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The a uthors consid er the ge nera l interp retatio n strategy which takes into account 
the surface effects li nd present some resul ts ob tained in thi s field in the U.S.S. R. The paper 
cons is t s of five sec tions di sc ll ssi ng the following ques tions: (.) s trategy for interpretat ion 
of mag ne totelluric and ma gnetov ariation data, b) simulat ion of surface effec t s, c) t heoretica l 
anal ysis of these effec ts, d) their dia g nos ti cs and p) elim ina t ion of field di s tortion. 

Introduction 

Ceo ph ysicis ts, when th ey bega n the fi-rst deep geologica] investigations, 
co uld hal·dl y imagine that th e distortion of electroma gnc ti c fieJel b y the nea r

s urface inh o moge ncities would give rise to sc ri o us diffi cu lti es. The optimism 
w hi ch pr('va ikd in the ear ly fifti es can be c lea rl y per ceived in thc papcr of 
CACN IA IlD [l'l]. But as years pa ssed by, it has h ecome ev id ent that the neal'

s urface laye r ("ol"lll ecl by th e sedim ents of co ntin ents and OCe31]ic waters might 
significantl y di s t.ort t.h c cJectTom agn etic f'il, ld s t.udi ed by magnetotelluric or 

magne'to variation Illf'thod s . . Ma gnetot(,lIuri c so undin g cani ce! out at different 
J"('ginn s of t h e' g lobe demons tr a ted a great d C'a l o f such di stortion s . Many geo

magn e ti c a no mali es d e tect ed in Europe a nd in Asia b y ma gnetovaria t ioll 
mc thod wc re found t. o be rath er of s urface than d ee p o ri gi n. All th csc fa c ts 

co mp l.' lI rd the- g('ophysici s ts to rej(~ct til e nai ve inte rprelaljon and to sear ch 
fo r mcthod s that wo uld accou nt fOl· th c s urface clTl'ctS. The rapid advance 

of thi s wo rk was du e to th e math c mati ca l ~lnd ph ysica l simulation of bori zontal
Iy inhomogf' ll eo us media. Many aspf'cts o f' this pToblern ha ve alread y bcen 
re\"jpwf'C1 in Edi nburgh (1972) and in OLLawa (1. 974). 1n thi s l"cview. therefore, 

,,·c s hall co nfin e ourselves to a co nsid eralion o f th e g (~ n e raJintcrpretatlo n 

s trat.egy whi ch accounts for the s urfa ce cffec ts: and prrsents somc rece nt results 
o btainnl in thi s fif'ld in th e U.S.S.H. 
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1. Strategy for the inteqnctalion of magnetotelluric 
and ll1agnctoval'iation data 

Had th e surface cffects been weak , in terpretation could h ave heclJ 

directly reduced to the solution of the in ver se proLle m: i .c . th e d etermination 

of di stribution of d eep c]cc u"Lcal conductivity. S uch a simple approach, un

fortunately, often leads to profound errors ca used by th e surfa ce effects. The 
NITS curves moe de form ed and their formal interpreta t ion using horizon t ally 
homogeneous models gives rise to false geoelectrical structures. Si milarl y , 

a false pi cture is obtained from magnctova riation data if the 8m"face anomalies 

arc Tcgarded as deep ones. Interpretation gets more complicat ed if th e surface 

effect s are taken into consideration. Prior to so lving the inverse problem, i t 

is essential to eliminate t he field distortions cr eate d by n car- surface inho mo

gen eities . If t h e structure of th e near-surface laye r is known, then it is possibl e 

to eliminate the influence of its inhomogen eity with the help of an integral 

transformation of the field. In thi s approach , however , a considerable amount 

oflocal info rmation is lost; moreover , errors ereep in because of th e inadequacy 

of the mod el. It would, therefore, be advantageous to combine integral field 

transform ations with preliminary diagnostics of the surface effects . This allows 

us to estimate the degree of th e influence of surface effects, to s ubstantiate 

the choice of the model, and to obtain fuller loca l information. Consequently, 

it would he natural to interpret th e magnetotelluric and magnetov ariation 

data according to a three-s tage scheme (Table I): 

diagnostics of surface effec ts, 

normalization of data, i.c. elimination of surface effects, 

solution of the inverse probl e m wi.th normali~ed data, i.e. determina

tion of the distribution of d ee p e lectrical conductivity. 

