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The authors consider the general interpretation strategy which takes into account
the surface effects and present some results obtained in this field in the U.S.S.R. The paper
consists of five sections discussing the following questions: a) strategy for interpretation
of magnetotelluric and magnetovariation data, b) simulation of surface effects, ¢) theoretical
analysis of these effects, d) their diagnostics and e) elimination of field distortion.

Introduction

Geophysicists, when they began the first deep geological investigations,
could hardly imagine that the distortion of electromagnetic field by the near-
surface inhomogeneities would give rise to serious difficulties. The optimism
which prevailed in the early fifties can be clearly perceived in the paper of
CacniarD [11]. But as vears passed by, it has become evident that the near-
surface layer formed by the sediments of continents and oceanic waters might
significantly distort the electromagnetic field studied by magnetotelluric or
magnetovariation methods. Magnetotelluric sounding carried out at different
regions of the globe demonstrated a great deal of such distortions. Many geo-
magnetic anomalies detected in Europe and in Asia by magnetovariation
method were found to be rather of surface than deep origin. All these facts
compelled the geophysicists to reject the naive interpretation and to search
for methods that would account for the surface effects. The rapid advance
of this work was due to the mathematical and physical simulation of horizontal-
ly inhomogeneous media. Many aspects of this problem have already been
reviewed in Edinburgh (1972) and in Ottawa (1974). In this review, therefore,
we shall confine ourselves to a consideration of the general interpretation
strategy which accounts for the surface effects, and presents some recent results
obtained in this field in the U.S.S.R.
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1. Strategy for the interpretation of magnetotelluric
and magnetovariation data

Had the surface effects been weak, interpretation could have been
directly reduced to the solution of the inverse problem, i.c. the determination
of distribution of deep electrical conductivity. Such a simple approach, un-
fortunately, often leads to profound errors caused by the surface effects. The
MTS curves are deformed and their formal interpretation using horizontally
homogeneous models gives rise to false geoelectrical structures. Similarly,
a false picture is obtained from magnetovariation data if the surface anomalies
are regarded as deep ones. Interpretation gets more complicated if the surface
effects are taken into consideration. Prior to solving the inverse problem, it
is essential to eliminate the field distortions created by near-surface inhomo-
geneities. If the structure of the near-surface layer is known, then it is possible
to eliminate the influence of its inhomogeneity with the help of an integral
transformation of the field. In this approach, however, a considerable amount
of local information is lost; moreover, errors creep in because of the inadequacy
of the model. It would, therefore, be advantageous to combine integral field
transformations with preliminary diagnostics of the surface effects. This allows
us to estimate the degree of the influence of surface effects. to substantiate
the choice of the model, and to obtain fuller local information. Consequently.
it would be natural to interpret the magnetotelluric and magnetovariation
data according to a three-stage scheme (Table I):

diagnostics of surface effects,
normalization of data, i.e. elimination of surface effects,

— solution of the inverse problem with normalized data, i.e. determina-
tion of the distribution of deep electrical conductivity.

These three stages are so closely interconnected that they can be isolated
only conditionally.

The main problem in the first stage is to detect and typify the surface
effects. It calls for a special theory studying surface effects in typical geo-
logical situations. Such a theory based on the simplest models of inhomoge-
neous media exposes the nature of surface effects and gives methods for recogniz-
ing and classifying these effects. Success in the practical application of such
methods largely depends on the amount of experimental data available. The
results derived are mainly qualitative, nevertheless, they can be refined by
approaching the models to actual geological situations. This stage should give
a clear idea of the morphology of surface effects and the degree of their in-
fluence. Some geophysicists prefer to choose straightway complex models
which approximate the real situation. Such an approach, however, does not seem
to be very fruitful as it is hard to obtain a satisfactory agreement between cal-
culations and experiments without preliminary typification of surface effects.
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Table L

THE SCHEME FOR INTERPRETATION OF MAGNETOTELLURIC
AND MAGNETOVARIATION DATA

Diagnostics of surface effects [by criteria of

distortion theory)

Normalization of data (elimination of surface
effects):

la)Separation of slightly distorted situations,

[b)Model calculation and correction,

(c)Integral transformation of fields.

Solution of the inverse problem with norma-
lized data
{a)Choosing an ad<guate model,

{b)Analytical  continuation  of flelds.

The second stage consists in eliminating the field distortions. Three
different techniques can be recommended for this purpose. The first is based
on the use of criteria of distortion theory and on the separation of slightly
distorted situations. Such an approach is very effective in interpreting the
magnetotelluric data for obtaining local information. The second is connected
with the simulation of real situations and introduction of corrections into
magnetotelluric and magnetovariation data. The third uses integral trans-
formations of fields, this is a very attractive technique as it readily yields
to formulization and gives a universal solution to the problem. In the sub-
sequent pages we shall demonstrate that the spatial Fourier field analysis
permits to obtain electromagnetic sounding curves which are free from the
effect of near-surface inhomogeneities, and to divide the variable geomagnetic
field anomalies into surface and deep parts. We have already mentioned the
drawbacks of this approach. Each technique supplements the other. The
success of interpretation as a whole largely depends on the extent to which
the surface effects are eliminated.

Interpretation ends in the third stage which consists in the determination
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of deep electrical conductivity. The inverse problem is solved by choosing
an adequate model. Of late, efforts are being diverted towards developing
methods based on analytical continuation of fields. This interesting topic,

however, is beyond the scope of our review.

2. Simulation of surface effects

We shall examine three main points of this problem:
1. selection of models for the external field;

2. selection of models for the Earth;

3. methods for studying the models.

External field models

The models should approximate the most significant part of the external
electromagnetic field of the Earth. It is known that this field has E-toroidal
and H-toroidal modes. The contribution of the H-toroidal mode to the tan-
gential components of the total field has been repeatedly considered in litera-
ture [25, 43, 53, 4, 21]. This contribution has been shown to be negligibly
small, at least, in the frequency range used for the determination of the Earth’s
electrical conductivity. Consequently, we have to examine only the induction
action of the external field represented by the E-toroidal mode. To approximate
this field it is sufficient to take a few active harmonies of its spatial spectrum.
Best approximation is obtained in the simulation of world magnetic storms
and diurnal solar variations for which the spatial spectra have been investigated
in great detail. Spatial spectra of pulsations and bays have so far not been
studied to that extent. The configuration of external fields of these variations
are highly changeable. They can. however, be considered in a limited domain,
and thus the Barth’s sphericity could be disregarded and the external field
approximated by a non-uniform plane wave [49]. If the domain under con-
sideration is sufficiently small, the external field can be represented as a uni-
form plane wave. This simple and convenient model is known as the Tikno-
Nov— CacNiArRD model [11, 45, 46]. The feasibility of such an approximation
has been disputed for long [36, 50, 30, 42, 37, 47]. This prolonged discussion,
indeed, was very fruitful as it determined the limits of applicability of the
Tikaonov  CacNiaArD model. These limits proved to be so wide that uniform
plane waves began to be used for simulating the local conductive anomalies
in world magnetic storms and in solar diurnal variations.

