SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Useful characteristics of shallow and deep
marine CSEM responses inferred from 3D finite-
difference modeling

Sasaki, Yutaka

Kyushu University, Department of Earth Resources Engineering

Meju, Max A.

Lancaster University, Department of Environmental Science

https://hdl. handle. net/2324/25555

HERIE$R : Geophysics. 74 (5), pp.F67-F76, 2009-08-14. Society of Exploration Geophysicists
N—=2 3
HEFIRMR : (C) 2009 Society of Exploration Geophysicists.

KYUSHU UNIVERSITY




Downloaded 12/03/12 to 133.5.69.205. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

GEOPHYSICS, VOL. 74,NO. 5 (SEPTEMBER-OCTOBER 2009); P. F67-F76, 15 FIGS.
10.1190/1.3168616

Useful characteristics of shallow and deep marine CSEM
responses inferred from 3D finite-difference modeling

Yutaka Sasaki' and Max A. Meju?

ABSTRACT

Hydrocarbon reservoirs can be mapped if sufficient resistivity
contrasts exist between them and their confining layers, but prac-
tical problems remain in target discrimination in deep and shal-
low waters, especially in the presence of heterogeneous overbur-
den. We have developed an efficient 3D staggered-grid finite-dif-
ference controlled-source electromagnetic (CSEM) modeling
code that enables study of the physics underlying some practical
problems. We undertook a comparative analysis of reservoir de-
tection in 2000-m- and 300-m-deep waters using the simulated
electric and magnetic field responses of a simple 3D reservoir.
‘We examined the effect of two types of near-surface heterogene-
ity (mimicking disconnected gas clouds and/or patchy geochem-
ical alteration halos) on the 3D reservoir response. We found that
small-scale, shallow heterogeneities cause distortions that are al-
most independent of the source frequency. These persist at all
source-receiver offsets in the electric amplitude response in

deep and shallow waters and phase response in shallow water.
They decrease in magnitude with increasing offset in deepwater
phase response. Large-scale near-surface heterogeneities distort
the horizontal electric field response more significantly than the
small-scale ones, but the near-surface response gets smaller in
amplitude as the offset increases. The distortions in shallow wa-
ter are much smaller in magnitude than those for the deepwater
case, so that the reservoir signatures still are visible on the re-
sponse profiles. This might be considered as a positive feature for
shallow-water inline electric field exploration. The magnetic
field responses for the orthogonal direction provide diagnostic
target signatures that are similar to the inline electric field re-
sponses in deep water but that are different in shallow water. The
magnetic responses are affected by the airwave in a different
manner from the electric field, suggesting that combined 3D
electric and magnetic field analysis might be vital for handling
the airwave problem.

INTRODUCTION

It is established that hydrocarbon reservoirs typically are electri-
cally resistive and can be mapped if sufficient contrasts exist be-
tween them and the confining layers, especially in deep waters (Ei-
desmo et al., 2002; Ellingsrud et al., 2002; Constable and Srnka,
2007). The issues of present concern in marine exploration of hydro-
carbons include shallow-water problems, background or overbur-
den resistivity variations, formation anisotropy, rugged seabed, thin
resistors of finite extent, large source-receiver (Tx-Rx) separations,
poor contrast reservoirs, and the improvement of controlled-source
electromagnetic (CSEM) response normalization and presentation.
Exploration analysis in shallow water remains problematic because
of the so-called airwave or air interaction problem (Chave and Cox,
1982; Constable and Weiss, 2006).

The effect of heterogeneous overburden on the marine CSEM re-
sponse (Singer et al., 2007; Orange et al., 2009) is not well under-
stood and might lead to erroneous interpretation or masking of po-
tential targets as known in terrestrial magnetotellurics (e.g., Sasaki
and Meju, 2006b). The seabed might be rugged in some prospects
(Chandola et al., 2007; Li and Constable, 2007; Darnet et al., 2007),
and blanket-type or elongate channel-fill deposits of finite extent
might characterize the overburden. Such bathymetric variations and
finite near-surface deposits could distort the CSEM response, and
they need to be accounted for in marine CSEM simulations.

