z < +∞ (6)

where asterisk “*” denotes a complex conjugate value.

Finite difference migration of 3-D EM field

Zhdanov et al., (1996) have developed an efficient algo-
rithm for the finite-difference migration of the 2-D EM
field. In this paper we extend this method for 3-D case.
According to equation (6), one can find the migration field
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if the function Qm(x, y, z, ω) is known. This function can
be calculated at different levels inside the sea bottom us-
ing a 3-D finite-difference technique similar to one devel-
oped by Zhdanov et al. (1996) for 2-D fields.. It can be
demonstrated that the corresponding scalar components
Q of function Qm satisfy the equation:
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Let us introduce a discrete function Q(i, l, j) =
Q(xi, yl, zj , ω) on the rectangular grid Σ(xi, yl, zj), i =
1, 2, ...Nx, l = 1, 2, ...Ny, j = 1, 2, ...Nz, and a discrete
function kilj = kn(xi, yl, zj+1/2) , on the auxiliary grid

Σ̃(xi, yl, zj+1/2) where zj+1/2 = zj + ∆zj/2. We then
rewrite equation (7) as an approximate finite-difference

equation on the auxiliary grid Σ̃. Representing the deriva-
tives of Q approximately in terms of the discrete functions
Q(i, l, j) and kilj , we obtain the following finite-difference
equation for Q(i, l, j) :
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Q (i, l − 1, j + 1) = Dilj , (8)

where i = 2, 3, ...Nx−1, l = 2, 3, ...Ny−1, j = 1, 2, ...Nz−
1,

Dilj = biljQ(i+ 1, l, j) + bilj
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and coefficients ailj , bilj , Ailj , Bilj are equal to:
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Note that, if the discrete function Q(i, l.j) is known at a
level j, one can find the coefficients Dilj from equation
(9). Therefore, equation (8) becomes a system of linear

equations with respect to the values Q(i, l, j + 1) of the
discrete function at the next level, j+1.We also have the
boundary condition (5) at the observation surface:

Q
m(i, l, 1) = Eu (xi, yl, 0) , i = 1, 2, ..Nx,

and boundary conditions for the values of the function
Q(i, l, j) at the left and right and back and front bound-
aries of the area of migration. The boundary values on the
left, right, back and front sides of the migration domain
can be obtained by a simple 1-D migration of the electric
field downward at the sides of the observation area using
simple formulae:

E
m∗(x, yB , z) = E

u (x, yB, 0) e
−kbz,

E
m∗(x, yF , z) = E

u (x, yF , 0) e
−kbz,

E
m∗(xL, y, z) = E

u (xL, y, 0) e
−kbz,

E
m∗(xR, y, z) = E

u (xR, y, 0) e
−kbz, 0 < z < +∞. (10)

After all the values Q(i, l, j) are found, we compute the
migration field Em in the nodes of grid Σ(xi, yl, zj), using
equation (6):

Em(xi, yl, zj) = Q
m(i, l, j)e−kbzj ,

i = 1, 2, ...Nx, l = 1, 2, ...Ny, j = 1, 2, ...Nz.
(11)

Examples of EM migration and imaging of marine
EM data

We will present below the results of numerical application
of the developed algorithm to synthetic and field marine
MT and CSEM data.

A simplified geoelectrical model of the TWGP
survey area

We consider first a synthetic model simulating the MC-
SEM survey in the Troll West Gas Province (TWGP),
Offshore Norway (Amundsen et al., 2004). The survey
consists of 24 receivers, deployed along a line crossing the
Oil Province, the Western Gas Province, and the Eastern
Gas Province of the Troll Field.

First we consider a simplified geoelectrical model of the
TWGP survey area. The gas reservoir is approximated
by a 7,000 m x 10,000 m x 100 m prismatic body with a
resistivity of 250 Ohm-m. It is located below the sea bot-
tom at a depth of 1,100 m within conductive sediments
with a resistivity of 1 Ohm-m. The sea layer has a 300
m depth with a resistivity of 0.2 Ohm-m. Forty-one re-
ceivers are located at the sea bottom at 500 m intervals
along a 20,000 m profile. The 230-m-long bipole electric
transmitter is moving 40 m above the sea bottom in the
x direction, transmitting a signal every 500 m. The op-
erating frequencies are 1.75, 1.25, 0.75, and 0.25 Hz. We
use the INTEM3D code for computing the Ex component
of the electric field in the receivers. Figure 1 shows a side
view of the model described above.
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Fig. 1: A simplified geoelectrical model of the TWGP survey
area.

Fig. 2: The plots of the stacked anomalous electric fields Ex for
different frequencies.

Now we have stacked the anomalous parts of the electric
field data observed in the receivers and the normal (back-
ground) parts separately. The plots of the stacked anom-
alous electric fields for different frequencies are shown in
Figure 2.

