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INTRODUCTION

Modern magnetotellurics consists of two interre-
lated approaches: (i) the magnetotelluric sounding
(MTS) based on the simultaneous measurements of the
electric (telluric) and magnetic fields of the Earth and
(ii) the magnetovariational sounding (MVS) restricted
to the measurements of magnetic field variations alone
[Rokityansky, 1982; Berdichevsky and Zhdanov, 1984;
Vozoff, 1991; Berdichevsky and Dmitriev, 2002].

Main MTS characteristics are the impedance tensor
[

 

Z

 

], determined from relations between the horizontal
components of the electric and magnetic fields,

 

, (1)

 

where

Eτ Z[ ] Hτ=

Eτ Eτ Ex Ey,( ) Z[ ] Zxx Zxy

Zyx Zyy

,= =

Hτ Hτ Hx Hy,( ),=

 

and the apparent resistivities

 

(2)

 

calculated from the moduli of the off-diagonal compo-
nents of the impedance tensor.

The main characteristic of the MVS and MVP meth-
ods is the tipper [

 

W

 

] (the Wiese-Parkinson vector),
determined from the relations between the vertical
component of the magnetic field and its horizontal
components

 

, (3)

 

where

In the traditional scheme of electromagnetic sound-
ing using the magnetotelluric field, the MTS method
plays a leading role (stratification of the medium, geo-
electric regionalization, mapping of subsurface topog-
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Abstract

 

—Geoelectric research provides unique information on the stratification of the Earth and its deep
structures. A basic geoelectric method is believed to be magnetotelluric sounding (MTS), underlain by the
inversion of frequency responses of the impedance tensor, which are determined from the electric and magnetic
fields. The MTS data interpretation is complicated due to near-surface inhomogeneities distorting the electric
field. Modern geoelectric methods allow more or less reliable identification of these distortions and their elim-
ination. The MTS method is complemented by magnetovariational profiling (MVP) using the tipper (the Wiese-
Parkinson vector), which is determined from the magnetic field alone. The MVP role reduces to the recognition
and localization of geoelectric structures disturbing the horizontal homogeneity of the medium studied. How-
ever, the theorem of uniqueness proved in this paper for the 2-D magnetovariational inversion problem indicates
that the tipper not only reflects the geoelectric asymmetry of the medium but also provides constraints on its
stratification, i.e., enables the construction of layered inhomogeneous sections. Thus, local magnetovariational
sounding (MVS) based on the straightforward inversion of frequency responses of the tipper can be applied
together with the MTS. The main distinctive MVS feature is the fact that distortions of the magnetic field caused
by near-surface inhomogeneities attenuate with decreasing frequency and do not spoil the information on deep
structures. Evidently, local MVS allows one to avoid the difficulties inherent in the MTS due to the near-surface
distortion of apparent resistivity curves, which are constructed from frequency responses of the impedance ten-
sor. We arrive at the conclusion that MVS can substantially improve the reliability of geoelectric reconstruc-
tions. In this respect, several problems related to the combination of the MVS and MTS methods arise. In this
paper, we analyze an MVS–MTS complex in which the MVS plays the role of a basic method and the MTS is
employed for checking and refining MVS data. An algorithm based on the principle of successive inversions is
proposed for the integrated interpretation of MVS and MTS characteristics. The paper consists of theoretical
and experimental parts. The uniqueness theorem is proven in the theoretical part for the 2-D MVS inversion
problem. The experimental part of the paper describes model experiments on the interpretation of MVS and
MTS synthetic data and presents a geoelectric model of the Cascadian subduction zone constrained primarily
by MVS data.
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raphies, tracing of horizontal variations in the electrical
conductivity, and identification of conducting layers in
the crust and upper mantle), whereas the MVS method
is only employed for the recognition and localization of
contrasting structures and for the determination of their
strikes [Rokityansky, 1982]. This scheme has been
extensively and, in many respects, successfully applied
throughout the world, providing unique information on
the Earth’s interiors (porosity, graphitization and sul-
fidization, fluid and rheological regimes, dehydration,
and melting). Its weak point is the distortion introduced
by inhomogeneities of the uppermost layers of the
Earth into the electric field and thereby into the appar-
ent resistivity. As the frequency decreases, these effects
become galvanic and involve the entire range of low
frequencies, distorting the information on the deep
electrical conductivity. The galvanic effects give rise to
a static (conformal) shift of the low-frequency branches
of apparent resistivity curves. Presently, many methods
are used for suppressing these effects [Bahr, 1988;
Jones, 1988; Groom and Bailey, 1989; Zinger, 1992;
Caldwell 

 

et al.,

 

 2002; Berdichevsky and Dmitriev,
2002]. The most frequent among them are various
types of averaging, filtering, reductions to high- and
low-frequency references, and model corrections.
However, all these techniques involve the risk of
overly gross approximations or even subjective (and
sometimes erroneous) decisions resulting in structural
misidentifications.

This scheme can be substantially improved by using
the MVS potentialities. The point is that, with decreas-
ing frequency, the current induced in the Earth involves
increasingly deeper layers and the effects of near-sur-
face inhomogeneities on its magnetic field weaken.
Using data on the magnetic field alone, one can obtain
reasonably reliable information on deep geoelectric
structures.

