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[16] In order to numerically evaluate (13), the anom-
alous domain (D) is discretized into N cells, each having
a constant anomalous conductivity Ac and electric field
values. The anomalous electric field is expressed using
the full integral equation as:

E“(r;)

= Gg[Ao(r)(E°(r) + E(r))],  (15)

which can be written in a discrete form [Hursan and
Zhdanov, 2002] as:
¢ = GpS?(e” +e), (16)

where (A}D is a 3N x 3N matrix containing the electric
Green'’s tensor integrals

rll IN 11 IN 11 IN 7
r.\'.\' e F\'r r\'y r Xy Fx: rx:
N1 NN NI NN pNT W
r oo F.r.\‘ rry wion [ X sz rx:
1 vl IV pll I
F_\'r o F_rx r\j' T F)[v F_vz Fy:
GD = )
N1 NN NI NN N1 .. MN
er e F)'x r,\i\' T l—‘yy F.vz ryz
/ N
SR = TR R R
N N NN N1 NN
L FZI FV 1“/ b F:y F:z Fzz J
A’ —
Flmj - / / / r] ‘ l'/\ OLaB =Xz,

e’ and e® are 3N x 1 vector columns of the background
and anomalous fields,

T
b b b b
E.\'.N’ 'y, 19 EvN’Ez]“Ez,N} )

X1

a
b2 bl

and S§%is a 3N x 3N diagonal matrix with the anomalous
conductivities,

- [Eb

T
a a a a
EvN’ y,1re EyN7Ezl’ E"N} ’

¢ = diag([AGy, .., AGy, AG), .., Ay, AG ), .., AGy)).

We can also define the matrix with background
conductivity values inside each cell as:

St = a’zag([o{’,. ,Of\,,ol{,., f\’,,otf, ,Gf’v})
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Equation (16) is then solved iteratively [Saad and
Schultz, 1986; Golub and Van Loan, 1996; Hursan and
Zhdanov, 2002; Zhdanov, 2002].

[17) However, Zhdanov [2002] showed that the quasi-
analytical approximation of the anomalous electric field
(13) at the observation points can be written in a discrete
form as:

€ps = Gre pldiag(1 —g(0))] " o,

where I is an NV x 1 column vector whose elements are
all unity, and g(o) is an N x 1 column vector which
represents the function g(r) at the center of each cell of
the anomalous domain, and is defined as:

gLk BB gb2k . EB2 EbN* . BB T

EbL* . EDD go2x (Eb2TTT

g(0> = EbyN* ‘Eb’N b

where E?/ and E% (j = 1, 2, ..N), respectively, denote
the Born approximation and the background electric
field in each cell within the anomalous domain. ¢ is an
N x 1 column vector whose elements are the
anomalous conductivity of the cells of the anomalous
domain.

[18] The vector g(o) can be expressed in matrix mul-
tiplication [Zhdanov, 2002] as:

~babx\"l~bx B
(€52)

g(o) = (epep’) epep, (17)

where the Born a%proximation vector inside the
anomalous domain, ep, can be expressed as

B _  ab
e, = Gpe 0.

(18)
Substituting (18) into (17), we obtain

. i 1
g(0) = (€pely) eprel = (eher’) €p'Goepo = Co,
where C is a matrix independent of the anomalous
conductivity distribution, and is defined as:

C- (€ g/e\b*) lAb*GDeD

Thus we can represent equation (13) for the anomalous
electric field as:

~ ~ -1 Pt

e = Ag [diag(l - Co)} o = AzB(0) o
= - = ~ -1
where Ax = Gge? and B(0) = |diag(I — Co

[19] These QA values are precomputed at the nodal
points of the boundaries of the truncated FD domain,
which are then multiplied by the corresponding FD
coefficients. These multiplication results are represented
as the term b of the right-hand side of equation (11). Using
the QA approximation (or even QA series [Zhdanov et al.,
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Table 1. Model 1*

CPU Time, s
FD BC (FD + BC)

CPU CPU CPU

Method Matrix Size Time Time Time

FD with GRID-A 156333 x 156333 3025 0 3025
supplemented
with zero BC

FD with GRID-B 71928 x 71928 1067 137 1204

supplemented
with QA BC

*Matrix size and CPU times (in seconds) comparisons of the FD
solutions obtained using GRID-A (Figure 4) with zero BC, and GRID-
B (Figure 4) with QA BC.