The stacked anomalous electric fields were migrated in
the lower half-space using a simplified 2-D version of the
finite-difference migration algorithm introduced above.
The corresponding migration resistivity of the seabed,
ρsb, was calculated using the imaging conditions intro-
duced by Zhdanov et al., 1996.

Figure 3 presents the final migration image of the simpli-
fied geoelectrical model of the TWGP reservoir obtained
by 2-D migration of the synthetic MCSEM data. One can
see a good reconstruction of the reservoir in the migration
image.

Fig. 3: A resistivity image of the simplified geoelectrical model
of the TWGP reservoir obtained by 2-D migration of the syn-
thetic MCSEM data.

Fig. 4: A simplified geological model along the survey line in
the Troll West Gas Province (TWGP), offshore Norway, over-
laying the resistive structure obtained by the 2-D migration.

2-D migration of the practical TWGP MCSEM
data

The practical TWGP data were collected using 24 sea-
bottom receivers. For every receiver, we used the data
with the maximum transmitter-receiver offset of 5 km.
We also used the field data for one frequency of 0.25 Hz.
According to the reciprocity principle, the electric field
data observed in the receiver for a given transmitter are
equal to the electric field produced by a reciprocal trans-
mitter located in the true receiver position and measured
in the true transmitter location. We have applied this
reciprocity principle to every receiver. The anomalous
parts of the reciprocal fields are migrated downward us-
ing the 2D finite-difference migration code. We have also
calculated the average background field in the recipro-
cal receivers, which is required for the migration imag-
ing. The migration reciprocal fields for all receivers are
stacked together. This stacked field was used for the final
resistivity imaging. Figure 4 shows a simplified geolog-
ical model along the survey line in the Troll West Gas
Province (TWGP), offshore Norway, overlaying the resis-
tive structure obtained by the 2-D migration.

The image is not as good as for the synthetic model. How-
ever, the location of the gas reservoir is clearly identified
in this figure. Note that we have used just one frequency
for the practical data migration. The previous theoret-
ical and model studies clearly indicate that the multi-
frequency migration produces a much better result than
a single frequency migration. In future, we plan to ap-
ply the migration method to multi-frequency field data
as well.

3-D migration of the array marine EM data
for reconnaissance surveys

In this section we investigate the full 3-D finite-difference
migration. For the sake of simplicity, we apply this al-
gorithm to the synthetic marine MT data only. Future
research will be focused on numerical study of the MC-
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Fig. 5: A plane view of a geoelectrical model used for testing
the migration imaging of the EM data collected by the recon-
naissance marine MT survey.

SEM data.

There is a possibility of using the marine MT and CSEM
data as reconnaissance surveys in HC exploration. The
migration imaging can be an appropriate tool for fast
imaging of the results of these surveys. As an example, we
consider a more complicated geoelectrical model, contain-
ing four different reservoirs with the different sizes and at
different depths (see Figures 5 ).

The first reservoir is represented by a rectangular 6000
m x 3000 m x 100 m body with the top surface of the
reservoir at a depth of 1500 m below the sea bottom.
Reservoir # 2 has a size of 2000 m x 5000 m x 100 m, and
it is located at a depth of 500 m below the sea bottom.
Reservoir #3 with a size of 5000 m x 2000 m x 100 m
located at 1000 m below the sea bottom. The fourth
reservoir, with a size of 2000 m x 4000 m x 100 m, is at a
depth of 800 m below sea bottom. The seawater depth is
1500 m. It has a resistivity of 0.3 Ohm-m, the resistivity
of the sea-bottom sediments is 1 Ohm-m, and all four
reservoirs have the same resistivity: 100 Ohm-m.

There are 204 receivers (17 x 12) at the sea bottom sep-
arated by 2000 m in both the x and y directions. The
electric components of the MT field (the telluric electric
field) in the receivers were computed with the INTEM3D
forward modeling code for 9 frequencies: 0.1, 0.25, 0.5,
0.75, 1.0, 2.5, 5.0, 7.5, and 10 Hz.

We use the same 3-D finite-difference (FD) migration al-
gorithm discussed in the previous sections to generate a
3-D migration resistivity image. Figure 6 shows the hor-
izontal slice of this volume image at z = 2595 m. We can
clearly see all four reservoirs in this image.

Conclusions

We have developed a fast 3-D finite-difference migration
imaging algorithm. This method is based on the extension
for a 3-D case of the 2-D one-way downward extrapolation
technique developed by CEMI in the past. It allows us to

Fig. 6: A horizontal slice of the 3-D migration resistivity image
at z = 2595 m.

migrate within the sea-bottom formations the EM signals
observed by the sea-bottom receivers. The migration field
is subsequently transformed in the resistivity image of the
sea-bottom geoelectrical structures.

We have demonstrated that this method can be used for
fast imaging of marine MT and CSEM data. In the case
of an array EM observation, migration can be used as a
reconnaissance tool in off-shore HC exploration.
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