The studies in the field of integrated interpreta-
tion of MTS and MVS data are conducted in two
directions.

1. Methods of magnetic-to-electric field transforma-
tion are being elaborated. In this way, the impedance
related to the TE-mode of the magnetotelluric field is
determined. The “induction” curves of apparent resis-
tivity constructed with the use of the TE-impedance
have nearly undistorted low-frequency branches. The
idea of such a transformation was proposed by
L.L. Vanyan [Osipova 

 

et al.

 

, 1982]. The first experi-
ments in this direction were conducted in the early
1980s [Osipova 

 

et al.

 

, 1982; Bur’yanov 

 

et al.

 

, 1983]. In
recent years, L.L. Vanyan, I.M. Varentsov, N.G. Gol-
ubev, and E.Yu. Sokolova have developed algorithms
and computer programs for the 2-D TE-impedance
determination and carried out the interpretation of the
induction curves of apparent resistivity obtained for the
western coast of the United States [Vanyan 

 

et al.

 

, 1997,
1998]. These investigations played an important role in
the progress of the EMSLAB experiment, because they

substantiated the presence of the asthenosphere in the
continental part of the Cascadian subduction zone. The
main drawback of such an approach consists in model
errors caused by the necessity of a priori specification
of a normal (undistorted) impedance. Therefore, the
construction of induction curves of apparent resistivity
should primarily be regarded as a means for the visual-
ization of MVS data facilitating their analysis (qualita-
tive assessment of the stratification of the medium and
geoelectric regionalization).

2. The theory and methods of straightforward MVS
data inversion that is based on the minimization of
Tikhonov’s functional containing the tipper misfit are
being developed. This approach goes back to the mag-
netotelluric experiments that were carried out in 1988–
1990 in the Kyrgyz Tien Shan by geophysical teams of
the Institute of High Temperatures, Russian Academy
of Sciences [Trapeznikov 

 

et al.

 

, 1997; Berdichevsky
and Dmitriev, 2002]. These measurements were made
on a profile characterized by strong local and regional
distortions of apparent resistivities that complicate the
interpretation of resulting data. The situation could be
normalized only with MVS soundings. Figure 1 plots
the real tippers 

 

Re

 

W

 

zy

 

 and the geoelectric model fitting
these curves. The model crust contains an inhomoge-
neous conducting layer (a depth interval of 25–55 km)
and vertical conducting zones confined to the known
faults (the Nikolaev line and the Atbashi-Inylchik
fault). The figure also presents the model constructed
from seismic tomography data. The geoelectric
model is in good agreement with the observations
and coincides remarkably well with the seismic
model: low resistivities are reliably correlated with
lower velocities. This correlation confirms the valid-
ity of geoelectric reconstructions based on MVS
data. The experimental investigations in the Tien
Shan indicate that MVS not only localizes crustal
structures but also provides constraints on the stratifica-
tion of the crust. Developing this inference, we propose
a new MVS scheme in which the MVS plays a leading
role, whereas MTS data are utilized for a check and a
more detailed specification of the MVS results.

This paper is devoted to the problems related to the
second direction of research in the MVS theory and
methods. We prove the uniqueness of the 2-D MVS
data inversion, describe model experiments on joint
MVS and MTS data interpretation, and present a new
model of the Cascadian subduction zone constructed
according to a scheme of successive inversions domi-
nated by MVS data.

UNIQUENESS OF THE MVS INVERSION 
PROBLEM SOLUTION

The MVS inversion problem is meant here as the
reconstruction of the electric conductivity 

 

σ

 

(

 

x

 

, 

 

y

 

, 

 

z

 

)

 

from tipper values specified within a wide frequency
range on sufficiently long profiles or in a sufficiently
large area. The uniqueness of the solution of the inverse
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problem is a key problem of the MVS method, deter-
mining its informativeness.

At first glance, MVS anomalies do not seem to pro-
vide any information on the normal structure of the
medium 

 

σ

 

N

 

(

 

z

 

),

 

 because we have 

 

W

 

zx

 

 = 

 

W

 

zy

 

 = 0 in a hor-
izontally homogeneous model. However, in the case of
a horizontally inhomogeneous medium, MVS can be
considered as frequency sounding that uses the mag-
netic field of a buried local source. Such a source can be
represented by any inhomogeneity 

 

∆σ

 

(

 

x

 

, 

 

y

 

, 

 

z

 

) 

 

in which
an excessive electric current spreading in the medium is
induced. Evidently, the distribution of this current, as
well as its magnetic field, depends not only on the inho-
mogeneity structure 

 

∆σ

 

(

 

x

 

, 

 

y

 

, 

 

z

 

)

 

 but also on the normal
structure of the medium 

 

σ

 

N

 

(

 

z

 

)

 

. Thus, the solution of the
inverse MVS problem 

 

σ

 

(

 

x

 

, 

 

y

 

, 

 

z

 

) = 

 

σ

 

N

 

(

 

z

 

) + 

 

∆σ

 

(

 

x

 

, 

 

y

 

, 

 

z

 

)

 

exists and we should examine its uniqueness.