2000]) as a boundary condition for the FD solution helps
to significantly reduce the size of the modeling grid, and
correspondingly the size of the matrix (D + iwjio0) arising
from equation (11). We will illustrate this point by some
numerical modeling results with CPU time and matrix size
reduction comparisons (Section 4).

[20] The advantages of the QA boundary conditions
over traditional Dirichlet or Neumann boundary condi-
tions with boundary values equal to zero are obvious. The
QA approximation/series provides an accurate estimation
of the true boundary value of the field. As a result, it is not
necessary to move the boundaries far away from the
inhomogeneous domain, which may be the actual model-
ing area of interest. At the same time the computation of
the QA boundary values is a relatively simple numerical
operation because it does not require a solution of any
system of equations. Note also that the accuracy of the QA
approximation can be increased, if necessary, by using just
a few first terms of the QA series.

4. Numerical Modeling Results

[21] In this section we examine the effectiveness of the
developed FD algorithm and the new QA-based bound-
ary conditions (BC) on typical 3-D models with high
resistivity contrast. In order to examine the accuracy of
numerical modeling, we make a comparison between the
modeling results obtained by our FD code and the full
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integral equation (IE) code of Xiong [1992]. The electric
field results to be shown are total electric field normal-
ized by the corresponding incident normal (background)
field computed at Earth’s surface (z = 0). These calcu-
lations were performed on a 1.8 GHz PC.

4.1. Model 1

[22] This model is 3D COMMEMI model 2 [Zhdanov
et al., 1997]. It consists of two anomalous bodies
adjacent in the y direction. The first body has a resistivity
of 1 Ohm-m and dimensions of 20 x 40 x 10 km in the
X, y, and z directions, respectively. The second body has
a resistivity of 100 Ohm-m, and the same dimensions as
the first body. The normal (background) section of this
model consists of three layers with resistivities, from top
to bottom, of 10, 100, and 0.1 Ohm-m, respectively. The
first and second layers have thicknesses of 10 and 20 km,
respectively (Figure 2). The model is excited by a plane
wave of 0.01 Hz frequency and an incident electric field
oriented in the y direction (E% polarization). The domain
is discretized in the x, y, and z directions into 42 x 32 x
42 cells (including 10 layers in the air extending to 75 km
above Earth’s surface), respectively. This discretization
was supplemented with zero BC and resulted in a linear
system of equations with a matrix size of 156333 x
156333, which was solved iteratively using the precondi-
tioned generalized minimal residual (GMRES) method
[Saad and Schultz, 1986; Zhdanov, 2002] (see Appen-
dix A). Iterations were performed until the L, norm of
the relative residuals dropped below 107°.

[23] Figures 3a and 3b show the maps of the real and
imaginary parts of the £, component at Earth’s surface
computed using the FD method. The corresponding
responses computed using the IE method [Xiong,
1992] are shown in Figures 3¢ and 3d. Figures 3e
and 3f, respectively, show comparisons of the real and
imaginary parts of the E, component computed at
Earth’s surface by FD and IE methods for a profile
taken in the x direction.

[24] The FD grid described above (GRID-A in
Figure 4) was truncated in both earth and air and
produced the new grid, labeled GRID-B (Figure 4).
The truncated GRID-B has a discretization of 38 x 28 x
25 cells (including 6 air layers) in the x, y, and z
directions, respectively, with air layers extending to 5 km
above Earth’s surface. Note that the size of the

Figure 6. Model 1. Electric field E, component at Earth’s surface obtained by FD modeling using different grid
sizes and boundary conditions: (a and b) real and imaginary parts obtained from untruncated grid supplemented with
zero BC (shown in solid line in Figures 6g and 6h); (c and d) real and imaginary parts obtained from truncated grid
supplemented with QA BC (shown in dashed line in Figures 6g and 6h); (e and f) real and imaginary parts obtained
from truncated grid supplemented with zero BC (shown in dash-dot line in Figures 6g and 6h); (g and h) profiles in
the x direction at y = 0 km of the real and imaginary parts. The electric field results shown are total electric field
normalized by the corresponding incident normal (background) field computed at Earth’s surface.
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Figure 7. Model 2.

truncated grid is determined by the structure of the
model. The FD algorithm for the anomalous field
requires that the truncated grid (GRID-B) include the
entire anomalous domain. This GRID-B was supple-
mented with QA BC, and its discretization resulted in
a 71928 x 71928 linear system of equations which
was solved using the same solver and accuracy men-
tioned above.

