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SUMMARY
A 3D full waveform inversion method is presented using a controlled-source electromagnetic (CSEM) method. We
demonstrate that conductive anomalies around subsurface could be estimated from data simulated for a synthetic model.
We discuss the resolution of our CSEM inversion method, in terms of the distribution and the orientation of dipoles of
transmitter and receivers. We considered two cases in the alignment of x-oriented receiver and transmitter dipole arrays:
(i) 2D inline alignment of the arrays, and (ii) pseudo 3D parallel offset alignment. Our synthetic inversion examples show
that the latter could lead to the resolution of results higher than the former, in particular deeper part of our subseafloor
model. We then confirmed that the utilization of tricomponent transmitters and receivers could give better locations both
in horizontal and vertical directions in inversion results than that of x-oriented dipoles only. These differences of the
inversion results could be explained by the distribution of electric flux and charge around the boundary of conductive
anomalies. We would like to conclude, from these results, that it would be essential to consider the deployment of
multicomponent transmitter and receivers whose arrays are aligned in 3D for reliable inversion.
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INTRODUCTION
Controlled source electromagnetic (CSEM) method is
widely used for shallow subsurface explorations to measure resistivity structure in detail. This method is also used
for surveying oil and natural gas resources in deep sea.
Recently, theoretical and experimental attempts have been
initiated to survey submarine massive sulphides (SMS)
using electromagnetic method. Kowalczyk (2008) surveyed SMS using EM method with magnetic source, although the sounding depth was limited within several meters. From conventional studies about SMS, some features of SMS become clear. Nakayama et al.(2011) found
that core samples of SMS showed high IP effects. Imamura et al.(2011) showed that the thickness of SMS is
proportional to the attenuated rate of amplitude of electromagnetic fields. Various kinds of inversion methods in
frequency domain of electromagnetic method have been
developed, although these methods require solutions for
each frequency in the source spectrum. In this paper, we
present the implementation of a full waveform inversion
algorithm to simulate multi-frequencies at a time. For
full waveform inversion method in CSEM, Zhdanov and
Portniaguine (1997) derived basic theory of this inversion
method and confirmed the effectiveness in their numerical
study. Zhdanov et al. (2010) applied this inversion method
to real field data.
In time-domain electromagnetic method, FDTD method is
often used for forward calculation (de la Kethulle de Ryhove, 2012). The advantages of FDTD method is that it

does not require the solution of systems of linear equations. Another advantages is that various kinds of frequencies can be computed from a single FDTD simulation. However, many previous researches showed that
FDTD method with low frequency transmitter requires
huge number of time steps. In this study, we solve
the problem employing fictitious wave domain method
(Mittet, 2010). In this method, electromagnetic fields
are calculated in fictitious wave domain and transformed
to diffusive domain employing mathematical transform.
Time step in FDTD method becomes much larger than the
time step derived from courant condition.
From previous researches, observed electromagnetic
fields highly depend on the orientation of transmitter.
Weiss and Constable (2006) discussed the influence of
the orientation of transmitter/receiver to Fréchet sensitivity kernels. We discussed our results in terms of resolution
of inversion results, considering distribution and orientations of transmitter/receiver. We also integrated results of
different oriented dipoles. As a result, it is found that the
array distribution and orientation of transmitter/receiver
are keys to determine resolution of inversion results.
METHOD
It is very time consuming to simulate with low frequency
transmitter, because of huge numbers of time steps. In order to calculate FDTD method with large time steps such
as real field data, fictitious wave domain method developed by Mittet (2010) is employed. Frequency domain
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where ω0 is a scale parameter, ω is angular frequency.
Employing this equation, fictitious wave domain Maxwell
equations in time domain are derived as follows,
∂ 0
E (x, t0 ) = −J0 (x, t0 ),
∂t0
(2)
∂
∇ × E0 (x, t0 ) + µ 0 H0 (x, t0 ) = −K0 (x, t0 )
∂t
(3)

−∇ × H0 (x, t0 ) + 0 (x)

where 0 satisfies 0 (x) = σ(x)/2ω0 , E’ and H’ are electromagnetic fields in the fictitious wave domain and J’ and
K’ are electromagnetic sources in the fictitious wave domain. Depending on the value of ω0 , velocity of electromagnetic fields can be set optimally. In this study, we set
ω0 as 6.28. When ω0 equals to 6.28 and grid size equals to
20 m, the maximum time step length becomes to 0.001977
s. This value is much larger than a time step length based
on courant condition.
In our full waveform inversion method, model conductivity in the next iteration is calculated based on,
XZ
E(x, ω)·Eb (x, ω|δE)dω (4)
σn+1 = σn +αn W−1
n
Ω

trn

where Eb is a backpropagted electric fields, δE is a difference between observed electric fields and simulated electric fields and Wn is a weighting function derived from
sensitivity. In this study, Eb , δE and Wn are calculated
from
Z Z
Eb (x, ω|δE) =
GEJ (x, ω; xr ) · δE(xr , ω)ds
S

(5)
δE(xr , ω|xs ) = E(xr , ω; xs )obs − E(xr , ω; xs )cal
(6)
sZ Z Z
|GEJ (x|x0 ) · E(x0 )|2 dsdω
Wn =
P
Ω

(7)
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Figure 1. The synthetic model with a 2D alignment of
transmitter and receivers consisting of conductive anomaly, seawater and resistive basement.
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Maxwell equations are transformed to fictitious wave domain employing a following equation,
√
ω 0 = (i + 1) ωω0
(1)
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Figure 2. The synthetic model with a 3D alignment of
transmitter and receivers consisting of conductive anomaly, seawater and resistive basement.

