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Summary

Electromagnetic diffusive fields and and seismic wave
fields can both be propagated in smooth background me-
dia using Helmholz-type equations. Consequently, many
seismic migration methods operating in the frequency-
space domain can be adapted for controlled-source elec-
tromagnetic (CSEM) data. We present and demonstrate
3-D frequency-wavenumber and explicit finite-difference
depth migration operators optimized for the electric field.
Rapid numerical implementation was possible by modifi-
cation of an existing seismic 3-D depth migration code
running on massive Linux clusters. Results from nu-
merical extrapolation of the electric field from a Hertz
dipole compare well with the analytical solution. The
CSEM depth migration code runs three orders of magni-
tude faster than the seismic code.

Introduction

During the last few years, marine controlled-source elec-
tromagnetic (CSEM) data, often called seabed logging
(SBL), has been widely used by the oil and gas industry
for remote detection of hydrocarbon (HC) reservoirs. EM
energy is rapidly attenuated in the sea water and in sedi-
ments where the pore space is filled with conductive brine.
In high-resistive (low-conductive) layers such as HC-filled
sandstones, the EM field is assumed to be refracted and
guided along the high-resistive layers with less attenua-
tion. Energy is constantly refracted back to the sea floor
and detected by EM receivers. A major objective of ma-
rine CSEM processing is to image conductivity anomalies
in depth, by means of migration or inversion. Usually,
the fundamental frequency and a few harmonics can be
utilized in the imaging. In the preprocessing of the data,
the up-going scattered field due to the resistivity anoma-
lies should be separated from the total field, which also
include the direct wave and the air wave.

If the background medium is sufficiently smooth, the
propagation properties of both seismic and EM fields can
be represented in the frequency-space (FX) domain by
Helmbholz-type differential equations. Consequently, sim-
ilar migration schemes can be applied to both types of
data. Most F'X-domain migration schemes developed for
seismic imaging can easily be adapted for depth migra-
tion of CSEM data. In isotropic background media, the
dispersion relations of seismic and EM fields are formally
equal. There are, however, important details that are dif-
ferent, and must be accounted for. The seismic wavenum-

ber is real and depends linearly on frequency, whereas
the EM wavenumber is complex and proportional to the
square-root of the temporal frequency. Consequently, the
propagation of the EM field is governed by a diffusive
wave equation. Another issue of major importance is the
difference in phase properties of 2-D and 3-D field extrap-
olators. Seismic data are recorded in the far field, where
the 2-D phase is an excellent approximation to the 3-D
phase of the field data. Hence seismic 2-D lines can be
migrated using 2-D schemes. For CSEM data, near-field
effects are important, and the phase of 2-D and 3-D field
extrapolators differ significantly. CSEM data are often ac-
quired with 2-D line geometries. However, in the imaging
it is important to account for the 3-D nature of the EM
fields, either by means of full 3-D migration or inversion
schemes, or by applying appropriate corrections (Stoyer
and Greenfield, 1976; Hokstad and Rgsten, 2006). Cor-
rect handling of the phase of the (diffusive) wavefields is
crucial in any depth migration scheme. Otherwise, target
anomalies may image at the wrong depth.

Zhdanov et al.  (1996) introduced depth migration
for marine CSEM data, based on Gazdag’s frequency-
wavenumber (FK) migration and Claerbout’s 45-degree
finite-difference (F'D) equation (Claerbout, 1985). The
45-degree F'D equation can easily be implemented in 2-D,
where an implicit Crank-Nicholson scheme leads to linear
tridiagonal systems of equations to be solved for the wave-
field. The corresponding 3-D scheme becomes more cum-
bersome, since banded matrices must be inverted to solve
for the downward-continued fields. Here, we present and
compare schemes for 3-D F'K migration and 3-D explicit
F D depth migration of marine CSEM data. Following the
approach to seismic depth migration of Holberg (1988),
we design optimized convolution-based filters for down-
ward continuation of the electric field. The filter design
can easily be extended to include anisotropy, using the
equations presented by Hokstad and Rgsten (2006). The
magnetic field can be handled with the same approach.