We consider the 2-D model shown in Fig. 2. In this
model, a horizontally layered Earth having the normal
conductivity

 

(4)

 

contains a 2-D inhomogeneous region 

 

S

 

 having an
excessive conductivity 

 

∆σ

 

(

 

y

 

, 

 

z

 

) =

 

 σ

 

(

 

y

 

, 

 

z

 

) – 

 

σ

 

N

 

(

 

z

 

)

 

. The
inhomogeneity is elongated along the 

 

ı

 

 axis and its
cross section has a maximum size 

 

d

 

. The functions

 

σ

 

N

 

(

 

z

 

)

 

 and 

 

∆σ

 

(

 

y

 

, z) are piecewise-analytical. The region
S is underlain at a depth H by an homogeneous base-
ment of conductivity σH = const. The air is an ideal insu-
lator. The magnetic permittivity is equal everywhere to
its vacuum value µ0. The model is excited by a plane
electromagnetic wave striking vertically the Earth’s

σN z( )
σ z( ), 0 z H≤ ≤
σH, H z≤
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Fig. 1. Magnetovariational sounding in the Kyrgyz Tien Shan Mountains. (a) Plots of the real tipper constructed along a profile
crossing the Kyrgyz Tien Shan. (b) The resistivity section constructed from MVS data [Trapeznikov et al., 1997]: NL, Nikolaev
line; AIF, Atbashi-Inylchik faults. The resistivity values (in Ω m) are given within blocks; the lower-resistivity crustal zone (ρ ≤
50 Ωm) is shaded. (c) The velocity section from seismic tomography data [Roecker et al., 1993]. Values of P wave velocities (in
km/s) are given within blocks; the low-velocity crustal zone (νp ≤ 6.2 km/s) is shaded.



704

IZVESTIYA, PHYSICS OF THE SOLID EARTH      Vol. 39      No. 9      2003

BERDICHEVSKY et al.

surface. The time dependence of the field is described
by the factor e–iωt.

The uniqueness theorem is formulated for the MVS
inverse problem in this model as follows: the piece-
wise-analytical distribution of the electrical conduc-
tivity

(5)

is uniquely defined by the exact values of the tipper

, (6)

that are given on the Earth’s surface z = 0 at all points
of the Û axis from –∞ to ∞ for all frequencies ranging
from 0 to ∞.

The proof of the uniqueness theorem consists of
two stages. First, we consider the asymptotic behav-
ior of the tipper Wzy(y) at great distances from the
inhomogeneity S and show that the frequency
response of this asymptotics uniquely determines the
normal conductivity distribution σN(z). Further, we
prove that, if σN(z) is known, the tipper uniquely
determines the impedance of the inhomogeneous
medium.

An anomalous magnetic field on the Earth’s sur-
face can be represented as the field produced in a
horizontally homogeneous layered medium by

σ M( )
σN z( ) M S∉
σN z( ) ∆σ y z,( )+ M S∈




=

Wzy y( ) = 
Hz y z 0=,( )
Hy y z 0=,( )
------------------------------, ∞– y ∞,< < 0 ω≤ ∞<

excess currents of the density jx that are induced in
the region S:

(7)

where hy(y, M0) and hz(y, M0) are the magnetic fields on
the surface of the horizontally homogeneous medium
produced by a linear current of unit density flowing at a
point M0(y0, z0) ∈  S. These functions have the form
[Dmitriev, 1969; Berdichevsky and Zhdanov, 1984]

(8)

(9)

where the factor eλz relates to the upper half-space z ≤ 0
and the function U(λ, z, z0) is the solution of the bound-
ary value problem

,

(10)

The anomalous magnetic field components  and

 can be found from the tipper values known at all
points of the y axis [Dmitriev and Mershchikova,

H̃y
A
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S

∫= =

H̃z y( )
Hz

A y z 0=,( )
Hy

N z 0=( )
------------------------------ jx M0( )hz y M0,( ) S,d

S

∫= =

hy y M0,( ) i
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Fig. 2. Model of a horizontally layered medium containing
a 2-D inhomogeneous region S.
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2002]. In order to determine , we solve the integral
equation

(11)

and, once  is found, we easily obtain

(12)

Returning to (8) and (9), we find the asymptotic
behavior of the functions hy(y, M0) and hz(y, M0) at
|y – y0|  ∞, starting with the function hy(y, M0). At
large values of |y – y0|, harmonics with low spatial
frequencies λ make the major contribution to the
expansion of (8). Expanding U(λ, z = 0, z0) in powers
of small λ, we have

substituting this series into (8) and integrating, we
obtain

(13)

In a similar way, we obtain

(14)

In order to write the relationship between  and

 in the form containing the magnetotelluric imped-
ance, we introduce the functions

(15)

The function Vy(z) is the solution of problem (10) at
λ = 0. Equations enabling the determination of the

H̃y
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.=

function Vz(z) are obtained by differentiating (10) with
respect to λ and setting λ = 0:

(16)

In this notation, we have

(17)

Returning to (7), we determine the asymptotic
behavior of the anomalous magnetic field at |y –
y0|  ∞:

(18)

where

is the total excess current in the inhomogeneity and yS

is the coordinate of a point in the central part of its cross
section S. Thus, according to (16), we have
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in a region located sufficiently far from the inhomoge-
neity S (|(y – yS)| � d).