[25] Figures 5a, 5¢c, and Se present a comparison of the
real part of the E, component computed at Earth’s
surface, respectively, using GRID-A with zero BC
(shown as a solid line in Figure 5g), GRID-B with QA
BC (shown in dashed line in Figure 5g), and GRID-B
with zero BC (shown as a dash-dot line in Figure 5g).
The corresponding profiles of the computed data (taken
in the x direction) are shown in Figure 5g. The compar-
ison of the imaginary part of the £, component at Earth’s
surface is shown in Figures 5b, 5d, 5f, and Sh. Figure 6
presents the corresponding comparisons for the £, com-

ponent. These comparisons demonstrate that the QA BC
successfully results in an accurate FD solution without
demanding many discretizations from the anomalous
domain.

[26] Table 1 shows the corresponding matrix size and
CPU time of the FD solutions obtained using GRID-A
with zero BC and GRID-B with QA BC. Column 2 of
this table compares the matrix size of each method. One
can clearly see that the proposed FD method with QA
BC leads to a 4.7 reduction in matrix size. Columns 3,
4 and 5 present a comparison of the FD, BC and total
(FD + BC) CPU times in seconds for both FD sol-
utions. This CPU time comparison shows that the
proposed method is 2.5 times faster than the FD
method with zero BC.

4.2. Model 2

[27] This model consists of two anomalous bodies
with a resistivity of 10 Ohm-m. The two bodies have
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a) REAL PART FROM FD b) IMAGINARY PART FROM FD
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Figure 8. Model 2. Electric field E, component at Earth’s surface obtained by FD modeling and
IE modeling: (a and b) real and imaginary parts obtained from FD; (c and d) real and imaginary
parts obtained from IE; (e and f) profiles in the x direction at y = —25.5 km of the real and
imaginary parts obtained from FD (solid) and IE (dashed). The electric field results shown are total

electric field normalized by the corresponding normal (background) field computed at Earth’s
surface.
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Figure 9. This figure shows a y-z sketch (at x = 0, Figure 7) of both the untruncated (GRID-A)
and truncated (GRID-B) FD grids used in model 2 forward modelings in order to verify the QA-
based BC. GRID-A and GRID-B, respectively, utilize the zero and QA-based BC. The detailed
model description is shown in Figure 7. The x-z section has distances identical to those shown

above.

dimensions of 50 x 50 x 10 km, and 10 x 50 x 25 km in
the x, y, and z directions, respectively. The background
section of this model consists of a two-layer model with
resistivities from top to bottom of 100 and 10,000 Ohm-m,
respectively. The first layer has a thickness of 10 km
(Figure 7). The model is excited by a plane wave of
E? polarization and a frequency of 0.1 Hz. The domain
is discretized in the x, y, and z directions into 50 x 35 x
44 cells (including 10 layers in air), respectively, with
air layers extending to 75 km above Earth’s surface.
This discretization was supplemented with zero BC,
and resulted in a 214914 x 214914 linear system
which was solved using the same solver and accuracy
above.

[28] Figures 8a and 8b show the maps of the real
and imaginary parts of the E, component at Earth’s
surface obtained from FD. The corresponding IE
[Xiong, 1992] responses at Earth’s surface are shown

in Figures 8c and 8d. Figures 8¢ and 8f, respectively,
present the corresponding profile comparisons computed
at Earth’s surface by FD and in the x direction.

[29] We have truncated the FD grid described above
(GRID-A in Figure 9) in both earth and air. The reduced
grid (GRID-B in Figure 9) has a discretization of 40 x
25 x 35 cells (including 7 layers in air) in the x, y, and
z directions, respectively, with air layers extending to
7.5 km above Earth’s surface. This FD reduced grid
was supplemented with QA BC, and its corresponding
discretization resulted in a 95472 x 95472 linear
system of equations which was relaxed using same
solver and accuracy of the FD solution obtained from
GRID-A with zero BC.