In many oil and gas fields, the reservoir is not sealed completely
because of fracturing, leading to seepage especially of light hydro-
carbons and the formation of shallow gas deposits (fizz gas) that
cause problems for seismic reflection imaging. Conceivably, this gas
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seepage can result in shallow discontinuous pockets of gas that could
cause distortion of the CSEM response. Seepage of gas also can lead
to the formation of geochemical alteration halos in the overlying for-
mations (Oehler and Sternberg, 1984; Meju, 2002) that further com-
pound the degree of heterogeneity of the overburden in marine envi-
ronments. It is practically expedient to resolve some of these issues.
It is clear that most of them demand a rigorous 3D modeling ap-
proach.

Previous studies examine the 3D CSEM responses of idealized
deep- and shallow-water exploration targets, although there is no de-
tailed emphasis on the problems mentioned above (e.g., Everett,
2006; Hoversten et al., 2006; Um and Alumbaugh, 2007). Here, we
develop a full 3D forward modeling code and use it to investigate the
issues highlighted above so as to complement the past 3D simulation
studies. In particular, we study in detail the effect of near-surface 3D
heterogeneities on the 3D CSEM response of shallow-water and
deepwater reservoirs, which to our knowledge has not been investi-
gated. The main thrust is to provide a practical understanding of
most of the above exploration challenges, and for each case attempt
to provide a way forward in solving the attendant problem. The ef-
fect of formation anisotropy (e.g., Everett and Constable, 1999; Lu
and Xia, 2007) is not considered here. For simplicity, we define deep
water as deeper than 300 m and shallow water as 300 m deep or less.

3D MODEL STUDY AND IMPLICATIONS

We have developed an efficient 3D staggered-grid finite-differ-
ence (FD) modeling code that enables us to accurately simulate the
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Figure 1. Three-dimensional hydrocarbon reservoir models with
two seawater depths. (a) Deepwater case. (b) Shallow-water case.
The horizontal and vertical dimensions of the reservoir are 5 km
X5 km X 50 m.

marine CSEM responses of 3D reservoir targets. The methodology
is described in Appendix A. Here, we first check the accuracy of our
FD solutions by comparison with 1D semianalytic solutions, and
then we present the results of our FD modeling to infer some useful
characteristics of the 3D marine CSEM response.

For the reservoir simulation study, we consider two 3D models
shown in Figure 1. Both models consist of a resistive hydrocarbon
reservoir embedded in a homogeneous background sediment with a
resistivity of 1 ohm-m. The reservoir has a resistivity of 100 ohm-
m and a size of 5 km X 5 km X 50 m along the x-, y-, and z-coordi-
nates, respectively. Its upper boundary is located at a depth of 1500
m below the seafloor. The seawater resistivity is 0.3 ohm-m. The
only difference between the two models is the water depth, which is
either 2000 m or 300 m. A single profile with 43 inline horizontal
electric dipole transmitters is assumed to run through the center of
the reservoir (x,y = 0 km) along the x-coordinate. Each source has a
length of 200 m and is positioned 30 m above the seafloor. The re-
ceivers are positioned every 200 m on the seaflooratx = —8.5t08.5
km. Unlike past simulation studies, we also investigate the distorting
influence of near-surface heterogeneities on the CSEM responses of
a 3D target in shallow-water and deepwater situations.

Electric field response

To provide a self-check on the FD solution, we first calculated the
responses of a 1D model having a 100-ohm-m layer in place of the
3D reservoir for the deepwater model (Figure 1a). The grid that was
used has 189 X 78 X 52 cells with a minimum cell size of 100 X 100
X 50 m in the anomalous region and a maximum size of 3.2X3.2
X 3.2 km in the corner of the boundaries. The source frequency is
0.25 Hz. The comparison between the FD and semianalytic 1D solu-
tions is shown in Figure 2, wherein the amplitude and phase of the in-
line electric fields are plotted as a function of source-receiver offset.
The agreement is excellent in both the amplitude and phase respons-
es.