Thus, the models for the external field have to be chosen with respect
to the type of variations and the scale of near-surface inhomogeneity. Local
effects are satisfactorily simulated by the TikmoNov—CAcNIARD model.
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Models of the Earth

In order to develop a distortion theory. we need a series of models that
would describe the behaviour of the electromagnetic field in typical geological
situations. Such models have cognitive value. They consist of a near-surface
layer containing elementary structures, and uniform layers for describing the
Earth’s crust and upper mantle. The three-layer model of the type “non-uni-
form near-surface layer uniform intermediate layer of higher resistivity
perfectly conducting basement” is considered as fundamental. Structures for
the near-surface layer are chosen depending on the type of effects to be studied.
The model of semispherical ocean [1, 37]is an example of global structure.
Structures of the type “horst”, “graben™. “inclined contact™, etc. simulate

the local effects [18, 27, 34, 10].

Investigation of models

The mathematical and physical models are used for studying the near-
surface effects. Mathematical modelling has been rapidly developed in the
last decade. Today, the following methods are applied in geoelectrical in-
vestigations: finite-difference method, method of finite elements, projection
method, integral equation method, and asymptotic method. A wide class of
two-dimensional problems has been thoroughly investigated, and the first
three-dimensional problems are being solved at present. Physical models,
mostly three-dimensional ones, are being investigated using liquid and solid
media. The difference methods and physical simulation methods have been
reviewed in detail by Jones [28], Praus [34], Dosso [23] and Warp [51].
Integral equation, projection and asymptotic methods have been treated less
extensively and precisely these are the methods we shall deal with in this

review.

Integral equation method

This method is very convenient for caleulating simple two-dimensional
models which form the basis of distortion theory. We shall examine two
approaches for deriving the integral equations.

In the classical approach the two-dimensional boundary value problem
is reduced to an integral equation on the transverse section of inhomogene-
ity [29, 13, 51]. Let us consider a three-layer model in which the near-surface
layer contains a cylindrical inhomogeneity bounded by a contour C.The geom-
etry of the model and its parameters are shown in Fig. 1. The magnetic
permeability is equal to u, everywhere. The contour C divides the plane yz
into an outer region (Q° = @, (air) + @ (near-surface layer) 4 @, (intermediate
layer) 4+ Q, (perfect conductor) and an inner region Q! (inhomogeneity). The
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Fig. 1. Two-dimensional model with horizontal cylindrical inhomogeneity

boundaries of the layers are C,. C, and C,. The sources of the E- or H-polarized
field are distributed in Q,. The electromagnetic field can be deseribed by the

function:
E (M) E-polarization

F(M) =
H

X

(M) H-polarization.

In the quasi-stationary approximation F' satisfies the following equation:

I(M) ME€Q,
K[ F(M)] =
0 ME€Q, + Q.

where I is the source density, 9 is the Helmholtz operator:

A, = A+ iopo, MeQ, (m=0,2)
W= W = A+ topo! M€ Q5
= A L ivpget M€ Q.
The functions F and 1/p - 9 F/on are continuous on the contour C and on the
boundaries C;, C, (n is the normal to the line of discontinuity of ¢ and p = 1
for E-polarization or p = ¢ for H-polarization). On the boundary C, the func-
tion F satisfies the condition F=0 (E-polarization) or §Fjgz=0 (H-polariza-

tion).
We shall introduce the outer Green function G defined by the equation:

WG (M, M) = 0(rppm.)
M€EQ, MEQ,+0Q,+0Q, m—0,1,2.

On the boundaries C, and C, the functions G° and 1/p(3G°/9z) are continuous,
and on the boundary C, the function G* satisfies the condition G° = 0 (E-
polarization) or 3G*/az = 0 (H-polarization).
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Applying the Green theorem to the regions Q) and (), we obtain

iopot — o) ﬂ Fi(M') G{(M, M") gy —
_é [FI(M’)M Go(M, M') oF" (M) |dle - (1)
c an onye
_[Fi(M) MeQ
0 Mg Q"
N(M) +(j) {F‘ SEMAMY, Ge(M, M')a‘?e(M)}dlMﬁ
()nM on

F p(M ) MeQe’
where F' and F° are the fields in the inner and outer regions of the near-
surface layer and their limiting values on the contour C, FV is the normal
field in the near-surface layer.

Multiplying the first and second equations by 1/p! and 1/p¢ respectively,
and adding them. we obtain by virtue of the boundary conditions on C a
Fredholm integral equation of the second kind for the inner field:

Fi(M) + ioufof — of) [ [ F(M) G(M, M) dgpr -+

( ]@3 Figr) M) gy PL gy,
on y pi

M€ Q (3)

and an integral representation for the outer field in terms of the inner field:

Fe(M) = FN(M) + oy 2L (o] - Gi).” Fi(M") GX(M. M") dq, +
Qd

Pl

B pon R e, Mee Q)

= ]
P on

For calculating the field, a network is used to reduce the integral equa-
tion to a system of algebraic equations. If the dimension of inhomogeneity
is not large, only a small number of cells is needed for studying a low-frequency
field and the calculations can be carried out at a sufficiently rapid rate. In
such cases it is quite possible to save calculation time as compared with the
difference method.
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The time gain is much more appreciable in the second approach in which
a two-dimensional boundary value problem is reduced to a system of integral
equations on the inhomogeneity contour [31, 15]. We introduce an inner
Green function which in the entire space satisfies the following equation:

WG (M, M')] = — (rpym)
On applying the Green theorem to the region Q! we obtain

d‘) oG(M, M') oF! (M)
JC

Fi(M') - (:( M) — v=10, MeqQ;.
on dny |

Adding this result to equation (2), by virtue of the conditions on the contour

C, we find that

Fe(M) —FN(M)_;Cﬁ [Fe(M') oM, M) — C{M, M")] _

ony
[G"(M. My PLeiar, M)]()F(W)}dlw MecQ.  (5)
Pi Ony

Such an integral representation permits the determination of the field
at any point in the region Qf using the limiting values of F* and 5 F*/on given
on the contour C. These values are found from the system of integral equa-
tions. To derive the first equation, we shall take the point M on the con-
tour C:

Fe(M) ._@5 {F”(M) DO, M) — M, M) [GE(M., M)

c

on oy

P‘G(M M)
Pi

The second equation can be obtained by differentiating (5) along the normal

]oF (M)

on M

}dl — FN(M), McC. (6)

to the contour C. The integral in (5) contains the difference in the potentials
of simple layers with densities » = §F*/on and v = (p‘,'p‘l)((JFeff)n). The outer
limiting value of the normal derivative of the potential of a simple layer is
given by

n

d

dp V(M) G(M, M’)dlM:dP W(M)- PP --i-v(M). MeC.
c J C

fJnM

Consequently, we have

VLSO L, oL o)
2 P on c O py On
(G (M, M) — (pi/p$) G (M, M')] oF(M’ aFN
~B[GU(M. M) — (pi/p5) G{(M. M")] dF(W)ld,M, _ M) mec. g
anM anM' 8”_.'\/[
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Thus, we obtain a system of Fredholm integral equations (6) and (7) of the
second kind. This method is better than that suggested by Parry [33] in
which the boundary value problem is reduced to a system of integro-differ-
ential equations of the first kind.