In order to show that the ratio /  can be
expressed through the normal impedance of the Earth,
we introduce the function

(20)

According to (16), this function satisfies the Riccati
equation

(21)

with the boundary condition

(22)

We obtained the well-known problem for the imped-
ance of a 1-D medium with the conductivity σN(z) [Ber-
dichevsky and Dmitriev, 1991, 2002]. In the model
under consideration, the function Z(z) is evidently the
normal impedance of the Earth ZN(z). Setting
Z(z) = ZN(z) and taking (19)–(22) into account, we find
the far-zone asymptotics

(23)

H̃z H̃y
A

Z z( ) iωµ0

Vz z( )
dVz z( )

dz
----------------
----------------.=

dZ z( )
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-------------- σN z( )Z2 z( )– iωµ0=

Z H( )
iωµ0–
σH

---------------.=

ZN 0( )
iωµ0 y yS–( )

2
------------------------------ H̃z y( )

H̃y
A

y( )
---------------

y yS–  � d

,–=

which coincides with the known expression for the far
field of an infinitely long linear current [Vanyan, 1965].
The normal impedance ZN is connected with the ratio of

the components  and  of the anomalous magnetic
field, which can be found, according to (11) and (12),
from values of the tipper Wzy specified at all points of
the Û axis (–∞, ∞). If the tipper Wzy is given all along the
Û axis, we synthesize the anomalous magnetic field

( , ) and calculate the normal impedance from the
far-zone asymptotics. Knowing the anomalous mag-

netic field ( , ) and the normal impedance ZN, we
integrate the second equation of Maxwell (the Faraday
law) and extend the longitudinal impedance Z|| to the
entire Û axis:

(24)

Thus, the values of Z|| are found from the values of Wzy.
A one-to-one correspondence exists between the distri-
bution of Wzy and Z||. Consequently, we can apply the
theorem of Gusarov [1981], stating that the Z|| inversion
has a unique solution, and extend this result to the Wzy

inversion. The uniqueness theorem for the 2-D MVS
inversion reduces to that for the 2-D magnetotelluric
inversion of the TE-mode. Both methods, MVS and
MTS, have a common mathematical basis. A distribu-
tion of electrical conductivity is uniquely determined
by exact values of impedances or tippers specified at all
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points of the Earth’s surface for the entire range of fre-
quencies.

A similar approach reducing the uniqueness theo-
rem for the tipper to that for the impedance tensor can
prove useful for the analysis of the 3-D MVS problem.

Finally, we consider a model illustrating the sensi-
tivity of the tipper to variations in the normal section
(Fig. 3). This three-layer model (ρ1 = 100 Ω m, ρ2 =
10 000 Ω m, and ρ3 = 0; h1 = 1 km and h2 = 24, 49, 99,
and 149 km) contains a near-surface rectangular inclu-
sion 16 km in width with the resistivity  = 10 Ω m.
Observations are conducted at a point O at a distance of
1 km from the inclusion edge. The frequency responses
of the tipper clearly reflect the variations in the depth
(H = h1 + h2) to the conducting basement. It is notewor-
thy that the curves of the real tipper |ReWzy| and longi-
tudinal apparent resistivity ρ|| have similar bell shapes.
However, the curves |ReWzy| are somewhat less sensi-
tive to variations in H than the curves ρ||.

MODEL EXPERIMENTS ON THE 2-D 
INTEGRATED INTERPRETATION OF MVS AND 

MTS DATA

The inverse problem of electromagnetic sounding
using the magnetotelluric field consists in the determi-
nation of the Earth’s electrical conductivity from the
dependence of components of the tipper and impedance
tensor on the position of the observation point and the
frequency of field variations. This problem is unstable
and therefore ill-posed [Dmitriev, 1987; Berdichevsky
and Dmitriev, 1991, 2002]. An arbitrarily small error in
field characteristics can give rise to an arbitrarily large
error in the conductivity distribution. The solution of
such a problem is meaningful if, using a priori informa-
tion on the structure of the medium studied, one limits
the region of parameters to be found, and an approxi-
mate solution of the inverse problem is sought within a
compact set of plausible models forming an interpreta-
tion model.

A geoelectric interpretation model should reflect
current notions and hypotheses on the sedimentary
cover, crust, and upper mantle. Depending on the
amount of a priori information, the goal of research,
and the field characteristics used, the model can either
smooth or emphasize geoelectric contrasts and incorpo-
rate inhomogeneous layers and local inclusions of
higher or lower electrical conductivity. An approximate
solution of an inverse problem constrained by the inter-
pretation model is chosen using criteria ensuring the
agreement of the solution with the available a priori
information and pertinent characteristics of the field
(the criteria of the a priori information significance and
model misfit). This approach was implemented in the
regularized optimization method [Dmitriev, 1987; Ber-
dichevsky and Dmitriev, 1991, 2002]. The number of
such criteria is determined by the number of character-

ρ1'

istics specifying the field (real, imaginary, amplitude, and
phase characteristics). If the inversion uses a few charac-
teristics of the field, the problem is multicriterion.