As an additional self-check in our 3D reservoir investigation, we
calculated the responses of the deepwater model using two grids.
One grid is the same as the one used in the previous check. The other
grid consists of 103 X 48 X 52 cells, with a minimum cell size of 200
X200 X 50 m and a maximum size 6.4 X 6.4 X 3.2 km. The source
frequencies are 0.25 and 0.75 Hz. In Figure 3, the amplitude and
phase of the inline electric fields at selected source-receiver separa-
tions are plotted as a function of source-receiver midpoint, yielding
what might be termed apparent common-depth-point (CDP) pro-

files. This type of data representation provides a
convenient way of roughly identifying the lateral
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Figure 2. A comparison of the FD (circles) and semianalytic (solid lines) solutions for a
1D model having a 100-ohm-m layer in place of the 3D reservoir in the deepwater model
(Figure 1a) for a frequency of 0.25 Hz. The (a) amplitude and (b) phase of the inline hori-
zontal electric field are shown. The dashed lines show the background responses.

grid, the solutions reaching the threshold level are
for 17 and 42 source locations (out of 43 loca-
tions) at frequencies of 0.25 and 0.75 Hz, respec-
tively; the largest residual norm was 0.5 X 10~*
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and occurred when the source is located at a distance away from the
reservoir region. Despite the fact that the convergence rate is rela-
tively poor for the finer grid at 0.25 Hz, the comparison between the
two discretizations is good, with a maximum relative difference in
amplitude being about 3.2% and a maximum phase difference being
0.9°. The average computation time per one source location and one
frequency was approximately 48 s for the coarse grid and 293 s for
the fine grid on a personal computer (PC) with a 2.50-GHz Core 2

processor. All calculations in the following inves-
tigation of 3D reservoir response characteristics
use the fine grid.

In Figure 3, the effect of reservoir is evident in
amplitude and phase at both frequencies. Because
the electromagnetic (EM) field decays more rap-
idly as the frequency increases, the Tx-Rx offset
range in which the effect of reservoir is recogniz-
able becomes shorter at 0.75 Hz, if the noise floor
for the electric field measurement is assumed to
beat 10~ V/(Am?).

The electric field responses for the shallow-
water model (Figure 1b) are shown in Figure 4.
Because the effect of reservoir is only slightly
visible at 0.75 Hz for this model, we present the
responses at 0.25 and 0.1 Hz that give target sig-
natures more clearly. It is well known that if
CSEM data are acquired in shallow water, be-
cause of the interfering effect of the airwave, the
resistive target response is significantly smaller in
amplitude than that in the deepwater case, as
shown in Figure 4a and c. It has been recognized
also that phase response provides information
that is crucial for identifying resistive objects
(Mittet, 2008). This is illustrated in Figure 4b and
d, wherein phase anomalies can be seen clearly at
different Tx-Rx offsets depending on the frequen-
cy. However, the magnitude of the phase shift is
small compared to the deepwater case, and the
presence of a resistive reservoir generally moves
the phase curves downward, which is in the oppo-
site direction to the deepwater case.

Similar qualitative behavior can be seen in the
corresponding 1D response shown in Figure 5,
wherein the amplitude and phase are plotted
against Tx-Rx offset at frequencies of 0.75, 0.25,
and 0.1 Hz for the background and 1D reservoir
models. Note that the lower the frequency, the
longer the Tx-Rx offset at which the airwave be-
comes dominant (e.g., Um and Alumbaugh,
2007; Andreis and MacGregor, 2008). Compari-
sons between 3D and 1D responses are discussed
in more detail later.

Normalized electric field response

It has been a common practice to normalize the
electric field response by the response of a refer-
ence model so as to highlight the target response
(e.g., Constable and Srnka, 2007). Figures 6 and 7
show the electric field responses normalized by
those of the background half-space (with the wa-

ter layer) for the deep- and shallow-water cases, respectively. It is
important to note that whereas such a simple normalization of the
data by the half-space response is useful for mitigating the effect of
the source-receiver geometry, it is generally not practicable for iden-
tifying the target response for the real subsurface, which contains 3D
resistivity variations.