A wide class of two-dimensional models were studied by these methods
at the Moscow State University. Most instructive models are listed in Table I1.
Special albums have been published containing the theoretical curves charac-
terizing various surface effects.

The integral equation method could be successfully applied for solving
three-dimensional problems of axissymmetric inhomogeneity. Examples of such
cases have been published by Dmitriev et al. [17] and TaBorovskry [44].
The possibilities of the method for solving general three-dimensional prob-
lems have recently been demonstrated by WemEeLT [52].

Projeciion methods

These methods are very effective for studying the H-polarized field [12.
22]. We take up the model shown in Fig. 1 and assume that oy = 0 and o
is a continuous function of y, z. The magnetic field H,_ satisfies the homoge-
neous equation:

M :
W[ H(M)] = div[gradgf; )JHW..HX(M) =0, Mec0, -0, (8)
gl
and the inhomogeneous boundary conditions
I‘IJ‘.ICIj — HI'D — ¢onst H;c“:('; — H.\‘Cg"(::
oH . 1 aHY 1 oH®
O] T g o ANEEE :ﬁLHx_, (9)
9z |c, o 9 ey & Bz

where H, is doubled external field.
For solving this interior problem, we introduce the function U —
— H, — H, where H is a known function satisfying the same boundary

conditions (9). This function U evidently satisfies the inhomogeneous equa-
tion:

‘}f*[U(M)] —=f(M) MeQ, + 0, (10)
and the homogeneous boundary conditions
U ‘Cn <. aly =% UM e, = @ :C[:
‘ Oz lc.
arya | arr® |
Pt i1 8U ._ (11)
G’l 0z ‘Ci gy 0z G

where f= — J* [FI]
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Table L
TWO-DIMENSIONAL MODELS STUDIED AT THE MOSCOW STATE
UNIVERSITY

{Results published in the Album of MTS curves for horizontally
non-uniform media)

Polarization  of

Author Maodel Method field Ref
1 2 3 4 5
Dmitriev, e Projection H-polari-  Album
Kokotushkin o method zation 1971
6’2=0
Dmitriev, Gy Projection H-polari-  Album1
Kokotushkin I I method zation 1971
6‘2:0
Dmitriev, Projection H-polari-  Album,1
Kokotushkin G4 I'_‘I method zation 1971
Gy=0
Dmitriev, [ Projection H-polari-  Album,
Kokotushkin \ method zation 18971
G,=0
Drmitriev, Gy Integral E-polari-  Album,1
Kokotushkin equation zation 197
method
Gp=0
oz oo

To find U we shall make use of the approximate representation:

U(*w) 2 L{ g‘u )1

n=1

where {¢,} is some basic orthogonal system of functions satisfying the bound-
ary conditions (11), and U, is the projection of the function U. From the
condition, min ||3(*[U] fH,La which gives the best approxnnatlon, we
obtain a system of ordinary differential equations for U,. This system is
easily solved by numerical methods.

A simplified modification is called the method of transverse sections.
In this method, a model is divided into regions approximated by horizontally
layered structures. In ecach region, the solution of the differential equation
for [7” contains two unknown constants. These constants are determined from
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table Il

[ s

Omitriev
<okotushkin

Zakharov

Dmitriev
Kokotushkin

Dmitriev
Kokotushkin

Dmitriev
Kokotushkin

Dmitriev
Kokectushkin

i Integral
@i equation
method
G,=0
Gyzeo
1 G| 5§ Integral
» equation
Rl method
Caz oo
3
Integral
Gy equation
method
O3
63- (==}
Gy Integral
equation
oy | I method
G_] e - -]
Integral
G, equation
method
G2
Gy= o
Gy Integral
l ‘ | I equation
method
g,=0
Gy=co

E -polari-
zation

E-polari-
zation

H-polari-
zation

H-polari-
zation

H-palari -
zation

E-polari-
zation

Album,

1971

Album,
1972

Album,
1972

Album,
1972

Album,
1972

Album,
1975

457

a system of algebraic equations derived from the conjugation conditions at
the boundaries of the regions (these conditions hold true on the average). The

method can be easily extended to models in which the near-surface layer has
conductivity discontinuities.

The models calculated at the Moscow State University with the help
of projection methods are listed in Table II.

Asymptotic methods

In many deep geoelectric problems we may confine ourselves to a study
of the low-frequency asymptotices of the field. This simplifies the mathematical
technique. Asymptotic methods have two distinct advantages: 1. they diminish

the dimensionality of the problem, i.e. reduce a two-dimensional problem to

0*
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Cont. of table Il

1 | 2 l 3 1 & 5

Dmitriev, Projection H-polari-  Album, &
Kokotushkin _J'_Id1_]'—|__ method zation 1975
G,=0 Integral E-polari-  Album, &
equation zation 1975
gy=ee method
Dmutriev, | G | Projection H-polari - Album, S5
Tavartkiladze 1 method zation 1975
G;=0 Integral E-polari-  Album, 5
- equation zation 1975
gg= method
Dmitriev, | l Projection  H-polari-  Album, 3
Tavartkiladze & method zation 1975
G,=0 Integral E-polari- Album, S
equation zation 1975
Gy == method

o

Dmitriev, —]T]— Projection  H-polari-  Album,
Gy=

Tavartkiladze method zation 1975
0
Gy=oo
Dmitriev, ] G’]l T Projection H-polari- Album, 5
Tavartkiladze Gy Gy method zation 1975

Dmitriev, —':L—[_I— Integral E-polari-  Album, S

Tavartkiladze equation zation 1975
67=0 method
5‘3 - oo
Dmitriev, G’I_I'—r_l_l_ Integral E-polari- Album, &
Tavartkiladze e equation zation 1975
g2= method
GB= oo

a one-dimensional one or a three-dimensional problem to a two-dimensional
one; 2. they open up ways for deriving analytical solutions and estimates.

Approximate boundary conditions for thin layers lie at the base of the
asymptotic methods. These conditions are sufficiently exact if the layer thick-
ness is far less than the electromagnetic wavelength, and if the layer con-
ductivity shows slow horizontal variations.