These three sta ges are so closely interconnected that they can be isolated 

only conditionally . 

The In a in prohlcm in the first s t age is to d e tect and t ypify the surfa ce 

effects. It ca ll s for a special theory stud yin g s urface e ffec t s in typical geo

logica l situations . Such a theol'Y based on the sim pl est models of inhomoge 

n cou s media exposes th e nature of surface effect s and gives methods for r ecogn iz

ing and classifying these ciTccts. S uccess in the practical app lication of such 

methods largely d ep ends on th e amount of exp erimental data a vailable. T h e 

results d erived are mainly qu a litative, ll evel'theless, t h ey can be refined b y 

approachin g the m odels to actual geological situations . This stage should g ive 

a clear id ea of the morphology of surface effe c ls and t he degree of their in

fluence. So m e geoph ysicists prefer to choo se straightway complex models 

which approximate the real situation. S uch an approach, howe ver , does not see m 

to he very fruitful a s it is hard to obtain a satisfactory agreement h etween cal

culation s and experimen ts without preliminary typification of surface effects. 

A cta GeodllNicll , G~ophJsicu et l\'1orltouistico Acud. Sci. Hung. 11 , 1976 
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Table L 

THE SCHEME FOR INTERPRETATION OF MAGNETOTELLURIC 
AND MAGNETOVARIATJON DATA 

Dlognosllcs of surface effects (by cntena of 

distortion theory) 

Normalization of data (eliminatIOn of surface 

effects) 

{alSepara t lan of shghtly distorted situa t ions. 

{bJ Model calculation ond correcllon. 

(c) Integral Iransformation of fi elds 

Solution of ,h, mverse prOblem with norma-

li zed data 

(a) ChOOSing on ae-!quote model. 

(b) Analytical continuation of fields 

449 

Th e second s tage co nsists III eliminating the fi eld dis tortions. Three 
different techniques can be recommended for t his purpose . Th e first is based 
on the u sc of criteria of dist ortion th eory and on the se paration of slightl y 
di storted si.tuat ions. Such a n approach is very effect ive in interpreting the 
magnetotelluric data for obtaining local informatioll. T he second is connected 
with the simulation of rea l situations a nd introduction of correctioLls into 
magnetotell uric a nd magnctov3riation data. The th ird uses in tegra l tra ns
formation s of f ields, th is is a ve ry attracti.ve Lechniqu e as it rea dil y yields 
t o form uli zation ::md gives a universa l solution to the problem. In th e sub
se quen t pages \\IC shall demon strate t hat t he spatial Fo urier fie ld analysis 
perm it s to ohtain electromagneti c sounding curves 'whi ch .He frf' e from the 
effect of near-surface inhomogen eities, and to divide t hc variable geoma gne tic 
fi eld anoma li es inLo sur fac(> an d d ee p parts. W e have a lready mentio ned the 
drawba cks of th is approach. ,Each t ec hniqu e suppl ements th e other. Th e 
success of in terp retatio n a s a who le large ly depend s on the exte nt to which 
t he sUI·face effects arc eliminated. 

Interpretat ion end s in t h e t hird stage which consists ill th e determ ination 
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of d eep electrical conductivity . The inverse problem is solved by choosing 

an adequate model. Of late, efforts are b eing diverted to'wards de veloping 

methods based on anal ytical continuation of fieJds. Thi s interesting topic, 
however, is b eyond t he scope of our r eview . 

2. Simulation of surface effects 

We shall examine three main p oints of this p.roblc m: 

1. selection of models for the external fi eld ; 

2. selection of moocls for the Earth; 

3. methods for studying the models. 

External fi.eld models 

T he models should approximate th e most signifj ca nt parl of the extern al 
electromagn e t.ic field of t he Earth . It is known that this field ha s E -toToidal 

and Ii-toroidaJ mod es . The contribution of the I-:1-~ toroid al mode to th e tan~ 

gential com pon ent s of the total field has been repeated ly considered in litera ~ 

t ure [25, 43\ 53, 4, 21]. This contribu t ion has bee n sh ow n to b e negligibly 

small, at least , in th e fre qu ency range used for the determination of the Earth 's 

electrical co ndu cti v ity . Con sequentl y, we h ave to examine only t h e induction 

action oft11e exteTllal fi eld represented b y the E~toroid a l mode. To approximate 

this field it is suffieienL Lo Lake a few aeti v(> harmonics of its spatia l spectrum. 