In Figure 6, we see that after the normalization, the effect of reser-
voir is represented much more clearly. The peak in the normalized
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Figure 3. The amplitudes and phases of the inline horizontal electric fields at selected off-
sets, plotted as a function of the source-receiver midpoint for the model shown in Figure
la (deepwater case). (a) Amplitude at 0.25 Hz. (b) Phase at 0.25 Hz. (c) Amplitude at
0.75 Hz. (d) Phase at 0.75 Hz. The solid lines and circles show the responses calculated
using the fine and coarse grids, respectively.
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Figure 4. The amplitudes and phases of the inline horizontal electric fields at selected oft-
sets, plotted as a function of the source-receiver midpoint for the model shown in Figure
1b (shallow-water case). (a) Amplitude at 0.25 Hz. (b) Phase at 0.25 Hz. (c) Amplitude at
0.1 Hz. (d) Phase at 0.1 Hz.
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Figure 5. The amplitudes (left column) and phases
(right column) of the inline horizontal electric
fields at 0.75, 0.25, and 0.1 Hz as a function of the
source-receiver separation for the 1D reservoir and
background models. The thin lines are for the back-
ground model, and the thick lines are for the 1D res-
ervoir model. For the 1D reservoir model, the 3D
reservoir in Figure 1b (shallow-water case) is re-
placed by an infinite layer.

Figure 6. The normalized amplitudes and phase
shifts for the electric field responses in Figure 3
(deepwater case). (a) Normalized amplitude at
0.25 Hz. (b) Phase shift at 0.25 Hz. (c) Normalized
amplitude at 0.75 Hz. (d) Phase shiftat0.75 Hz.
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amplitude reaches a value of about 3.4 at 7-km offset for 0.25 Hz,
and about 4.4 at 5-km offset for 0.75 Hz. The phase shift increases
with increasing offset and attains a value of about 120° at 0.25 Hz
and 91° at 0.75 Hz. It is clear that for the deepwater case, the target
signature is sufficiently large to detect and interpret reliably in both
amplitude and phase at 0.25 and 0.75 Hz.

Figure 7a and c shows that in shallow water, the effect of a reser-
voir on the amplitude response is to increase it slightly at intermedi-
ate offsets and decrease it at long offsets. Similar behavior can be
seen in the corresponding 1D response (Figure 5). The decrease at
longer offsets probably results from some coupling between the res-
ervoir and the airwave — which is represented in
1D by an infinite sum of reflections off the seabed

&
~
N
o

for such 3D models was checked by comparing the responses of sin-
gle near-surface bodies calculated using two different grids as well
as comparisons with the corresponding 1D solutions.

First we examine the effect of small-scale near-surface heteroge-
neities on the reservoir responses for the deep- and shallow-water
cases. In Figure 9, we show the electric field responses at 0.25 and
0.75 Hz for the deepwater case. It can be seen from the amplitude
profiles (Figure 9a and c) that the near-surface responses (or short-
wavelength components) are almost independent of the frequency
and that their magnitudes are almost the same (on the logarithmic
scale) regardless of the Tx-Rx offset. In contrast, the near-surface
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and sea surface (e.g., Chave and Cox, 1982). It is
possible that the interaction of the fields diffusing
upward from the reservoir (with some absolute
phase) and the fields diffusing downward from
the air (with some other absolute phase) has
changed in the shallow water, canceling out some
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target signature becomes larger consistently in
both amplitude and phase for some frequency
range as the frequency decreases (Figure 5). In
addition, the phase response has sharper edges at
0.25 Hz than at 0.1 Hz, which implies that the
0.25-Hz data provide better resolution. This mod-
eling example demonstrates that, as noted by Andreis and MacGre-
gor (2008), it is more important in shallow water to optimize the fre-
quencies for a given target.

Effect of shallow inhomogeneities

To simulate the data distortion arising from 3D near-surface heter-
ogeneities such as gas pockets and elongate patches of geochemical
alteration halo in the overburden of leaky fields (Oehler and Stern-
berg, 1984; Meju, 2002), we consider two types of anomalous shal-
low 3D bodies to be present in addition to the previous reservoir
models as shown in Figure 8. The first type of anomalous bodies con-
sists of seven small-scale bodies with a size of 500 X 500 X 100 m
and a burial depth of 100 m below the seafloor. The second type con-
sists of an extensive, elongate body of size 4000 X 2000 X 100 m
and burial depth of 200 m. The resistivity of these anomalous bodies
is fixed at 20 ohm-m.