The first asymptotic solution was due to Price [35] and SHEINMANN [39].
The Price- Sheinmann conditions were derived from the well-known ideas on
the discontinuities of the electromagnetic field at the surface current and
double layer. This method is widely used for describing the surface effects.
It. however, disregards the finite thickness of the layer and therefore leads
to large errors exaggerating the surface geomagnetic effects.
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Tikunonov and Dyitriev [48] and Dmrtriev [13] suggested a modified
method which improved the accuracy of simulation. This method, probably,
is not widely known and we would like to discuss it in greater detail. As an
example. let us consider a layer of constant thickness h and variable con-
ductivity o(x, y). Expanding the horizontal components of the field into
a Taylor series, and retaining only the first term, we can write

aH ¥ Ex.y —Ez,+h ﬁ‘?g

Hito— Hi g3 B
& 0z 0z

where the plus and minus signs denote the lower and upper sides of the layer.
Using the Maxwell equations and substituting horizontal derivatives for the
vertical derivatives, we obtain the following approximate boundary conditions:

h (9Ey 9By
H}f —H;=E,S + -- e 2 X
’ i, | ox® dxdy |
0% L Div
Hy —Hy=—E;S+ ) [rEv R
’ i, | 0xdy oy*
. i oH oHy
E; —E; = g Tl( Yo 2 4 dophHy
ox dx ady
9 [, (0H,  oH,
g [T(‘r v (—” iouhH, (12)
dy ox dy
where
S = oh T = hkig:

These conditions differ from those of Price and SHEINMAN in the terms
proportional to h, consequently, they account for the finite thickness of the
layer. By means of this method we can construct models consisting of several
thin layers. The method can be readily extended to a variable thickness layer
as well [20]. We shall illustrate the application of this method in the next
section.

Developing this method, BERDICHEVSKIY and ZupaANov [9] summed up
the entire Taylor series, and derived the following approximate boundary
conditions for the spectral densities of the magnetic field:

AR T -
hi = hych(ha® + B2 + 2 M hh)ed g7
( e l/
4 - o ix -+ iphy s
hy = hych(h)a2 4 p2) — Ix T2 pplar 1 B7)
v v Va2 + p (
b = brch(WVE T ) +i Fa P gy, (13)

]ﬂ «t + B2
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where R, j are Fourier transforms of H and I — ok, » and § arc the spatial
frequencies at x and y respectively. These spectral conditions give satisfactory
accuracy of modelling even under a rather rapid variation of o [55].

With the help of the asymptotic methods we can quickly fill the gaps
in the distortion theory associated with the three-dimensional surface effects.
Recently, DEBaBOV et al. [24] reported that they had elaborated a program
for calculating the low-frequency electromagnetic field over near-surface struc-
tures of any shape.

3. Theoretical analysis of surface effects

Models of global effects connected with the action of oceans have been
examined in the monograph by Rixitake [37] and in the review by Asnour
[3]. Here we shall only deal with the local effects caused by the inhomogeneity
of the sedimentary cover of continents. These effects can be classified into two
groups: 1. galvanic effects generated by excess charges, 2. induction effects
caused by excess currents.

Two-dimensional structures

We shall consider a two-dimensional model in which the upper layer
contains a rectangular inhomogeneous inclusion of width 2 d (Fig. 2) Here

0y =0 oy(y) = o1 ly| > d
oi(y) lyl < d
oy << 01(¥) hy > h, U = 09
b3
6p=0 "y
e i l e f
g4 gyl vz Gy lhw
for——2d ———| T
hp

6'3:a:|
Fig. 2. Two-dimensional model with rectangular inclusion
The model is excited by a uniform plane wave. Following TikmoNov and

Dmitriev [48], we shall make use of the asymptotic method based on the
approximate boundary conditions (12).
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Galvanic effects are exhibited in H-polarization. In this case, we have
E{0.E E}, H{H,0.0}. Applying the boundary conditions (12) to both
the layers, we obtain a relationship between E, and H, at the earth surface:

d? ; .
T, ey [SiNEy (] [1 —iophy S ()] Ey(y) = — io po (hy + hy) H, (3),
32
(14)
where

Si(y) = hyoy(y) T, = h,lo,.

In studying the H-polarized ficld, we can put H, — H, — const on the
earth surface, where H is the doubled external field. Thus Eq. (14) is con-
verted into a differential equation for E,. It is more convenient to reduce
this equation to an integral equation:

55 T +d .
SL_zvH, + e [TE s
Sy (y) ’ 25, (N 11— dwphy ST J_g J :

— 8¢] e~V i-iwnha STy~ dy" | (15)

E,(y)=

where ZV is the normal impedance, i.e. the impedance in the absence of
inhomogeneity:

io py (hy + hy)

o pig hy ST — 1

I =

and 7 is the galvanic parameter which specifies the degree of current penetra-
tion into the resistive layer o,:

S 1 _l/ a,
VT, 8¢ | hyhyot

There are no anomalies of H_ in this model, whereas the anomalies of

E, depend appreciably on 7. All necessary estimates can be made using the
integral equation (15).

If £ - 0, the contribution of the integral term to E), is negligibly small.
Therefore

Se " i
Ey(y) = — 712(\'1‘[0 b (16)
. S, ()
that holds true if
maz [ () — 5| (1— &™) < 0.1. (17)

min S, (v)

This means the current flows over a nonuniform layer ¢, without penetrating
into the layer o.,.
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Table I
DISTORTIONS OF MTS - CURVES
™
i
ot | o | ot th, & (M) hy
)
|
% | W — 5 hy
! Y y
53:00 ;. O3z
local section of horizontally local horizontally
inhomogeneous model homogeneous model

local curve
of ©

|
|
|
|
|
|
|
|
|

|
|
|
|pterval | interval
— 51 f——+ N

THE RELATION BETWEEN MTS-CURVES AND LOCAL

CURVES g;.
frequ
p{l);gir:'lmmnq f:f:wul interval S interval  h imefr(;rr:tgluun
e 2
(;1 tyl
H-polarization ety Sqlyl d
The descending false structures
gtlyl= The ascending branch of g'is of conducting
branch of g¢*is distorted by basement relief
not distorted galvanic S-effect may arise
2
Sily)
o =—— ey
| E-polarization Syly.e) gyl
The ascending false conducting
g lyl= branch of ¢"is The descending layers
distorted by branch of ¢"is may arise
induction effect not distorted
By virtue of (16) we have
Se
~ 1 N
E,(y) =+ Ey,
Sy (y)

where E‘;’ is the normal electrical field. Hence

E) Ef S _
E{fv Sy (y)
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It is clear that the anomalies of E are local and do not depend on the frequency.
These properties of the electrical field are characteristic of galvanic effects
observed in the two-dimensional case.
Now we shall examine the transversal impedance:
E,(v) ok

Zi(y) = 2L = N, 20
%) H, S, (v) W

For sake of comparison we shall introduce the local impedance (Table TIT):
i 1, (hl + h,)

Z,(y) = — : : (21)
[ o pty by Sy (y) — 1

i.e. the impedance of the horizontally uniform model formed by extrapolation
of the local section of the observation site. The transversal curve ol =
= [Z'Flwp, is distorted if it differs from the local curve o, = |Z [}wpy,.

In our model the local MTS curves are composed of an ascending branch,
which reflects the resistive layer ¢,, and a descending branch due to the con-
ducting basement ¢,. The frequency intervals of ascending and descending
branches are called the interval S, and interval h. The boundaries of these
intervals are found from the conditions:

hy \? :
{h~ > [0 pohy Sy ()P > > 1 interval S,
1
(22)
[ophsaS,(v)]F = 1 interval h .
Thus, we have
Iil in interval S,
1Z() =] S (23)

[cu o (hy + h,) in interval h .