Best approx im atio n is obtained in the simul ation of world magnetic storm s 

and diurnal sola r v.uiation s for w hich th e spatial spectra h ave bee n inves tigated 

in great detail. Sp atial spectra of pulsaLions and b ays ha ve so far not been 

s Ludied to tha t exte n t. The co nfiguration of ex ternal field s of these vari ation s 

aTe hi ghly c hangea ble . T hey ca n , however: he consid ered in a limited domain , 

a nd thus t he EarL h's s phericity co uld be d isr egarded and the extCl"nal f ie ld 

a pprox imate d by a nOIl~uniform plan e wave l49]. Tf t he domain und er con ~ 

5idel'ation is s uffieie ntl y small , th e external fi e]d can h e r e presPllted as a u ni~ 

form plane wa vf'. T his s impl p a nd co n vp ni c n t model is known as t heTIKHO

NOV CAGNJAUD modrl [11,45: 46]. The feasibility of s uch a ll approximation 

has been di sp ute d for lon g [36, 50, 30, 42 , 37, 47]. T his prolon ged disc ussion . 

indeed, was vel'y fruiLful a s it lle Lennined t he limits of applicahiJi ty of t he 

TIKHONOV CAGN IAHD mod el. Th ese limits pro ve d to be so w id e that uniform 

plane waves bega n to h e use d for simulating th e local conductive a no m ali es 

in ,,",o1'1d magn etic storm s a nd in solar dillrna l variation s, 

Thus, t h e models for t he eX LernaJ fj e ld have to be chosen wi t h resp ect 

to t h e t y p e of variation s a nd the scale of n e al'~ sllTfa ce jnhom ogc ncity . Loca l 

effects arc satisfacto1'i] y simulated b y t h e TIKJ:JO NOV -CAGNIARD model. 

A el" G"od"c/icu , Geophysiw e! J/ourau ;,lica Acad. Sc i . r/ ""g . 11 , 1976 
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Nlodels oj the E arth 

In ord cl- to de velop a distortion th eory, we need a se ries of mod els that 
wouJd descrihe th e beha viour of th e electroma gnetic fi eld in t ypi cal geolog ica l 
situations. Such mod els have cogniti ve va lue . They co nsis t of a near-surface 
laye r containing elem entary s truc tures, and uniform layers fo r describing th e 
Ea rth 's crus t and upper mantle. The three-la yer mod el of th e ty pe " non-uni-
form near-surface la yer uniform inte rnH' diate layer o f high e r resis tiv ity 

perfec tly conductin g base m ent" is con sid ered as fundam en tal. S tructures fo r 
th e near-surfH ce layer arc chosen dependin g on the t y pe of effect s to be s tudied . 
Th e mode l of se mi sph cri cal ocean [1, 37] is an exampl e of g lobal stru cture. 
Structures of th e t y pe " bors t", "graben" . " inclin ed co nta ct". etc . simuhllC 
th e local effects [18, 27, 34, 10]. 

Investigation oj models 

Th e mathcl11Hti ca l and physical models are used fur s tudying tbe near
surfa ce effect s . Ma th ematical mod ellin g hHs been rapidl y developed in th e 
las t d ecade . Today, th e fo llowin g me th ods are applied in geoelectri eal in
ves ti gations: finite-difference m eth od . method of finite clements . proj ec tion 
m ethod , integr a l equation me thod , and asymptotic method. A wide class o f 
t wo-dim en sional problcm s has bee n th o roughly inves tigated , a nd the first 
three-dim ensional prob lems are bein g so lved at prese nt. Ph ys ical mod els, 
mos t ly three-d im ensiona l ones~ are bein g in ves tigated us in g liquid and solid 
media. Th e differcn ce m cthods and ph ys ica l simulation rn ethods ha ve b ee n 
reviewed in detail by JONES [28] , PnAus [34], Dosso [23] and WARD [51]. 
Intcgral equation , proj ection and asymptotic m ethods ha ve been trea ted less 
ex tensively and prcciscly these are th e me thods wc shall dea l with in thi s 
r eview. 

integra,l eqlwtion method 

This m eth od is ve r y conveni en t fo r cal culatin g simpl e twu-dim ension a l 
mod els which fo rm th e bH sis of di stortion thCOl'Y' \" e sha ll examine t wo 
a pproaches for deri vin g th e integra l equ a ti ons. 