The novel 3-D EM migration code was developed by mod-
ification of an existing 3-D seismic depth migration code
running in parallel under the Message Passing Interface
(MPI) on massive Linux clusters. This allowed for very
rapid implementation of the EM migration scheme, since
only minor modifications of the code were required. Be-
cause coarser spatial grids can be used, and fewer tem-
poral frequencies are available, the CSEM version of the
code runs three orders of magnitudes faster than the seis-
mic code.

One-way equations for the electric field

In the ultra-low frequency approximation, the Maxwell
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equations in the frequency domain can be written as

VxE
VxH

twpo H, (1)
J, (2)

where FE is the electric field, H is the magnetic field, po is
the vacuum permeability, and w is the angular frequency.
We assume a linear medium, zero source current density,
and that the conduction current density J is given by
Ohm’s law

J=0E, (3)

where o is the conductivity. Combining the equations
above to eliminate the H-field, and assuming a charge-
free medium such that 0; E; = 0, we obtain the Helmholz
equation

V2E; 4+ kgE; = 0, (4)

for each component E; of the electric field. The same
equation is the basis for seismic migration. In the seismic
case, ko is real, but in the CSEM case, the wavenumber

Ko = \/ Woo, (5)

is complex, which leads to (strong) attenuation. The ad-
joint Helmholz equation is obtained by changing the sign
of the last term in equation (4).

Assuming a 1-D background medium, and Fourier trans-
forming over the horizontal spatial coordinates, equation
(4) readily leads to one-way way equations in the FK do-
main for down-going fields Ef and up-going fields EY.
From the adjoint Helmholz equation, we correspondingly
obtain a one-way equation for the so-called migrated field
E}M | introduced by Zhdanov et al. (1996). The migrated
field is equal to the up-going field at the recording surface
z = z,, but differs elsewhere. The F'K-domain one-way
equation can be written as

0:.E] = ’ykﬂEz{/) (6)

k. = /Kk3 +72(k2 + k2), (7)

is the vertical wavenumber, and

where

3 forv =D,
vy = —i  forv=T, (8)
-1 forv=M.

The sign convention in the Fourier transform is such that
0¢ <> —iw and 0; <> ik;. The solution to equation (6) is
given by

EY (ko ky, 2 + Az) = 2P B (ke ky,2),  (9)

which is the basis for the wavefield extrapolation step
of (Gazdag) FK migration. The depth-stepping equa-
tion for EP decays exponentially, and is numerically sta-
ble. The equation for EY is exponentially growing and
is numerically unstable. It can, however, be applied in

a “phase-only” migration scheme, if only the real part
of the vertical wavenumber k. is used in the downward
continuation. The depth-stepping equation for E is nu-
merically stable with exponential decay (like EP) and
backward phase rotation (like £Y). The FK migration
operators are accurate up to 90 degrees from the vertical,
but limited to 1-D background media.

3-D filter operator design

To relax the 1-D background assumption, we replace the
phase-shift operator in equation (9) by discrete 2-D con-
volution filters W (mAz,nAy, ko) in the FFX domain, as
proposed by Holberg (1988). Then the extrapolation of
the E-field can be written as

E{ (z,y,z + Az) =
L
Z WY (mAx, nAy, ko) E; (x — mAx,y — nAy, z). (10)

m,n=—L

The convolution operators depend only on the normal-
ized wavenumber & = roAz and the ratio Az/Awz.
Hence, for a given Az/Az-ratio, the operator coefficients
can be precomputed for all relevant values of /¢ and
stored in a look-up table. For simplicity we assume
Ay = Az and Az/Az = 0.5. Computation of the fi-
nite impulse-response filter with complex-valued coeffi-
cients W"(mAz, nAy, Ro), is posed as an inverse problem,
minimizing the objective function in the L4 norm

J = ||W" (idks, jAKy, fo) — 27| [*, (11)
where WY (iAk,,jAky, ko) is the discrete 2-D spatial
Fourier transform of W (mAx, nAy, ko) for a discrete set
of horizontal wavenumbers 1Ak, and jAk,.

A X

-pil4 o] pi/4 pi/2

iz

Fig. 1: Dispersion relation computed with ¢ = 1.0S/m and
f=0.75 Hz and vy = ¢.