We shall now compare Z+ with Z,. We have Z* — Z, outside the inclusion.
Here the MTS curves are free of distortions: ¢t = g, Over the inclusions,
however, we find an entirely different picture. Here

[ Z(y)| in interval S,
!Z’L("?:! e (24)
- L |Z,(y) ininterval h .
[ S ()
Consequently,
o () in interval S,

L(y) = S TP -
o ll:sb—(l)J o,(v) in interval h . )
1\
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In interval S, the impedance Z* coincides with Z; in modulus. Thus, we
have the same relationship as in a horizontally uniform model. In this case
ot — p,, i.e. the ascending branches of transversal MTS curves are not distorted,
and they define the true distribution of S,.

In interval & the impedance Z' differs from Z; by a factor S{/S (v). i.e.
it depends on S (y).though there is no such relatmnshlp in the horizontally

103 —
/ 4
AU\

& i N
o _ A /// \\
Gy hi h?
2 == vz f—-
| i //\' 7 1
A I — . ]é‘/\?l 425
r, )( \

77N

M
e
hy

Fig. 3. Transversal MTS curves in horst model; hi/h¢ — 0.1, hi/h¢ — 20, d/h¢ — 4; curves ol
are digitized by [y [h¢ of, of are local curves

uniform model. We shall call this galvanic effect the S-effect. It is a con-
sequence of the fact that the resistive layer o, hampers the flow of current
from layer o, to layer o, The S-effect distorts the descending branches of
transversal MTS curves ol = p,. They shift upward if S,(y) <7 5{, and down-
ward if S,(v) =~ Si. A formal interpretation of such curves gives a false struc-
ture to the relief of the conducting basement. False depressions correspond
to the minima of S,, false elevations to the maxima of S,.

Figure 3 shows the transversal MTS curves obtained in a horst model [17].
The S-effect is quite obvious here. The descending branches of curves o' are
shifted upward relative to the descending branches of the local curves o', and
of calculated for a horizontally uniform model with upper layer thickness h;
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and hf, respectively. Formalinterpretation of the o' curves gives a false depres-
sion in the relief of the conducting basement.

The factor S5/8,(v) expresses maximum S-effect characteristic of small 7.
For large 7, the excess current penetrates into the layer ¢,, and the S-effect
is considerably weakened. If

dé A
max F 45, () i{ 0.1 min 7 min S, (y), (26)
! &
where
. 1
min T =

| T, max S, ('V) ’

there is almost no S-effect (pt =~ g,).

It is worth while to give some examples of cases which satisfy condi-
tions (17) and (26)

Example 1. The total conductivity of sedimentary cover varies from
500 mhos at the elevation of the crystalline basement to 1000 mhos at its
slopes. The width of elevation is 30 km. The Earth’s crust and the upper mantle
have an average conductivity of 107* mho/m. A good conducting matter is
at a depth of 200 km. Thus, we have max S, = 1000 mhos, min S, = 500 mhos.
g, = 10"* mho/m, h, =2 - 10° m, d = 1.5 - 10* m. These data satisfy the
conditions (17). Consequently, maximum S-effect is observed.

Example 2. The total conductivity of the sedimentary cover varies from
300 mhos to 500 mhos. Maximum gradient of S, is 0.3 mho/km. The sedi-
mentary cover is insulated from the conducting matter of the Barth’s crust
by a 10 km thick layer. The mean conductivity of this layer is 107% mho/m
Thus, we have max S; = 500 mhos, min S, = 300 mhos, max |dS,/dy| =
— 3+ 107% mho/m, ¢, = 107 mho/m, h, = 10* m. It is easy to verify that
these data satisfy condition (26). Consequently, there is almost no S-
effect.

Example 1 is typical of many regions of the globe. whereas example
2 illustrates an extraordinary situation. We should note here that the MTS
curves are almost always distorted by the S-effect.

Induction effects are exhibited in E-polarization. In this case we have
E{E_ 0,0}, {0, H , I_}. With the help of the approximate conditions (12),
we obtain a relatioﬁship between E, and H, on the earth surface:

dE, (y . .
iy S 1oy S, (00) B () i i By B ) @7)
i
where
1 0E,(y,2) |
Hyy)— r(y )| .
u:o‘uu dz lz—0
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This relationship can be regarded as the boundary condition of the
problem for E_in air. On applying the Green theorem to the region z <7 0,
the problem is reduced to an integral equation for FE_ at = — 0:

- 1 g he 79 ; j o ; ’ 3
B =EY + R B () [S07) - S160ay)dy. (28)
‘ hl + hg o —d

where E;\ is the normal electrical field, and G is the Green function:

’11 + hy, ™ B cos t(y — v')dt 7
T -IU hyhyt* + (hy + ho)t + (1 — o g by SY)

(29)

?

which describes the induction influence of excess current flowing in the near-
surface layer. s

The Green function with the pre-integral factor plays the role of a spatial
filter whose selectivity depends on frequency (Fig. 4). The higher the frequency,
the narrower the filter pass-band, and hence the more expressed is the locality of
E.. If at the beginning of the interval S, we observe an electrical field reflecting
an average S, in the vicinity of the observation point, then the remote portions
of the near-surface layer begin to affect with decreasing frequency. The
lateral influence of zones with higher S, diminishes the value of E,. The integ-
ral equation (28) is an effective tool for estimating the long-range action of
inhomogeneity. We shall confine ourselves to an estimation for the interval S,.

Outside the non-uniform inclusion its influence can be disregarded if

LoAPd 1 max[Siy) S| o, (30)
P l r| hy 1+2dr min Sl(y) \V
where r — ‘y{ — d is the distance up to the edge of inclusion, 17 is the wave-

length in the uniform part of the near-surface layer:

e _2nV2 _ 2mj2h

Jops | opyS;

When @ —» 0, the contribution of the integral term into E. becomes
negligibly small, and hence we have E, — EY at all points of the earth surface.
Thus, the anomalies of E, develop in the interval S,, and they vanish at the
end of the interval S, or in passing to the interval h depending on the width of
the inhomogeneity.

Now we shall turn our attention to an analysis of magnetic
anomalies. From the relationships (27) and (28) we can easily derive formulas
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boough,stiG

-2 -08 -04 0 04 18 12

Fig. 4. Green function: h,/h, = 49: curves are digitized by 7¢/h,, where /¢ is the wavelength
in the uniform part of the near-surface layer

for Hy and H, on the earth surface:

) h +d
Hy(y) = HY + "2 [ E (v)[$ () SIK(v.y)dy (31
v (%) ey I O[S () - SE K (y,y) d: (31)
hy (4 @ e e e
Hoy= 2 (" L E ) [s0) SICydy. (32)
hy+h, ! ; 9y

where H;,V is the normal magnetic field, K is a function obtained by differen-
tiating the Green function:
tcost(y —y')dt

hy + hy b - (33)

K(yv.y)= [ —
(79 a  Jo hih,t® 4 (hy + hy)t (1 — o pg hy S5)

The function K, as the Green function, acts as a spatial filter. The higher
the frequency, the narrower the pass-band of this filter. At the beginning of
the interval S|, the contribution of the integral term to H, is rather small
and the anomalies of H, are weak. But they become stronger with decreasing
frequency, as the filter pass band increases, and the contribution of the integral
term grows (influence of excess current increases). The degree of field locality
in this case decreases. Anomalies of H, reach maximum at the end of the
interval S;. On passing on to interval h. the anomalies of H, rapidly decrease
and vanish because here E_ is proportional to » and the contribution of the
integral term is negligibly small. The same regularities are characteristic of
the anomalies of H. caused by the asymmetry of excess currents.