In th e cla ssica l approach th e two-dim ensional boundary va lue problem 
is reduced to an in tegra l equation on th e tran sverse section of inhomogene
ity [29, 13, 51]. Let us considcr a three-la yer model in whi ch th e ncar-surface 
la yer contains H cylindrical inhomogen eity bounded by a contour C. Th e geom
etry of the mod el and its pHram et ers are shown in Fig. 1. TIH' magnetic 
p erm eabil it y is equal to fLo everywh ere. Th e contonr C di vid es th e pla ne y= 
into au outcr region (Qf! = Qo (air) + Q~ (near-surfa ce laye r) + Q'!. (interm ediate 
layer) + Q3 (perfec t co nductor) and a n inn er r egion Q~ (inhomoge neit y). T h l" 



452 M. N. BEHOJCHEVSK r V. V. I. DMITHIEV 

/~ "0 
QO Co 

L "f c£ ~C Qf 
C, 

", Q, 

0'3 :: c:c Q, C, 

Fig. 1. Two-dimensional model wi th horizontal cy lindrical inhomogeneilY 

boundaries of the layers are Co, C1 and C'!.. The sources of the E- or H-polarized 
field are distributed in Qo' The electromagnetic field can be described by th e 
function: 

{ 

EAM) 
F(M) = 

HAM) 

E -polarization 

H-polarization. 

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

1C [F(M)] I ~(M) ME Qo 

ME Q, + Q,. 

where J is the source density, JC is the Helmholtz operator: 

'Jr~n = II + i W f/oGm 

'JC~ = L1 + iwftoaf 
'J(~ = LI + i(»J.loo: 

J11 E Qm (11! = 0, 2) 
1\1 E Q~ 
MEQ;. 

The fUllctions .F and l ip' of /an are continuou s on t h e contour C and on the 

boundaries Co, CJ (n is the normal to the line of discontinuity of a and p = 1 
for E-polarization or p = a for II-polarization). On t h e boundary Cz the func
tion F sati sfie s the cond ition F = O (E-polarization) or aF/az= O (II-polariza 
tion) . 

We shall introduce the outer Green function Ce defined by the equation: 

~(~, [G'(M, M ') ] = 

1\1 ' E Q, 1\1 E Qo + QJ + Q2 In = 0, 1, 2 . 

On lhe boundaries Co and C1 lhe functions CC and l /p(aCe/az) are continuous~ 

and on th e boundary Cz the function Ce satisfies th e condition Ce = 0 (E
polarization) or aG'/az = 0 (Ii-polarization). 

ACla Geodacfica , Geop/,)"si"fl et Mont""i., ;"" A cad. Sc i . Hun!;. 11 , /976 
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Applying the Green theorem to th e r egions Q~ and Qe, we obtain 

iWl'o(er\ - ern f f , F;(M') G'(M, M') dqM' -
, Q, 

_ ~ [F;(M ' ) aG' (M, M') _ G'(M, M') aF;(M') 'I diM' = (1) 
:Yc unA1 ' unM ' . 

= (FO ;(M) ME Q\ 
ME Q' 

FN(M) + ~ [F' (M ') 8G' (M , M') 
:Y C on M' 

(
0 M EQI 

= F'(M) M EQ' 

_ G' (M, M ') 8F'(M')] dlMI = 
onM , 

(2) 

where Fi and Fe are th e f ields in the inner and outer regions of the near

s urface laye r and thcir limiting values on th e contour C, F N is the normal 
field in the n ear-surface layer. 

Multiplying th e first and second eq uations b y I jp1 and l/p~ respectively, 
and adding them , we obtain b y virtue of the boundary conditions on C a 
Fredholm integral equation of the second kind for th e inner field: 

ern r r ,F;(M' ) G'( M , M') dqM' + . JQ, 

+ (1 _ P;) ~ F;(M') 8G'(M, M') dIM' = P: F N(M) , 
PI :Yc on M Pl 

M EQ\ (3) 

and an integral representation for the outer field 111 terms of the inner fi eld : 

F'(M) = FN(M) + iwl'o P; (er'; - ern fl' F;(M' ) G' (M, M') dqM' + 
P I v Q~ 

( 4) 

For calculating the field , a n etwork is u sed to Teduce the i.ntegral equa

tion to a system of algebraic equations. If the dimension of inhomogeneity 
is not large, only a s mall number of cells is n eeded for studying a low-frequ ency 

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 m ethod. 