[30] The map comparisons for the real part of the E,
component computed at Earth’s surface using GRID-A
with zero BC (shown as a solid line in Figure 10g),
GRID-B with QA BC (shown as a dashed line in

Figure 10. Model 2. Electric field £, component at Earth’s surface obtained by FD modeling using different grid
sizes and boundary conditions: (a and b) real and imaginary parts obtained from untruncated grid supplemented with
zero BC (shown in solid line in Figures 10g and 10h); (¢ and d) real and imaginary parts obtained from truncated grid
supplemented with QA-based BC (shown in dashed line in Figures 10g and 10h); (e and f) real and imaginary parts
obtained from truncated grid supplemented with zero BC (shown in dash-dot line in Figures 10g and 10h); (g and h)
profiles in the x direction at y = 0 km of the real and imaginary parts. The electric field results shown are total electric
field normalized by the corresponding incident normal (background) field computed at Earth’s surface.
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Table 2. Model 2*

CPU Time, s
FD BC (FD + BQ)

CPU CPU CPU

Method Matrix Size Time Time Time

FD with GRID-A 214914 x 214914 4647 0 4647
supplemented
with zero BC

FD with GRID-B 95472 x 95472 1645 226 1871
supplemented
with QA BC

*Matrix size and CPU times (in seconds) comparisons of the FD
solutions obtained using GRID-A (Figure 20) with zero BC, and GRID-B
(Figure 20) with QA BC.

Figure 10g), and GRID-B with zero BC (shown in
dash-dot line in Figure 10g) are shown in Figures 10a,
10c, and 10e, respectively. The corresponding profile
comparisons made in the x direction are shown in
Figure 10g. The imaginary part comparisons of the £,
component computed at Earth’s surface are shown in
Figures 10b, 10d, 10f, and 10h. Figure 11 presents the
corresponding comparisons of the real and imaginary
parts of the E, component at Earth’s surface.

[31] Table 2 shows a comparison of the corresponding
matrix size and CPU time of the FD solutions obtained
using GRID-A with zero BC and GRID-B with QA BC.
Column 2 of this table presents the matrix size of each
method. One can see that the proposed FD method with
QA BC leads to a five times reduction in matrix size. A
comparison of the FD, BC and total (FD + BC) CPU
times in seconds for both FD solutions is presented in
columns 3, 4 and 5. This CPU time comparison shows
that the proposed method is about 2.5 times faster than
the FD method with zero BC.

5. Conclusions

[32] In this paper we have presented a new approach
for three-dimensional finite difference electromagnetic
modeling in the frequency domain based on the balance
method and the quasi-analytical boundary condition for
truncation of the modeling area. This approach helps
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reduce the size of the modeling grid significantly without
losing the accuracy of calculation. As a result, a larger
number of fine grid cells can be used to describe the
anomalous conductivity distribution within the modeling
domain.

Appendix A: Solution of the Linear System
of Finite Difference Equations

[33] The resulting system of linear algebraic FD equa-
tions and the accompanying boundary conditions (11)
can be expressed in matrix notation as:

Ae’ = b, (A1)
where A = D + w10, and equation (Al) is a 3N x 3N
linear system with respect to the anomalous electric
field. We solve this system using the Generalized
Minimal Residual (GMRES) method. The basic idea of
the GMRES method [Saad and Schultz, 1986; Zhdanov,
2002] is to find the solution along an orthonormal
basis:

{Ag Agy, - ,Agi’}
in the Krylov subspace
K= span{gr,,. Kzr,,, e ,X"’r,,}.

At the n-th step of the iterative process

kn/g;"), s < n,

s
Xn41 = Xy —

=1
where r, = Ax, — b. The more orthonormal basis
functions are calculated (the larger s is), the smoother
the convergence becomes, requiring a fewer number of
iterations with smaller amplification of the roundoff
errors during the iterative process. However, at each
iteration, the orthogonalization process performed
requires 2s matrix multiplications, and the number of
vectors to be stored is also proportional to s. The
convergence rate of the GMRES iterative algorithm can

be increased dramatically by using the corresponding
preconditioners [Golub and Van Loan, 1996].

Figure 11. Model 2. Electric field £, component at Earth’s surface obtained by FD modeling using different grid
sizes and boundary conditions: (a and b) real and imaginary parts obtained from untruncated grid supplemented with
zero BC (shown in solid line in Figures 11g and 11h); (¢ and d) real and imaginary parts obtained from truncated grid
supplemented with QA-based BC (shown in dashed line in Figures 11g and 11h); (e and f) real and imaginary parts
obtained from truncated grid supplemented with zero BC (shown in dash-dot line in Figures 11g and 11h); (g and h)
profiles in the x direction at y = —29.5 km of the real and imaginary parts. The electric field results shown are total
electric field normalized by the corresponding incident normal (background) field computed at Earth’s surface.