Note that the anomalous bodies are located only on the left side of
the center of the reservoir. These models represent two extreme cas-
es in which near-surface 3D heterogeneities complicate the interpre-
tation of CSEM data in very different ways. As was the case with
modeling the reservoir responses, the accuracy of the FD solutions

Distance (km) Distance (km)

Figure 7. The normalized amplitudes and phase shifts for the electric field responses in
Figure 4 (shallow-water case). (a) Normalized amplitude at 0.25 Hz. (b) Phase shift at
0.25 Hz. (c) Normalized amplitude at 0.1 Hz. (d) Phase shiftat 0.1 Hz.

miuinlulnfulls >
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Figure 8. Plan view of two different near-surface structures shown
relative to the target reservoir. The seven small squares (solid line)
represent small-scale resistivity variations, and the rectangle (thick
dashed line) represents a large-scale structure. All of them are 100 m
thick. The burial depth is 100 m for the small-scale structures and
200 m for the large-scale structure. The survey line is located over
the centers of these bodies and the reservoir (along the x-coordinate).
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phase response decreases as the offset increases and becomes almost
invisible at offsets of more than about 6 km. This feature indicates
that the near-surface distortions are mainly the result of the galvanic
effect, which is caused by the electric charge buildup at the bound-
aries of resistivity anomalies (LeMouel and Menvielle, 1982), and
that the inductive effects are present also at smaller offset.

Figure 10 shows the electric field responses at 0.25 and 0.1 Hz for
the shallow-water case. The amplitude distortions are independent
of the frequency again, and unlike in the deepwater case, the phase
distortions persist at all offsets. This means that the inductive effects
persist at all offsets. Whereas the maximum amplitude distortion

(i.e., the ratio of the amplitude response of the reservoir plus near-
surface structure to that of the reservoir model) is 1.3 in the deep wa-
ter, it is only 1.1 in the shallow water. The maximum phase differ-
ence created by the near-surface structure is about 3° for the shallow-
water model, as opposed to 13° at0.25 Hz and 25° at 0.75 Hz for the
deepwater model. Such distortions are not significant, and therefore
the reservoir signatures still can be seen on both the amplitude and
phase profiles in shallow water.

Next we illustrate the effect of an extensive near-surface anomaly
on the reservoir responses. Figure 11 shows the electric field re-
sponses of the deepwater model at 0.25 and 0.75 Hz. Unlike the

small-scale near-surface resistivity variations,
the elongate resistive body generates pronounced

near-surface amplitude responses, which over-
whelm the target responses at smaller offsets.
However, the near-surface distortions get smaller
as the offset increases, and therefore the target re-
sponses are recognizable at longer offsets for
both 0.25 and 0.75 Hz. The effect of the extensive
near-surface structure is largest when the source
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Figure 9. The amplitudes and phases of the inline horizontal electric fields at selected off-
sets for the deepwater model with small-scale resistive bodies. (a) Amplitude at 0.25 Hz.

(b) Phase at 0.25 Hz. (c) Amplitude at 0.75 Hz. (d) Phase at 0.75 Hz.
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ly. Comparing the responses at 0.25 and 0.75 Hz
shows that the higher frequency (0.75 Hz) re-
sponses are more affected by the near-surface
anomaly, suggesting that broadband measure-
ments are desirable in complex settings.

Figure 12 shows the electric field responses at
0.25 and 0.1 Hz for the shallow-water case. As in
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the deepwater case, the near-surface distortions
almost dominate the response at shorter offsets.
However, it is encouraging to see again that the
near-surface signatures are much smaller in mag-
nitude (on the logarithmic scale) than those in the
deep water and that the reservoir signatures still
are visible at longer offsets. This characteristic of
near-surface responses can be viewed as a posi-
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Figure 10. The amplitudes and phases of the inline horizontal electric fields at selected
offsets for the shallow-water model with small-scale resistive bodies. (a) Amplitude at
0.25 Hz. (b) Phase at 0.25 Hz. (c) Amplitude at 0.1 Hz. (d) Phase at 0.1 Hz.
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field responses to the electric ones (Figure 3a and
b) shows that the behavior of the target signatures
in the two field responses is similar in amplitude
and phase, and that their magnitude is compara-
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ble. This is consistent with an observation from a 1D inversion study
(Key, 2009), showing that separate inversions of deepwater electric
and magnetic field perform equally well at recovering the reservoir
and that there is no improvement in resolution from jointly inverting
both fields.