Thus, the anomalies of E,. H, H, are integral and depend on the fre-
quency. They vanish when o - 0. These properties are characteristic of
induction effects.
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For d <~ h,, we obtain the following estimates for the anomalies of I,

H, H.:
| Ex(y) — EY

| EY | h
| | r e 4
b d max 51 — 1| In |1+ - L [ll] } in interval S;
[A{)z hy | 8t 32xt \Vh,d
hy )
=
B i max 5: () T0 | | 1 2 [h—E]H in interval h
( 2 ] hy \ S5 i d) |
\ 1
max ‘ 1 (7) 1| In —— A in interval S,
H (y) }IN 'i | 2n [p2 hl
ST ‘
‘ - O 2 162 —h—g ax 51 () 1|In s in interval h EL
: I 22 by St I
hy
;e i
l h2 max L (y) In |1 + 1 l : ,}L ] in interval Sl
o : 7S] dy 32xt \Vh,d
| I}g)< L SRR [1 | 2[1 s 2] fot intevalh
3 [ﬁ 2 e St ‘ 5 as SSJ in interval k.
hy

We shall give an example of the estimates of the E, H,, H, anomalies .
Let the total conductivity of sedimentary cover vary from 1500 mhos at the
centre of a depression to 100 mhos at its edges. The depression width is 400 km.
The average thickness of sedimentary cover is 3 km. Maximum gradient of
S, is 10 mho/km. Conducting matter lies at a depth of 300 km. We shall
estimate the anomalies of diurnal variation. We have h; = 3 - 103> m, h, =
=3-10° m, d=2-10° m, 8; = 100 mhos, max S; = 1500 mbhos,
max|(dS,/dy)| = 10~2 mho/m, o = 27 - 10=% sec~'. Thus, wugh, max S, =
— 0.04, i.e. the diurnal variation belongs everywhere to the interval h. By
virtue of (34), we have

Beo) B | s | B =B o 20| g0
y g \ H'C‘r ; H‘PY
Therefore, the diurnal variation is almost not distorted.
Let us now show an exact calculation which illustrates the specific
features of induction effects. Figure 5 represents the amplitude and phase curves
of E., H, H, obtained in a model with rectangular inclusion of higher con-
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ductivity of = const [17]. The amplitude of E_ has a minimum over the
inclusion. In the interval S, the maxima of 'H,| are confined to the edges
of the inclusion. They are explained by the concentration of excess current
near the contacts, i.e. by the horizontal skin-effect. On passing over to the
interval h, the lateral maxima of [H,| vanish and a central maximum of |H,|
appears. Maxima of amplitude of H, are observed over the inclusion edges
where the asymmetry of excess currents is most pronounced. The anomaly of
E, decays and ultimately diminishes with decreasing frequency, whereas the
anomdhes of H,, H, increase in the interval S, and diminish in passing on to
interval h where the phase difference between H. and HY) approaches a value
of —mf2. '

Now we shall turn our attention once again to the relationships (28)
and (31), and determine the longitudinal impedance Z!! — B/ HL;

Recalling the properties of E,, H, we can take

in interval S

[
=1 S (y o) (35)
| 0wy (hy+hy) in interval b ,

where S, is the average total conductivity of the near-surface layer at a
frequency @. The lower the frequency, the wider the averaged zone. Thus,
we have

Sl(./) \Z . .
o | in interval S,
2101 = | Syl O ey (36)
12, () it fiveveal i

o, (v) 1in interval S,

(37)

0, (y) in interval h .

In interval S, the impedance Z' differs from Z, by a factor S,(v)/S,(v. o).
ie. it depends on the average total conductivity of the near-surface layer
which is a function of frequency. This integral dependence is responsible for
the deformation of the ascending branches of the pl-curves: o/l = p,. The
deviations of p' from p, reflect the horizontal variations of S,(y) in a smooth
form. The lateral influence of maxima (minima) of S, decrease (increase) the

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 11, 1976



470 M. N. BERDICHEVSKIY. V. T. DMITRIEV

value of p/'. Due to the induction effect, the MTS sounding develops not only
in a vertical direction, but also in a horizontal direction.

In interval h. the impedance Z' coincides with Z, in modulus. Therefore,
we have o = g, i.e. the descending branches of longitudinal MTS curves are
not distorted. The relationship typical of horizontally uniform layer in this

case is restored.

'y lixl ;
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1o L 150 5t [ei¥:]
I
100 — 5‘2:0"'2d - h.,
)2
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3
as b 60
45 E.d
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Qgol— 30
L5
50\/_
(08 —b-\.___-_
00—
") —
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[ 1
2 6 10 lylid 2 & 101yl /d
Fig. 5. Surface electromagnetic anomalies in a model with rectangular inclusion: hy/h, = 21,

d/h, — 8, olje¢ = 16: curves are digitized by A{/h,

Formal interpretation of longitudinal MTS curves allows determining
the true depth of the conducting basement o,: nonetheless, it may give false
ideas as regards the conductivity of the intermediate layer o.,.
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o

2:5102:5‘“?&6;'1?

Fig. 6. Longitudinal MTS curves in horst model: A{/h¢ = 0.05. h¢/k? = 20, d/ht = 1: curves
o' are digitized by |y |[[h¢: oj. oj are local curves

Figure 6 shows the longitudinal curves o/ in a horst model [16]. They are
good illustrations of the induction effect. The curves p/! obtained over the
horst have a deep minimum which reflects the lateral influence of a conduct-
ing zone bordering the horst. Formal interpretation of such curves creates
a false conducting layer beneath the horst. The curves ¢ obtained at a dis-
tance from the horst are slightly distorted.

All these results are generalized in Table TIT.

Three-dimenstonal structures

So far,only a limited number of problems have been solved. This part
of the distortion theory needs further development. All those effects already
discussed are also observed in three-dimensional situations. but they are less
strongly expressed. Moreover, several new galvanic effects appear as results
of field curvature. These effects can be reduced to flow-around (the current
flows around resisting structures) and to concentration (the current con-
centrates in conducting structures). MTS curves obtained in a model with
elliptical inclusion are shown in Figs 7 and 8 [10]. The anomalous field was
calculated by the formulas for direct current. If ol < of, the flow-around

10 Acta Geodaetica, Geophysica et Montanistica Acad. Sci. Hung. 11. 1976



472 M. N, BERDICHEVSKILY, V. I. DMITRIEV

effect is quite evident. Near the inclusion the tangential component of E
increases, whereas the normal component decreases. Therefore, the curve By
is shifted upward, and the curve o, downward. Over the inclusion both curves
are shifted to the right. For ¢} - of, concentration effect is exhibited. Near

Fig. 7. MTS curves in a three-dimensional model with elliptical inclusion; a/b = 2, oljot =
— 1/16, hy/h, = 20; ol, pf are local curves; A — over the inclusion, B — outside the inclusion
(x/b =0, |y|/b=1.5)

the inclusion the curve p,, is shifted downward, while the curve o, upward.