17 of 19



RS6014

[34] Acknowledgments. The authors acknowledge the
support of the University of Utah Consortium for Electromag-
netic Modeling and Inversion (CEMI), which includes Baker
Hughes Logging Services, BHP Billiton World Exploration
Inc., Electromagnetic Instruments, Inc., ExxonMobil Upstream
Research Company, INCO Exploration, MINDECO, Naval
Research Laboratory, Rio Tinto-Kennecott, Shell International
Exploration and Production Inc., Schlumberger Oilfield Ser-
vices, and Sumitomo Metal Mining Co. This paper is based in
part upon work supported by the National Science Foundation
under grant 9987779. We are thankful to the anonymous
reviewers for their useful comments and suggestions which
helped to improve the manuscript.

References

Anderson, W. L. (1979), Numerical integration of related Hankel
transforms of orders 0 and 1 by adaptive digital filtering,
Geophysics, 44, 12877.

Balay, S., W. D. Gropp, L. C. McInnes, and B. F. Smith (1997),
Efficient management of parallelism in object oriented nu-
merical software libraries, in Modern Software Tools in
Scientific Computing, edited by E. Arge, A. M. Bruaset,
and H. P. Langtangen, Birkhduser Boston, Cambridge, Mass.

Balay, S., W. D. Gropp, L. C. MclInnes, and B. F. Smith (2000),
PETSc 2.0 users manual (ANL-95/11—Revision 2.0.28),
Argonne Natl. Lab., Chicago, Ill.

Berdichevsky, M. N., and M. S. Zhdanov (1984), Advanced
Theory of Deep Geomagnetic Sounding, Elsevier Sci.,
New York.

Berenger, J. P. (1994), A perfectly matched layer for the absorp-
tion of the electromagnetic waves, J. Comput. Phys., 114,
185.

Davydycheva, S., V. Druskin, and T. Habashy (2003), An effi-
cient finite-difference scheme for electromagnetic logging in
3D anisotropic inhomogeneous media, Geophysics, 68,
1525.

Fomenko, E., and T. Mogi (2002), A new computation method
for a staggered grid of 3D EM field conservative modeling,
Earth Planets Space, 54, 499.

Golub, G. H., and C. F. Van Loan (1996), Matrix Computation,
3rd ed., Johns Hopkins Univ. Press, Baltimore, Md.

Habashy, T. M., R. W. Groom, and B. R. Spies (1993), Beyond
the Born and Rytov approximations: A nonlinear approach
to electromagnetic scattering, J. Geophys. Res., 98, 1759.

Haber, E., U. M. Ascher, D. A. Aruliah, and D. W. Oldenburg
(2000), Fast simulation of 3D electromagnetic problems
using potentials, J. Comput. Phys., 163, 150.

Hursan, G., and M. S. Zhdanov (2002), Contraction integral
equation method in three-dimensional electromagnetic mod-
eling, Radio Sci., 37(6), 1089, doi:10.1029/2001RS002513.

Kincaid, D., and W. Cheney (1996), Numerical Analysis, 2nd
ed., Brooks/Cole Publ. Co., Pacific Grove, Calif.

Mackie, R. L., T. R. Madden, and P. E. Wannamaker (1993),
Three-dimensional magnetotelluric modeling using differ-
ence equations—Theory and comparisons to integral equa-
tion solutions, Geophysics, 58, 215.

MEHANEE AND ZHDANOV: FINITE DIFFERENCE ELECTROMAGNETIC MODELING

RS6014

Mackie, R. L., J. T. Smith, and T. R. Madden (1994), Three-
dimensional electromagnetic modeling using finite differ-
ence equations: The magnetotelluric example, Radio Sci.,
29, 923.

Mehanee, S. (2003), Multidimensional finite difference electro-
magnetic modeling and inversion based on the balance
method, Ph.D. thesis, Univ. of Utah, Salt Lake City.

Mehanee, S., and M. Zhdanov (2001), 3-D finite-difference
forward modeling based on the balance method, in 77s¢
Ann. Internat. Mtg. Soc. Expl. Geophys., Expanded Ab-
stracts, p. 1443, Soc. of Explor. Geophys., Tulsa, Okla.

Morse, P. M., and H. Feshbach (1953), Methods of Mathemat-
ical Physics, Part 1, McGraw-Hill, New York.