The 2-D integrated interpretation of MVS and MTS
data belongs to the class of multicriterion problems.
The determination of the electrical conductivity of the
Earth requires data on the TE-mode with the character-
istics ReWzy, ImWzy, ρ||, and ϕ|| (real and imaginary tip-
pers, longitudinal apparent resistivities, and phases of
longitudinal impedances) and on the TM-mode with the
characteristics ρ⊥  and ϕ⊥  (transverse apparent resistivi-
ties and phases of transverse impedances). These
parameters differ in sensitivity to target geoelectric
structures and in stability with respect to near-surface
distortions [Berdichevsky and Dmitriev, 2002]. The
TE-mode is more sensitive to deep conducting struc-
tures and less sensitive to the resistance of the lithos-
phere, whereas the TM-mode is less sensitive to deep
conducting structures and more sensitive to the resis-
tance of the lithosphere. In addition, note that apparent
resistivities in the entire range of low frequencies can
be subjected to strong static distortions due to local 3-
D near-surface inhomogeneities (geoelectric noise),
whereas low-frequency tippers and impedance phases
are free from these distortions. An algorithm of the 2-D
bimodal inversion should implement a procedure in
which the field characteristics in use support and com-
plement each other: gaps arising in the inversion of one
characteristic of the field should be filled through the
inversion of another. In inverting various field charac-
teristics, one should give priority to the most reliable
elements of the model and suppress the least reliable
ones.

The following two approaches are possible in solv-
ing multicriterion inverse problems: (i) parallel (joint)
inversion of all field characteristics used and (ii) suc-
cessive (partial) inversions of each of the field charac-
teristics.

The parallel inversion summarizes all inversion cri-
teria related to various field characteristics and reduces
in a 2-D variant to the minimization of the Tikhonov’s
functional

(25)

where the following notation is used: p, vector of the
sought-for parameters; Fm, field characteristic in use; y,
coordinate of the observation point; ω, frequency; Im,
operator determining Fm from the known distribution of
the conductivity σ; γm, significance coefficient of the
criterion of the model misfit (the deviation Im from Fm);
Ω, solution selection criterion (stabilizer) adjusting the
solution to the a priori information; α, regularization
parameter (the significance coefficient of the a priori
information); M, number of the field characteristics
used.

γm Fm y ω,( ) Im σ( )– 2

m 1=

M

∑ αΩ σ( )+
 
 
 

p
inf ,
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At first glance, the parallel inversion seems to be the
most effective because it incorporates simultaneously
all specific features of the multicriterion problem and
significantly simplifies the work of the geophysicist.
However, this approach is open to criticism.

If various characteristics Fm have the same sensi-
tivity to all parameters p(p1, p2, …, ps ) of the geo-
electric structure, their parallel inversion is not very
advantageous because one, the most reliably deter-
mined, characteristic is sufficient for a comprehen-
sive inversion.

The use of several characteristics of the field makes
the inversion more informative if they differ signifi-
cantly in their sensitivity to various parameters of the
geoelectric structure. However, in this case their joint
inversion can become conflicting, because they pro-
vide different constraints on the geoelectric structure
and are related to different criteria of model misfits
and solution selection. It is possible that in some cases
a fortunate selection of weights allows one to con-
struct a self-consistent model with a small overall mis-
fit. However, the reasonable selection of such weights
is itself a complex problem that often cannot be solved
as yet. Apparently, a succession of partial inversions is
the best approach to the solution of a multicriterion
inverse problem.

Let a field characteristic Fm be the most sensitive to
the vector of parameters p(m). Then, the partial mth
inversion of the multicriterion 2-D problem consists in
the minimization of the following Tikhonov’s func-
tional on the set of the parameters p(m), with the param-
eters p – p(m) being fixed:

(26)Fm y ω,( ) Im σ( )– 2 αΩ σ( )+{ }
p m( )
inf .

The successive application of the field characteris-
tics Fm (m = 1, 2, …, M) reduces the solution of the mul-
ticriterion problem to a succession of partial inversions.
Each partial inversion is intended for the solution of a
specific problem and can be restricted to specific struc-
tures.

A decrease in the number of parameters minimiz-
ing the Tikhonov’s functional significantly enhances
the stability of the problem. Partial inversions com-
prehensively incorporate specific features of the field
characteristics used, their informativeness, and their
confidence intervals. They admit information
exchange between various field characteristics, enable
a convenient interactive dialog, and are easily tested.
We believe that this direction of research is most
promising for further development of methods
designed for the integrated interpretation of MVS and
MTS data.

The method of partial inversions is corroborated by
results of studies carried out in various geological prov-
inces [Trapeznikov et al., 1997; Berdichevsky et al.,
1998, 1999; Pous et al., 2001; Vanyan et al., 2002].
Below, we describe model experiments performed by
this method.