Aria Geooaerica, Geophp,''''a ct Monru nisrica Acurl. S.:i. 11 .. ,,&. 11 , 1976 
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Th e time gain is much more appreciable in the seco nd approach in which 

a two-dimensional boundary value problem is reduced to a syst em of integra l 
equation s on the inh omogeneity contour [31, 15]. W e iotrociu ce a n inn e r 
Green fun ction which in the en lire space sa tisfies the followin g equation: 

On appl yin g the Green theorem to th e region Q:' we obtain 

Adding th is result to equation (2) , by virtu e of the conditi ons on the contour 
C, we find that 

F' (M) = FN(M) + J, {F' (M' ) a[C' M. M') C;(M, M ' )] 
~c OH M' 

[
C' (M,M') P; C;(M.M,)]OF'(M')}dI M " M E Qf. (5) 

PI 0 1l M ' 

S uch an integral representation permits th e determination of th e field 

at any point in th e region Q~ using th e limi ting values of Fe and aFe/an given 
on t he contour C. These va lu es a rc found from the sys t em of integral equa
tion s. To deri ve the firs t equation , we shall take th e point M on til(' con
tour C: 

F' (1' '') _ ~ {F'( M ' ) a[C' (M. M ' ) - C;(Nr. M')] [C ( U ''' ' ) '" ' 1 .. , 1" 
c o n )\i\ ' 

- P; C;(M, M'l] aF'(M' )} dl,\\ ' = F N(M ), M EG. 
P I o n M' 

(6) 

The seco nd equation ca n be obta in ed by differentiating (5) along the normal 
to the conto ur C. The integral ill (5) contains the difference ill the potentials 
of simple layers with densities )' = a F'lan and v = (p i/p;)(a F'lon). The outer 
limitin g value of the normal derivative of the potential of a simple layer is 
given by 

Consequentl y, we have 

1 
v(M). M EG. 

2 

-} [1+ P;) of ' (M) _ ~ {F' (M' ) o'[C' (M, M') C;(M, M') ] 
.... PI an M ':Y c on.M o n M' 

_ a[C'(M. M ' ) - (p\lpi) C;(M, M ')] aF' (M') J di M' = OFN(M) M EG. (7) 
an M o n M" an M 

Ad" C~"d"~lica, GC<JI'I'y~I'c" ~ , M""'",,;slicu A Clld . i:ici. Hu "g. II , 19 i 6 



XEA K·SUIU'ACE LATE HA L 1i\ l iQ)IOCE'\E I'T I E::. 455 

Thu s, we obtain a sys t em of Fredholm integra l equations (6) a nd (7) of t he 
second kind. This method is better thHn that s ugges ted by PARRY [33] in 
whieh the boulld a r y v a lu e prob lem is redu ced to a s yst em of integt'o-differ
ential equations of the firs t kind. 

A wid e cla ss of two-dim ensional mod els were studied b y th ese methods 
a t th e Moscow S ta le Uni versity. Most instructi ve models are listed in Tabl e II . 
S pecial a lbums ha ve been publis hed containing th e th eoretical c UI'\-es cha rac
t erizin g various s urface effects. 

Th e integral equation m ethod could be s uccessfu ll y appli ed [or solvin g 
t hree-dim ensional problems of Hx issymm etric inbomogeneit y. E x amples of s uch 
cases h ave been published h y DMITRl E Y et al. [17] and T A BOnOVS KJ Y [44]. 
The poss ibilities of th e metllOd for solving general three- dim ens ional prob
lem s ha ve r ecentl y been demon s trated by 'VE IDELT [52]. 

Projection Inethods 

Th ese m ethod s arc ve ry effective for s tud ying th e H-polari ze d fi e ld [12. 
22]. W e take up the model s bo wn in Fi g . 1 a nd a ssum e that a o = 0 and U 1 

is a continuous fUll c tion of y:.:. The magnetic field Hx sa tisfi es t he homoge
neous equation : 

~e*[H,(M)] ~ div [~ad H AM) ] + iW/IOHAM ) ~ o. JIl E Q, + Q, 
. a(M ) 

and th e inhomogeneous boundary cond itions 

Hx Co = 110 = const 

aH x I ~ O 
0: C t 

~ aH~ ' I ~ ~ aH~' 
a 1 oz c , a'!. 0::; 

wh ere H o is doubl ed ex t ernal f ield . 