Newman, G., and D. Alumbaugh (1995), Frequency-domain
modelling of airborne electromagnetic responses using stag-
gered finite differences, Geophys. Pros., 43, 1021.

Saad, Y., and M. N. Schultz (1986), GMRES: A generalized
minimal residual algorithm for solving a nonsymmetric lin-
ear system, SIAM J. Sci. Stat. Comput., 7, 856.

Samarsky, A. (1984), Theory of the Difference Schemes (in
Russian), Nauka, Moscow.

Smith, J. T. (1996), Conservative modeling of 3-D electromag-
netic fields; part II: Bi-conjugate gradient solution and an
accelerator, Geophysics, 61, 1319.

Spichak, V. (1999), Magnetotelluric Fields in Three-
Dimensional Geoelectrical Models (in Russian), Sci. World,
Moscow.

Turkel, E., and A. Yefet (1998), Absorbing PML boundary
layers for wave-like equations, Appl. Numer. Math., 27,
533.

Wang, T., and G. W. Hohmann (1993), A finite difference time-
domain solution for three dimensional electromagnetic mod-
eling, Geophysics, 58, 797.

Wang, T., and S. Fang (2001), 3-D electromagnetic anisotropy
modeling using finite differences, Geophysics, 66, 1386.
Wannamaker, P. E., G. W. Hohmann, and W. A. SanFilipo
(1984), Electromagnetic modeling of three dimensional
bodies in layered earths using integral equations, Geophys-

ics, 49, 60.

Weaver, I. T. (1994), Mathematical Methods for Geo-
Electromagnetic Induction, Res. Stud. Press, Taunton, Mass.

Weaver, J. T., and C. R. Brewitt-Taylor (1978), Improved
boundary conditions for the numerical solution of
E-polarization problems in geomagnetic induction, Geophys.
J. R. Astron. Soc., 87,917.

Xiong, Z. (1992), EM modeling of three-dimensional structures
by the method of system iteration using integral equations,
Geophysics, 57, 1556.

Yee, K. S. (1966), Numerical solution of initial boundary prob-
lems involving Maxwell’s equations in isotropic media,
IEEE Trans. Antennas Propag., 14, 302.

Zhdanov, M. S. (1988), Integral Transforms in Geophysics,
Springer-Verlag, New York.

Zhdanov, M. S. (2002), Geophysical Inverse Theory and Reg-
ularization Problems, Elsevier Sci., New York.

18 of 19



RS6014

Zhdanov, M. S., and G. V. Keller (1994), The Geoelectrical
Methods in Geophysical Exploration, Elsevier Sci., New
York.

Zhdanov, M. S., and V. V. Spichak (1989), Mathematical mod-
eling of three-dimensional quasi-stationary electromagnetic
fields in geoelectrics (in Russian), Dokl. Akad. Nauk. SSSR,
309, 57.

Zhdanov. M. S., and V. V. Spichak (1992), Mathematical Mod-
eling of Electromagnetic Fields in Three-Dimensional Inho-
mogeneous Media, (in Russian), Nauka, Moscow.

Zhdanov, M. S., N. G. Golubev, V. V. Spichak, and 1. M.
Varentsov (1982), The construction of effective methods
for electromagnetic modeling, Geophys. J. R. Astron. Soc.,
68, 589.

Zhdanov, M. S., I. M. Varentsov, J. T. Weaver, N. G. Golubeyv,
and V. A. Krylov (1997), Methods for modeling electromag-

MEHANEE AND ZHDANOV: FINITE DIFFERENCE ELECTROMAGNETIC MODELING

RS6014

netic fields. Results from COMMEMI—The international
project on the comparison of modeling methods for electro-
magnetic induction, J. Appl. Geophys., 37, 1.

Zhdanov, M. S., V. . Dmitriev, S. Fang, and G. Hursan (2000),
Quasi-analytical approximations and series in electromag-
netic modeling, Geophysics, 65, 1746.

S.  Mehanee, Department of Geology and Geophysics,
University of Utah, 135 South 1460 East, Room 719, Salt Lake
City, UT 84112, USA.

M. S. Zhdanov, Consortium for Electromagnetic Modeling
and Inversion, Department of Geology and Geophysics,
University of Utah, Salt Lake City, UT 84112-0111, USA.
(mzhdanov@mines.utah.edu)

19 of 19