Figure 4 presents a 2-D model schematically illus-
trating geoelectric structure of the Kyrgyz Tien Shan
[Trapeznikov et al., 1997]. This model, referred to
below as the TS model, includes the following ele-
ments: (1) an inhomogeneous sedimentary cover whose
resistivity ranges from 10 to 100 Ω m; (2) an inhomo-
geneous upper crust with a resistivity of 105 Ω m in the
north and 104 Ω m in the south; (3) an inhomogeneous
conducting layer in the lower crust (35–50 km) resistiv-
ity in which increases monotonically from 10 Ω m in
the south to 300 Ω m in the north; (4) homogeneous
conducting zones A, B, and C branching from the
crustal conducting layer (they are regarded as fault
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zones); and (5) a homogeneous, poorly conducting
mantle (103 Ω m) underlain by a conducting mantle (10
Ω m) at a depth of 150 km. The model is excited by a
vertically incident plane wave. 

The forward problem was solved with the use of a
program implementing the finite element method
[Wannamaker et al., 1987]. Gaussian white noise was
introduced into the resulting field characteristics; the
noise had standard deviations of 5% for longitudinal
and transverse apparent resistivities ρ|| and ρ⊥ , 2.5° for
phases of longitudinal and transverse impedances ϕ||

and ϕ⊥ , and 5% for real and imaginary parts of the tip-
per ReWzy and ImWzy. To imitate the static shift due to
small near-surface (3-D) inhomogeneities, the apparent
resistivity curves were multiplied by random real num-
bers uniformly distributed in the interval from 0.5 to 2.

It is of interest to estimate the frequency interval
within which the tipper is unaffected by the upper layer
inhomogeneities. Figures 5 and 6 present the frequency
responses of ReWzy and ImWzy calculated for the TS
model and for the same model with a homogeneous
upper layer of a resistivity of 10 Ω m. Except for a few
points (Û = 45 km for ReWzy and Û = –45, 55, and
100 km for ImWzy), the ReWzy and ImWzy curves cal-
culated for the TS models with inhomogeneous and
homogeneous upper layers coincide at periods of
about 100 s and even less. These are periods of the
low-frequency interval, in which the MVS near-sur-
face effects attenuate and the effects of crustal inho-
mogeneities become appreciable.

The integrated interpretation of the synthetic char-
acteristics of the field obtained from the TS model was
performed by the method of partial inversions.
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The construction of the interpretation model is
the most important stage of an interpretation [Dmit-
riev, 1987; Berdichevsky and Dmitriev, 1991, 2002].
The interpretation model should meet the following
two requirements: it should be informative (i.e.,
reflect the main features of the study section, includ-
ing target layers and structures) and it should be
simple (i.e., be determined by a small number of
parameters ensuring the stability of the inverse
problem).

It is evident that these requirements are antago-
nistic: a more informative model is more complex.
Therefore, an optimal model, both simple and infor-
mative enough, should be chosen. This is a key point
of the interpretation, determining both the strategy
and even, to an extent, the solution of the inverse
problem. The choice of the interpretation model is a
matter of the intuition of a researcher and his or her
experience, understanding of the real geological sit-

uation, adherence to traditions, and ability to depart
from traditional approaches. Although the choice of
the optimal model is subjective, it is restrained by a
priori information, qualitative estimates, and reason-
able hypotheses on the structure of the medium stud-
ied.

Constructing the interpretation model for inversions
of the synthetic TS characteristics of the field, we
assumed that the following a priori information on the
study medium was available: (1) the sedimentary cover
is inhomogeneous, with a tentative thickness of 1 km;
(2) the consolidated crust is inhomogeneous and can
contain local conducting zones, its resistivity can expe-
rience regional variations, and an inhomogeneous con-
ducting layer corresponding to the seismic waveguide
possibly exists in its lower part at depths of 35 to 50 km;
and (3) the upper mantle consists of homogeneous lay-
ers, and its resistivity at depths below 200 km can
amount to a few tens of ohm meter units.
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To additionally refine this information, we inverted
the tippers using a smoothing program capable of iden-
tifying and localizing crustal conductors. We applied
the REBOCC program [Siripunvaraporn and Egbert,
2000] using, as an initial approximation, a homoge-
neous half-space with a resistivity of 100 Ω m. Figure 7
presents the TP-1 model, resulting from the inversion of

ReWzy and ImWzy . This model yields clear evidence of
three local crustal conducting zones A, B, and C (ρ < 30
Ω m) but fails to distinctly resolve layers in the crust
and upper mantle.

The a priori information complemented with data on
local crustal conductors provides a reasonable basis for
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the construction of a block interpretation model. This
model, presented in Fig. 8, consists of 70 blocks of a
fixed geometry. The concentration of blocks depends
on the position and size of tentative structures and is
highest within the sedimentary cover, local crustal con-
ductors, and crustal conducting layer. In minimizing
Tikhonov’s functional, resistivities of the blocks are
varied. The starting values of resistivities are shown in
the model presented in Fig. 8.

Partial inversions of the synthetic characteristics of
the field were performed in the class of block structures
with the use of the II2DC program [Varentsov, 2002] in
the following succession: (1) ReWzy and ImWzy inver-
sion  (2) ϕ|| inversion  (3) ρ⊥  and ϕ⊥  inversion.
All the inversions were conducted automatically.
Below, we consider each inversion separately.