The seismic dispersion relation is discontinuous at the
transition to the evanescent region where k, = 0. Hence,
the filter operators for seismic 3-D depth migration are
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matched to propagating waves only by introducing a dip-
limitation. The evanescent waves are damped to get a
stable 3-D explicit depth migration scheme. The disper-
sion relations for diffusive EM fields are smooth and con-
tinuous for all wavenumbers, see Figure 1. Hence, we do
not need to introduce a dip-limitation on the correspond-
ing 3-D filter operators to get a stable depth migration
scheme for CSEM data. The optimization is generally
performed for all wavenumbers, and the real and imagi-
nary part of the filter operator are optimized separately.
In practice, we need to compute tabulated filter coeffi-
cients only for W;”. Then the operator for W;¥ can be
obtained by complex conjugation.

F_i§ures 2 shows the amplitude and phase responses for
e'2*F= (ie. down-going operator) assuming o = 1.0S/m
and f = 0.75 Hz. Figures 3 shows the corresponding am-
plitude and phase responses for the optimized 3-D spatial
filters. In the filter design we used half-length L = 12,
and the number of discrete positive horizontal wavenum-
bers was I = J = 64. Note the excellent match for both
the magnitude and the phase.

Numerical examples

To demonstrate the 3-D FK and F'D migration opera-
tors presented above, we propagate the z-component of
an electric Hertz dipole oriented in the z-direction. The
frequency of the dipole is 0.75 Hz, and the background
medium is homogeneous with conductivity 1.0 S/m. For
comparison and reference, Figure 4 shows the phase (in
radians) of the analytical Hertz dipole in the vertical zz-
plane containing the dipole source. The source is located
at the origin.

We computed the dipole field analytically at 500 m depth
below the source point, and propagated the field numer-
ically from 500m to 2000 m. The size of the numerical
grid was N, = Ny = N, = 41, and the grid spacing was
Az = Ay =100 m and Az = 50 m.

Figure 5 shows the phase of the field after downward con-
tinuation with the FFK and F'D field extrapolators. Both
amplitude and phase are accounted for in the propaga-
tion. As expected, the FK scheme is more accurate at
large angles from the vertical. The F'D scheme compares
well with the analytical solution at small angles (up to
approximately 45 degrees). At large angles, the F'D re-
sults deviates from the correct solution. This is expected
since this type of explicit migration operator is known to
have a limited dip response (Holberg, 1988). Also, some
edge effects are introduced due to the small size of the
computational grid compared to the half-length of the
extrapolation filter.

Figure 6 shows the results obtained with phase-only mi-
gration operators. In this example, only the real part of
k. was used in the F'K scheme. The F'D operator was
designed to match the phase of the exponential function
in equation (11), with unit magnitude for all horizontal
wavenumbers. The phase-only migration operators do not

handle the phase of the electric field correctly.

Discussion and conclusions

We have presented 3-D FK and 3-D explicit F'D depth
migration operators optimized for the electric field. The
migration operators were demonstrated by numerical
downward extrapolation of the electric field of a Hertz
dipole. When both amplitude and phase are accounted
for in the extrapolation, the numerical results compare
well with the analytical solution. 3-D explicit one-way
F'D operators are known to have a limited dip response.
As expected, the numerical results obtained with the F'D
scheme deviates from the correct solution at large angles
from the vertical. Currently, we use convolution filters op-
timized for CSEM data, but with the same filter length
as for the seismic case. This can probably be improved.

Extrapolation with phase-only operators, accounting for
only the real part of the vertical wavenumber, did not give
acceptable results. The phase of the downward-continued
E-field becomes incorrect when migration operators with
unit magnitude response are used.

The 3-D FK and FD migration schemes were imple-
mented by modification of an existing seismic 3-D depth
migration code running in parallel on Linux clusters. The
CSEM depth migration code is very efficient and runs
three orders of magnitude faster than the seismic code.
This is due to the coarser spatial grids and fewer frequen-
cies used in migration of CSEM data.
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Fig. 4: Phase (in radians) of the inline horizontal (z) compo-
nent of an analytical free-space Hertz dipole. The frequency is
0.75 Hz and the conductivity is 1.0 S/m.
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Fig. 3: Resultian magnitlide response (top) and phase response Fig. 6: Phase after downward continuation with the phase-only
(bottom) of W7 (ke, ky, Ro)- 3-D FK (top) and 3-D F'D (bottom) migration operators.
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