-
Owver the inclusion both cu}rves are shifted to the left. This rough model reveals
the most important characteristics of flow-around and concentration effects:
a) both effects are observed in intervals S, and interval h as well, b) they do
not vanish with decreasing frequency, ¢) they are attenuated at a distance
comparable with the major axis of the structure, d) formal interpretation of
MTS-curves distorted by flow-around and concentration effects gives rise to
false conducting layers and creates a false relief of the conducting basement,
e) in case of isometric structures, better results are given by the interpretation

of average MTS curves constructed, using one of the impedance tensor invari-
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Fig. 8. MTS curves in a three-dimensional model with elliptical inclusion; a/b = 2, ofjo¢ = 16,
hy/h, = 20; g}, o} are local curves; 4 — over the inclusion, B — outside the inclusion (x/b = 0,
¥ b = 13)
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Fig. 9. Average MTS curves in a three-dimensional model with elliptical inclusion; curves
have been calculated with the invariant 1/2 (Z,, — Z,); o{/of = 16, 1/16; observation site
y|/b = 1.5); curves are digitized by a/b; o] is local curve

is outside the inclusion (x/b = 0,
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ants (Fig. 9). Analysis of the model shows that the structure could be looked
upon as a quasi-two-dimensional one if its major axis is 10[S{/S{ -~ 1| times
greater than its minor axis. Magnetic anomalies in a model with round in-
clusion have been investigated by Asmour and Cmapman [2]. It should be
mentioned that in a model with arbitrary inhomogeneity of the near-surface
layer the magnetic anomalies are less than in the two-dimensional situation
obtained by infinite elongation of structures and thus they can be evaluated
with the help of the formula (34). In passing on to interval h these anomalies
decrease and vanish.

Influence of the spatial non-uniformity of the external field

Up to now. we have tacitly supposed the near-surface structures to be
local and not to extend out of the region where the external field could be
approximated by a plane wave. But if the structures are thousands of kilo-
metres long, the non-uniformity of the external field gets appreciable and the
Tiknonov — CaeNIARD model might disagree with the experimental results.
An excellent example of such a disagreement is the edge effect observed in
elongated depressions [10]. The depression serves as a channel for the current,
and the low frequency electrical field is polarized along its axis,reducing the
transversal impedance. The curves pt are deformed and shifted downward.
This effect is enhanced near the edges of the depression. The first theoretical
model of edge effect was proposed by OBukHOV and Sarovov [32].

%

Detailed analysis of surface effects is given in [26]. The influence of earth
surface relief is reviewed by DMITRIEV and Tavarrkivapze [22].

4. Diagnostics of surface effects

The more exhaustive the information on the structure of sedimentary
cover and the more complete the experimental data, the more reliable is the
solution of this problem.

In magnetotelluric sounding we generally compare the transversal and

longitudinal curves g,, reveal the contradictions in their formal interpretation,

iy
correlate the parameters obtained. investigate the dependence between the
characteristic points of MTS curves and the distance up to the inhomogeneities,
study the magnetic anomalies, make use of simplified estimates, and simulate
complicated situations. Such an analytical procedure gives a sufficiently
complete system of criteria for detecting the surface effects [6. 10].

If the MTS data show that the total conductivity of the sedimentary

cover and the depth of the deep conducting layer are in inverse dependence,
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we have every ground to suppose that this is due to the S-effect (Fig.10).
Another criterion for the S-effect is the weak dependence between the abscissas
of maxima of the MTS curves and the depths of the conducting layer.

g,ohm-m

&‘\333

600
10 |- 500
400
300

h=200 km
| |

10 100 i/T_,secw

Fig. 10. These MTS curves obtained in the northwestern part of the Russian platform
are in all probability distorted by S-effect

A false conducting layer. caused by the induction effect, is recognized
with the help of simplified estimates and trial models and by the following
visual criteria: 1. minima or inflexions of longitudinal curves vanish rapidly
as the distance from the depression increases, 2. there are no minima or in-
flexions on the transversal curves. If the minima or the inflexions of longi-
tudinal MTS curves remain on passing over to the central part of the depres-
sion, it might serve as an evidence in favour of the existence of a conducting
layer.

An instructive theoretical example is shown in Fig. 11. The transversal
and longitudinal MTS curves obtained over the two-dimensional horst are
represented. The curve ol is distorted by the S-effect: its descending branch
is shifted upward. The curve o' is distorted by the induction effect; it has
a false minimum caused by the lateral influence of the zones bordering the
horst. A comparison of the curves gt and p/l reveals both effects. By uniting
the ascending branch of the curve ¢! with the descending branch of oll, we
can construct an undistorted sounding curve.

The transversal and longitudinal MTS curves along the profile inter-
secting the Precaucasian down-warp are shown in Fig. 12 [6]. Formal inter-
pretation of these curves gives conflicting results. Judging by the curves gt,
the Earth’s crust contains a conducting laver subsiding towards the Caucasus.
There is no such a layer in the section constructed from the curves o!. Which
result is real? On approaching the Caucasus, the field E polarizes along the
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Fig. 11. MT5 curves for the middle of horst; h{]htl’ = 0.05, h&/h¢ = 20, d/h¢ = 2; of is
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Fig. 12. Geophysical section along the profile crossing the Precaucasian down-warp; 1, 2,3 —
surface of the Paleozoic basement: 1 — according to curves o', 2 — according to seismies,

3 — according to drilling
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down-warp, the ratio ol/p* increases, and the discrepancy between the curves
o/ and pt begins at higher frequencies. These symptoms clearly indicate that
the curves p'are distorted by the edge effect which generates a false conduct-
ing layer. Thus, we can rely only on the longitudinal MTS curves which deny
the existence of a conducting layer in the Earth’s crust. It remains only to
add that the depths of the Paleozoic basement determined with the help of
the curves ¢/l are in satisfactory agreement with seismic sounding data.

Diagnostics of magnetic anomalies is based a) on comparison with MTS
curves, b) on a study of the phase relationship, ¢) on calculation of models
which approximate the sedimentary cover.

5. Elimination of surface effects

Correction of magnetovariation data by model calculation is well- known
[41, 38]. Therefore, we shall confine ourselves to a consideration of the methods
based on the separation of weakly distorted situations and integral trans-
formation of fields.