1. Inversion of ReWzy and ImWzy. The starting
model is shown in Fig. 8. Due to the absence of near-
surface distortions, the tipper inversion can provide
reliable constraints on main structures of the medium
studied. As a result, we obtained the TP-2 model,
shown in Fig. 9, which agrees well with the TS model.
The divergence between the tippers calculated from
both models is generally no more than 5–7% in the
period range from 1 to 10 000 s (Fig. 10). Using the
MVS data alone, we successfully reconstructed (in the
automatic regime, without any corrections!) the most
significant elements of the study section, including the
inhomogeneous sedimentary cover; the local crustal
conductors A, B, and C; and the inhomogeneous crustal
conducting layer whose resistivity varies from 234 Ω m
in the north to 16 Ω m in the south (from 300 to 10 Ω m in
the initial model). Also resolved was the contrast

between the nonconductive and conductive mantle
(1667 Ω m/109 Ω m in the TP-2 model and
1000 Ω m/10 Ω m in the initial TS model). We see that
the MVS characteristics of the field measured on a
200-km profile allowed us not only to detect the local
conducting zones but also to determine the stratification
of the section (with an accuracy sufficient for obtaining
gross petrophysical estimates).

2. Inversion of j||. At this stage, without going
beyond the TE-mode, we control the tipper inversion
and gain additional constraints on the stratification of
the section. A difficulty consists in the fact that the
curves of the longitudinal apparent resistivity ρ|| are dis-
torted by near-surface 3-D inhomogeneities that create
geoelectric noise and need to be allowed for. We
avoided this difficulty by restricting ourselves to the
inversion of the undistorted curves ϕ||. If ρ|| and ϕ|| are
interrelated through dispersion relations, the disregard
of the curves ρ|| does not lead to a loss of information.
We interpreted the curves ϕ|| using as a starting model
the TP-2 model, obtained from the tipper inversion. We
remind the reader that phase inversion gives a resistiv-
ity distribution accurate to an unknown scalar factor (as
is evident from the analysis of 1-D models). To elimi-
nate this uncertainty, we fixed the resistivities of the
sedimentary cover and the upper nonconductive crust.
Figure 11 presents the TE model, obtained from the
phase inversion. The divergences between the phases
calculated from the TE and initial TS models do not
exceed 2.5° (Fig. 12). Comparing the TE and TP-2
models, we see that the phase inversion agrees reason-
ably well with the tipper inversion. Two points are of
particular interest here: (1) the boundary resistivities of

–50 y, km
SN

1

2

5

10

20

50

100

200

km
500

Crustal conductor
ρ ≤ 100 Ω m

0 50 100 150 200

10 26 156 139 138 138 139 135 11 10 10 9 10 9 32 36 29 115 117 185

5000

2595

1667

109

20

234 136 67 72 33 25 24 13 43 16

9

51
81 420 51

28 40

13 6

13 18
92 200

>1000

1629
22

15

12

78

15

10

>
10

00

>
10

00

5000

A
B

C

90

Fig. 9. The TP-2 model: inversion of ReWzy and ImWzy using the II2DC program; resistivity values (in Ω m) are shown within
blocks, and the region of lower crustal resistivities is shaded (cf. Fig. 4).



IZVESTIYA, PHYSICS OF THE SOLID EARTH      Vol. 39      No. 9      2003

MAGNETOVARIATIONAL SOUNDING: NEW POSSIBILITIES 713

the inhomogeneous crustal layer (343 and 10 Ω m)
became closer to their true values (300 and 10 Ω m),
and (2) the contrast between the nonconductive and
conductive mantle became sharper (3801 Ω m/15 Ω m
in the TE model versus 1000 Ω m/10 Ω m in the initial
TS model). Thus, phase inversion significantly
improves the accuracy of the section stratification.

3. Inversion of r^ and j^. This inversion is
intended for estimating the resistivity of the upper,
highly resistive crust ρupper. The TE model, obtained
from the ϕ|| inversion, was used as a starting model.
Focusing the inversion of ρ⊥  and ϕ⊥  on the upper crust,
we fixed all resistivities except for ρupper . As a result, the
inversion of ρ⊥  and ϕ⊥  yielded the TM model, shown in
Fig. 13. The divergences between the apparent resistiv-
ities ρ⊥  calculated from the TM and initial TS models

are seen from Fig. 14. Both models yield similar
regional variations of ρ⊥  with a local scatter associated
with the geoelectric noise. The phase misfits of the TM
model do not exceed 2.5°. The TM model reveals the
asymmetry of the highly resistive upper crust: from
283 000 Ω m in the north to 13 000 Ω m in the south (in
the initial TS model, from 105 Ω m in the north to
104 Ω m in the south).

The TM model is the final model obtained from the
successively applied automatic partial inversions. Its
agreement with the initial TS model is evident (cf.
Figs. 13 and 4). All of the major TS structures are well
resolved in the TM model. Misfits between these mod-
els do not exceed 5–7% in tippers and 2.5° in phases.