Each green functions are calculated from FDTD simulation. We use X-component of transmitted electric current and X-component of received electric field to calculate model gradient. Step length of model gradient is
determined by parabolic optimization (Vigh et al., 2009).
For absorbing boundary layer, the convolutional prefectly
matched layer (CPML) is employed for five grids.
RESULTS AND DISCUSSION
In this study, we set the synthetic models as Figure 1 and
Figure 2 assuming the SMS. In Figure 1, the distribution
of transmitter and receivers are 2D arrangement In Figure 2, the distribution of transmitter and receivers are 3D
arrangement. A transmitter and six receivers are arranged
above the anomaly. Electric current is transmitted while
the transmitter moves to six positions. We set a transmitted waveform as ricker wavelet with a center frequency of
1 Hz. The dipole is set to 1 m length and 1 A. We used 20
numbers of frequencies from 0 Hz to 7.3 Hz. We also set
the grid size as 20m and the number of grid is 31 in each
direction. The initial model is set as a two-layer model.
Inversion results in the plane of Y = 0 m are shown in Figure 3. In each figure, a rectangle shows the existence of
conductive anomaly. In Figure 3(a) and (b), we set the orientations of transmitter as x-direction. In Figure 3(c), we
consider three-components of transmitter and receivers simultaneously. As shown in Figure 3, the resolution of the
inversion results is different. In case of Figure 3(a), the
horizontal position of the conductive anomaly is detected.
Figure 3(a) also shows that the inversion result has low
resolution for deeper area of conductive anomaly in case
of 2D distributed array. Figure 3(b) shows that the inversion result has high resolution for horizontal and vertical
position in case of 3D distributed array. Figure 3(c) shows
that the inversion result has high resolution comparing
with Figure 3(a) and (b). These differences of the inversion results are explained considering distribution of electric flux and electric charge around the boundary of the
conductive anomaly. In case of 2D distributed array, horizontal component of electric field is dominant beneath the
anomaly. Because of this, the amount of electric charge
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beneath the anomaly is low. In case of 3D distributed array, vertical component of electric field is dominant comparing with 2D results. This is because the vertical position of anomaly is resolved precisely in case of Figure 3(b)
and (c).
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A full waveform CSEM inversion with the fictitious wave
domain method was developed and implemented for a
synthetic model. We compared the effect of distribution
of dipoles, and discussed resolution of inversion results
with conductive anomaly. From the results, we found that
the resolution depends on the distribution of transmitter
and receivers. We integrated inversion results of different
oriented dipoles. As a result, the resolution of deeper area
is improved with 3D distributed array of dipoles. The resolution of anomaly is also improved when three components of transmitter are employed. Through all numerical
results, we conclude that it is important to consider optimum distribution of dipoles and orientation of dipoles for
effective inversion.
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Figure 3. Comparison of inversion results changing the
distribution and the orientation of transmitter
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are distributed as 2D array. (b) The transmitter
and receivers are distributed as 3D array. (c)
The transmitter and receivers are distributed as
3D array and oriented to 3-components.

Nakayama, K., Shingyouji, T., & Motoori, M. (2011).
Marine Time-domain electromagnetic technologies
for the ocean bottom mineral resources. In Proceedings of the 10th segj international symposium (pp.
433–436).
Vigh, D., Starr, E. W., & Kapoor, J. (2009). Developing Earth models with full waveform inversion. The
Leading Edge, 28(4), 432–435.
Weiss, C. J., & Constable, S. (2006). Mapping thin re-

Naoto Imamura et al., 2013, Resolution of FWI using CSEM exploration
sistors and hydrocarbons with marine EM methods,
Part II — Modeling and analysis in 3D. Geophysics,
71(6), G321.
Zhdanov, M. S., & Portniaguine, O. (1997). Time-domain
electromagnetic migration in the solution of inverse
problems. Geophysical Journal International, 131(2),
293–309.
Zhdanov, M. S., Velikhov, E. P., Cuma, M., Wilson, G.,
Black, N., & Gribenko, A. (2010). Exploring multiple 3D inversion scenarios for enhanced interpretation
of marine CSEM data: An iterative migration analysis
of the Shtokman gas field: Barents Sea. First Break,
28(3), 95–101.