Figure 14 shows the magnetic field responses of the shallow-wa-
ter model (Figure 1b) at 0.25 Hz. The target signatures in these re-

sponses are quite different from those in the electric field responses
(Figure 4a and b) and are considered to be affected by the airwave in
a different manner from the electric field.

The significant message here is that whether CSEM data are ac-
quired in deep or shallow water, the magnetic field responses do pro-
vide target signatures that are nearly comparable to those in the elec-
tric field responses. In terms of response presentation, we experi-

Figure 11. The amplitudes and phases of the inline

horizontal electric fields at selected offsets for the

deepwater model with a large-scale resistive body.
(a) Amplitude at 0.25 Hz. (b) Phase at 0.25 Hz. (c)

Amplitude at0.75 Hz. (d) Phase at 0.75 Hz.

Figure 12. The amplitudes and phases of the inline
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creases (and as the frequency decreases),
3km and the reservoir signature still can be dis-
cerned, even in shallow water.

A 3) The amplitude and phase characteristics of
the magnetic response for the orthogonal di-

rection are remarkably comparable to those
of the inline electric field in deep water but
differ markedly in shallow water. The mag-
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Figure 14. The (a) amplitudes and (b) phases of the horizontal magnetic fields at selected
offsets for the shallow-water model (Figure 1b). The frequency is 0.25 Hz.

mented with the ratio of the electric to magnetic fields Ex/Hy, but
this cancels out the target signature in the deepwater case because
the two fields have similar target signatures. For the shallow-water
case, the ratio of the fields gives a somewhat enhanced signature be-
cause the two fields behave fairly differently. It is thus obvious that
there is a general need for 3D joint modeling and inversion of elec-
tric and magnetic field data, taking into account the noise character-
istic in each field measurement. This will be the subject of future
study aimed at developing a robust inversion scheme (e.g., Sasaki
and Meju, 2006a) for marine CSEM.

CONCLUSIONS

We have highlighted some issues of present concern in marine ex-
ploration for hydrocarbons, notably, shallow-water problems, back-
ground or overburden resistivity variations, rugged seabed, thin re-
sistors of finite extent, large source-receiver separations, and CSEM
response normalization/presentation. Using simple 3D reservoir
models of shallow-water and deepwater environments, we investi-
gated the response patterns of the electric and magnetic fields for
various frequencies and source-receiver separations, and the effect
of near-surface heterogeneities on target signatures. The key find-
ings of this numerical modeling study are as follows:

1)  For the same idealized reservoir target, the deep- and shallow-
water electric field responses are very different but are diagnos-
tic of the 3D target reservoir. The distinct shallow-water signa-
ture consists of a peaked amplitude response at intermediate
Tx-Rx offsets and a depressed amplitude response at long off-
sets. For electric field measurements, the phase response pro-
vides crucial information for resistive target identification in
shallow water. Normalizing the CSEM response by the back-
ground response markedly enhances target detection, but it is
more important in shallow water to optimize the frequencies
for a given target detection.

2)  Small-scale resistive bodies present in the overburden distort
the electric field amplitude by almost similar amounts at all Tx-
Rx offsets independent of the measurement frequency. This
distortion is caused mainly by the galvanic effect. For the phase
response, this near-surface effect decreases with increasing Tx-
Rx offset in deep water but persists at all offsets in shallow wa-
ter. However, the magnitude of the distortion of the phase re-
sponse is much less in shallow water. Compared to small-scale
resistivity variations, a large-scale near-surface resistive body
distorts the electric field response more significantly. However,
this distortion gets smaller in amplitude as Tx-Rx offset in-

Distance (km)

netic field responses are affected by the air-
wave in a different manner from the electric
field in shallow water, and their joint analy-
sis should provide a means for handling the
airwave problem.