For comparison, Fig. 15 presents the PI model,
obtained by the parallel (joint) inversion of all charac-
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teristics of the field (ReWzy , ImWzy, ϕ||, ρ⊥ , and ϕ⊥ ) used
for the construction of the TM model. The starting
model used here was the same as in the tipper inversion
(Fig. 8). The following features characterize the PI
model: (1) resistivity contrasts in the sedimentary
cover are significantly smoothed; (2) the resistivity
contrast in the upper, highly resistive crust is also sig-
nificantly smoothed (86 000 Ω m/44600 Ω m versus
283602 Ω m/13278 Ω m in the TM model and
100000 Ω m/10000 Ω m in the initial TS model);
(3) the northern conducting zone A is well resolved, the
southern conducting zone C is somewhat less expressed,
and the central conducting zone B is strongly distorted
(this zone, connecting the sedimentary cover with the
crustal conducting layer, is only represented by four
conducting blocks); (4) the contrast between the two
boundary resistivities in the crustal conducting layer is
much lower (120 Ω m/29 Ω m versus 343 Ω m/10 Ω m
in the TM model and 300 Ω m/10 Ω m in the initial TS
model); and (5) the monotonic decrease of resistivities
associated with the nonconductive/conductive mantle
transition is disturbed (a poorly conducting layer with a
resistivity of 7423 Ω m is present in the conducting
mantle). We see that the parallel inversion of all charac-
teristics of the field worsened significantly the interpre-
tation result.

Of course, the parallel inversion of all characteris-
tics of the field is the simplest approach to a multicrite-
rion problem, and apparently this is the reason why it is
popular among geophysicists fascinated by the possi-
bility of automatic inversions eliminating the necessity
of comprehensive analysis of information. The transi-
tion to the technique of successive partial inversions

undoubtedly complicates the work of the geophysi-
cist, and this is a possible reason for the objections
raised in discussions of inverse multicriterion prob-
lems of deep geoelectric studies. However, our
experiments on the integrated interpretation of MVS
and MTS data indicate that the game, albeit more dif-
ficult, is worth the candle.

MVS STUDY OF THE CASCADIAN 
SUBDUCTION ZONE (EMSLAB EXPERIMENT)

The above scheme of partial inversions of MVS and
MTS data was applied to the construction of the geo-
electric model for the Cascadian subduction zone
[Vanyan et al., 2002]. We used data obtained in 1986–
1988 by geophysicists from the United States, Canada,
and Mexico on the Pacific North American coast within
the framework of the experiment “Electromagnetic
Study of the Lithosphere and Asthenosphere beneath
the Juan de Fuca Plate” (EMSLAB) [Wannamaker
et al., 1989a].

Figure 16 presents a predictive petrological and geo-
thermal model of the Cascadian subduction zone along
an E–W profile generalizing modern ideas and hypoth-
eses on the structure of the region and its fluid regime
[Romanyuk et al., 2001]. The subducting Juan de Fuca
plate originates at an offshore spreading ridge (about
500 km from the coast). In the eastward direction, the
profile crosses (1) an abyssal basin with a sedimentary
cover 1–2 km thick and a pillow lava layer 1.5–2 km
thick; (2) the Coast Range, composed of volcanic-sedi-
mentary rocks; (3) the Willamette River valley, filled
with a thick sequence of sediments and basaltic intru-
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sions; (4) the Western (older) and Eastern (younger)
Cascade ranges, consisting of volcanic and volcanic-
sedimentary rocks typical of a recent active volcanic
arc; and (5) the Deschutes Plateau, covered with
lavas.

The abyssal basin is characterized by a typical oce-
anic section with the asthenosphere at a depth of about
40 km (the 900°C isotherm). The continental crust
above the subducting slab has lower temperatures. A
subvertical zone of higher temperatures reaching the
melting point of wet peridotite (~900°C) has been
localized beneath the High Cascades. The release of
fluids from the upper part of the slab appears to be due
to a few mechanisms. First, at depths to about 30 km,
free water is released from micropores and microfrac-
tures under the action of the increasing lithostatic pres-
sure. Dehydration of minerals such as talc, serpentine,
and chlorite starts at depths of 30 to 50 km, where the
temperature exceeds 400°C. Finally the basalt–eclogite
transition can start at depths greater than 75 km, and

exsolution of amphibolites can take place at depths of
more than 90 km. All these processes are accompanied
by the release of fluids. Supposedly, fluids released at
small depths migrate through the contact zone between
the oceanic and continental plates. At greater depths,
fluids can be absorbed by mantle peridotites (serpenti-
nization) and, given high temperatures, disturb the
equilibrium state of material and give rise to “wet”
melting. The melts migrate upward toward the Earth’s
surface, producing a volcanic arc.

Two 2-D geoelectric models of the Cascadian
subduction zone constructed along the Lincoln line
(an E–W profile in the middle part of Oregon) have
been discussed in literature: EMSLAB-I [Wannama-
ker et al., 1989b] and EMSLAB-II [Varentsov et al.,
1996].

The EMSLAB-I model, shown in Fig. 17a, was con-
structed by a trial-and-error method with a strong prior-
ity given to the TM-mode; the latter, in the opinion of
the authors of this model, is least sensitive to deviations
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Fig. 13. The TM model: inversion of ρ⊥  and ϕ⊥  using the II2DC program; resistivity values (in Ω m) are shown within blocks, and
the region of lower crustal resistivities is shaded (cf. Fig. 4).

Fig. 14. Comparison of frequency responses of ρ⊥  calculated from the TS and TM models.