Separation of slightly distorted situations

This method is widely applied in magnetotelluric sounding in regions
with quasi-two-dimensional structures of the sedimentary cover. The fact that
longitudinal MTS curves are slightly distorted by the S-effect is used as a
criterion for quasi-two-dimensionality. Under these conditions the low-
frequency branches of the curves o give sufficiently reliable information on
the deep geoelectrical section. The transversal and longitudinal MTS curves
obtained in the South-Caspian depression are shown in Fig. 13 [5]. The surface

", ohm-m g4, ohm-m

S
102 - = 107
(LR . 107
109 _| 100

- :
10 102 10! 102
VT (sec'?) VT (sec'’?)
(a) (b)

Fig. 13. MTS curves for the South Caspian depression: a — longitudinal curves, b — trans-
versal curves
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effects completely disorganize the curves pl, but the curves o' at the same
time are only slightly distorted. They are in good agreement and reflect the
conducting layer at a depth from 40 to 60 km. Thus, the elimination of surface
effects reduces 1o a selection of optimal polarization of the field.

In regions with three-dimensional structures of isometric form, we can
diminish the influence of flow-around and concentration effects by using
average MTS curves calculated with the help of one of the impedance tensor
invariants. In this case, elimination of surface effects reduces to a selection
of optimal representation for the sounding results.

Numerous examples of such an interpretation of MTS curves are given
in the works of ANisHCHENKO, DUBrOVsKIY, KovTUN, KrasNoBAEVA, PoSPEEV
CHERNYAVSKIY published in [26].

In an analysis of the magnetic anomalies, the effect of surface inhomo-
geneities can be greatly diminished by choosing a sufficiently low-frequency
field.

Integral transformation of the field

Zupanov and BERDICHEVSKIY proposed a method which permits one
to derive electromagnetic sounding curves free from the effect of the near-
surface layer [54, 55]. They used a plane model in which a non-uniform layer
with known o(x, ¥) and h, lies on a uniformly layered medium. Calculations
are divided into the following stages:

a) Fourier transformation of the field observed on the earth surface:

= (" |'Z H e ) ddy

‘ur o B e ) dxdy

o

-

b) continuation of the Fourier transforms h— to the lower surface of
the non-uniform layer with the help of the boundary conditions (13);
¢) determination of the normal impedance ZN by means of the continued
Fourier transforms h+:
(oy(,f}z;?
ahy + ph

The impedance ZV characterizes a uniformly layered medium lying

ZN = (38)

beneath the non-uniform layer. Such a normalization gives electromagnetic
sounding curves which reflect the average distribution of deep electrical con-
ductivity. This method is applicable if the structure of sedimentary cover is
known. It calls for observations over a vast area and entails loss of local
information.
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Another problem, which could be solved by an integral field transforma-
tion, lies in dividing the magnetic anomalies into surface and deep parts. This
method was suggested by BERDICHEVSKIY and Zupanov [8, 7]. Calculations
can be conducted only if the structures of sedimentary cover and normal
section of the Earth’s crust and upper mantle are known. For sake of simplic-

Gy =0
o]
. y
gy lyl  oh
T F4
R CTD
'
Gy= o=
(a)

Fig. 14. Two-dimensional model with a near-surface and deep inhomogeneities a) and’equiv-
alent normal model b); areas containing excess currents are hatched

ity, we shall examine a two-dimensional model shown in Fig. 14a. The electrical
conductivity of the near-surface layer varies with y. The intermediate layer
contains a deep inhomogeneity (). A perfect conductor lies beneath this layer.
The model is excited by the external current I°. The electromagnetic field has
the components K., H . H, and satisfies the equation:

I¢ 2< 0
rot H = o =F 0 <<z<h
o, =B + 1 h,<z<_h +h,

rot B = iwu,H z<hy + h,,

where I is the current in the near-surface layer, I' is the excess current
in the inhomogeneity (Q:
I =oE I ='(¢, — cO)E.

This model is equivalent to the normal model consisting of uniform
layers o5. o, and excited by current I + I¥ + I (Fig. 14b). Evidently, the
magnetic field H can be represented as the sum of H°, H® and H? excited
in the normal model by the currents I, I and I respectively. The part Ii
can be indentified as the normal field, the part I contains the contribution
of the near-surface layer, and the part H? describes the deep anomaly. Thus,
the separation of the magnetic anomaly, and its division into surface and deep
parts reduces to the determination of H® and "

The field I can be found from the Fourier transform:

. o - 4o -
= I g™ dy = . o Ee'™dy.

— @
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Indeed, by virtue of (13) and (38), we have

wph, h;chfh, + ihyshph,

ZN 5 = wnu() g g z ™ L]
[J’hy ﬁhy chph, — (jz -+ iph;) shph,

where Z" is the impedance of normal model, h* and h~ are Fourier trans-
forms of H® at the lower (z = h;) and upper (z = 0) surfaces of the layer o,.
We express h™ in terms of the magnetic potential uelflzg— 18y,

hy =ifu hy = —|B|u
Consequently,
N _ iy e fll
|IS‘ P!ﬁ\hl + I’J; ,,S% N (59)
uf3?
On the other hand
F _% thogh, ¥y = B — ioopipol . (40)

Equating (39) and (40), and solving the equation obtained for u, we find

_thuh, 1 — e~
=1t /

u = 5 J‘(
268 vy + |B] thvsh,
Hence
N L P
HS = — j Bue#¥dp HY — =5 J | 8| ue=t5¥df. (41)
i 2.77: J — Zn — o

The part HY is determined in a similar way. The method can be extended
to a many-layered model containing three-dimensional inhomogeneities.
Zapanov and BiLinskry analyzed the data for the profile intersecting the
Carpathian anomaly, and established that the deep anomaly for T = 1 hour
was at least twice greater than the surface anomaly.

Conclusions

In this review we have attempted to generalize the works dealing with
the surface effects. We conclude by emphasizing that only a joint interpreta-
tion of magnetotelluric and magnetovariation data could give satisfactory
solution of the surface effect problem which should be united with the inverse
problem. It seems that in this way the magnetotelluric and magnetovariation
methods would merge into a general method of deep electromagnetic studies
based on the analysis of frequency and spatial characteristics of different field
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components and impedances. A considerable progress has been made in this

field but many questions still await further elucidation. The main task is to

develop the technique for the interpretation of electromagnetic data in three-
dimensional situations.
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HMCKAYKEHHWE MAI'HUTHbBIX M 2JIEKTPUUECKMX TMOJIEH, BCJIEACTBUE
BIIM3KOBEPXHOCTHbBIX JIATEPAJIbHbIX HEOAHOPOJIHOCTEHN

M. H. BEPAMYEBCKMA — B. M. IMHUTPHUER
PE3IOME

ABTOPBI PACCMATPHBAIOT O00LLYI0 CTPATErHI0 MHTEPIPETALHH C YUETOM MOBEPNHOCTHBIX
apexToB u M3naraT peaynbratel, noayuennse B CCCP. CTaTbst COCTOMT M3 MATH yacTei, mocssi-
HWEHHBIX CJEAYIOIHM BOTIPOCAM:

@) CTPATETHH HMHTEPNPEeTALHH MAarHUTOTEJU1Y PHUECKHX M MArHHTOBAPHALHOHHBIX H3-
MepeHHil, §) MOACSHPOBAHMIO MOBEPXHOCTHLIX SEKTOB, 6) TEOPETHUECKOMY AHANM3Y ATHX
aierTOB, 2) HX AHATHOCTHKE, 0) YCTPAHEHHIO HCKAMKEHHH MoJIs.
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