In conclusion, we opine that realistic analysis
of marine CSEM data requires detailed 3D forward modeling such
as developed herein. This code will form the basis for the future de-
velopment of a robust CSEM data inversion scheme for marine ex-
ploration data analysis. A limitation of our present 3D CSEM for-
ward modeling scheme is that it does not incorporate the effect of
reservoir and host-rock anisotropy in the calculations, but this addi-
tional level of complexity is not required to explain the potentially
useful response characteristics presented here.
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APPENDIX A

3D FINITE-DIFFERENCE CSEM MODELING
AND DIVERGENCE CORRECTION METHOD

To simulate the marine CSEM response of a 3D subsurface struc-
ture, we numerically solve the diffusion equation for the electric
field that can be derived from Maxwell’s equations. Assuming a
time-harmonic dependence of ¢/, the secondary electric field E,
satisfies

VXVXE + iopoE,= —iopy(o — o,)E,,
(A-1)

where o is the conductivity, w, is the magnetic permeability of free
space,  is the angular frequency, and E,, is the primary electric field
in a 1D layered structure with conductivity o,. Following Newman
and Alumbaugh (1995), we use a staggered grid to discretize the
model region (including the air layer). As boundary conditions, the
tangential component of the secondary field is set equal to zero on
the boundaries of the model. Approximating equation A-1 with finite
differences at a specific frequency results in a linear system of equa-
tions,

Kf=s, (A-2)

where K is a symmetrical complex matrix, f is the unknown vector
for the three components of the secondary electric field, and s is the
source vector resulting from the right-hand side of equation A-1 and
the boundary conditions. The entries of K are real except on the main
diagonal entries, which depend on the conductivity o . After the sec-
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ondary fields are obtained, the total fields can be calculated from

E=E,+E, (A-3)

We use the biconjugate gradient (BCG) method to find the solu-
tion of equation A-2. It is well known that equation A-2 is ill condi-
tioned at low frequencies, and that any iterative solvers are very slow
or fail to converge without an appropriate preconditioning (Mackie
et al., 1994; Smith, 1996). The preconditioner we use is a variant of
the classical incomplete Cholesky decomposition, in which the in-
complete Cholesky decomposition is applied only to the diagonal
subblocks that are positive-definite (Mackie et al., 1994). Although
this preconditioner does improve the convergence rate by reducing
the conditioned number of the system matrix, the BCG method still
is slow to converge for the system of equations used in general 3D
EM modeling. This is particularly true for marine CSEM methods in
which the EM fields are generated by an electric dipole source at low
frequencies. Our experience has been that the convergence for the
system associated with an electric dipole source generally is slower
than that with a magnetic dipole source.

The system used in EM modeling generally is difficult to solve at
low frequencies because conservation of current is not guaranteed in
a discretized version of equation A-1 as a result of the numerical er-
rors when the second term of the left-hand side becomes small. To
overcome this inherent difficulty, we use a correction method that
enforces divergence-free conditions on the current density in the
earth and the electric field in the air (Smith, 1996; Sasaki, 2001). The
conditions that must hold for the secondary electric field are

V-0E+ V(0 —0,)E, =0 (A-4)
in the earth, and
V-E;=0 (A-5)

in the air. Note that equation A-4 can be obtained by taking the diver-
gence of equation A-1. If the divergences in equations A-4 and A-5
have nonzero values denoted by /. and ¢, respectively, then we can
update the solution of equation A-2 by solving

VioVe=—1¢, (A-6)

and

Log residual norm

0 50 100 150 200 250 300
Iterations

Figure A-1. A comparison of the convergence of the BCG method
for the cases with (solid lines) and without (dotted lines) the diver-
gence correction, obtained when computing the response of the
deepwater model at 0.25 Hz for a source location x = 5.2 km on the
fine grid (Figure 3aand b).

VV¢= - lr/,a’ (A'7)

and then by adding V ¢.

We solve equations A-6 and A-7 for real parts and imaginary
parts separately using the finite-difference method in a similar way
to the DC resistivity modeling (e.g., Dey and Morrison, 1979). Each
scalar differential equation (Poisson’s equation) only needs to be
solved approximately. In the modeling examples shown before, this
divergence correction is invoked every twenty BCG iterations or if
the residual norm decreases by more than 50% of that obtained after
the previous correction. The residual norm is defined by || Kf — s|]
normalized by ||s||*>. The BCG solution is assumed to converge to an
acceptable accuracy when this residual norm is less than a prescribed
tolerance.

A comparison of the convergence for the cases with and without
divergence correction is shown in Figure A-1, wherein the residual
norm versus iteration number is plotted for the computation at
0.25 Hz on the finer grid for a source location (x = 5.2 km) in Figure
3aandb. Itis evident that the convergence of the iterative solution is
improved significantly by using the divergence correction.
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