(8) 

(9) 

F or solvin g tbj s interior problem . we introdu ce the fun ctio n U = 
= Hx - if , wh ere Jj is a known fun ction satisfying the sa m e houn da ry 
conditions (9). T hi s fun ctio n U evidently sati sf ies th e inhomogeneou s equa 
t ion : 

~e · [U(M) ] ~ 1(111) ,"1 E QI + Q, 

a nd th e bomogcneolls boundary conditio ns 

U Ic.~ O au I ~ 0 
az Ie. 

wh ere I ~ - X · [f-lJ. 

~ au O) I ~ ~ au(') 
d 1 OZ C, a2 OZ c, 

(10) 

(11) 

9 At/u Ceoduel;t;u . GMplry,;cu el .\IOIIIUlli";tu Acoa . 6d. If"'''g. 11. 1976 
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Tobie [I. 

TWO-DIMENSIONAL MODELS STUDIED AT THE MOSCOW STATE 
UNIVERSITY 

(Results published in the Album of MTS curves tor hori zon tally 
noo -Uniform medIC) 

Aul h OJ 

Omlt riell. 
Kokotushkln 

Omltri ev. 
Kokotushkin 

Dmitriev. 
Kokotushkin 

Omltriev, 
Kokotushkln 

Oml trl e .... 
Kokotushkm 

Projection 
method 

Projection 
method 

PrOjection 
method 

Projection 
method 

Integral 
equation 
method 

'" 

H- polorl- Album,' 
zotlOn 1971 

H-polori- Alb utT\l 
zollon 1971 

H-polorl- Alburn1 
zallon 1971 

H-polon- AlburnJ 
zotion 1971 

E-pola rl- A lbum, 1 
zot lon 1971 

To find U we shall make usc of the approximate re presentation: 

N 

U(J\ll) "" UP/!) = ;E U,,(y) rp,, (;) , 
11 _ 1 

wh ere {Tn} is some basic orthogon a l sys t em of fUllctions satisfying the bound
ary cond iti ons (11), and On is th e projection of the function U. From th c 
co nditi on, min 11 ')"(* [0 ] f 11L

2
, which gives the best approximation , we 

obtain a sys tem of ordinary differential eq uations for Un' T his system is 

eas il y so lved by numerical m ethods. 
A simplifi ed modification is ca ll ed the met hod of transverse sections. 

In thi.s met hod : a model is divided into regions approxima ted by horizontall y 
layered structtues. In eac h region , t he so lution of t he differential equation 
fo r On con tain s two unknown constants. T hese constants arc determined from 
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Con: 01 laDle [I 

Om ltr lev Integral E -palarl- Album. 1 
<okotushkln ~ equat ion zotlon 1971 

method 

G2"0 

0'3 =0:> 

Zokhorov GI 1(51 10 \ Integral E-polar l - Album. 

(52 =0 eQuot lon za tlon 1972 
method 

"='3= .:0 

Omltr lev Integral H- polarl - Album. 2 
Kokotushkm ~ equation l otion 1972 

method 

", 
G) =en 

Omlln i'v 0, Integral H -polofl - Album. 2 
Kokotushl<ln 

~ 
equation lot ion 1972 
method 

U)= en 

Omllr lev Integral H-polafl- Album. 2 
Kokotushkm I ", equat ion lotion 1972 

m ethod 

", 
0'3 " en 

Omltrlev 0, Integral E-palarl- Album. 3 
Kokatushk ln L...JL..S equatIOn zat lon 1975 

method 
0'2" 0 

13'3"co 

a system oC algebraic eq uations deri ved from t he conju ga tion conditions at 
th e b oundaries of t be regions (these cond it ion s hold true on th e average) . The 
me th od ca n be easily extended to mode ls in whi ch t he near-surface layer has 
co nd lI cli vi t y di seo ntin nities . 

Thr- mod els calcu lated at the Moscow State University with the h elp 
of proj ec tion method s arc li sted in Table II. 

Asymptol.ic mel.hods 

In maoy deep geoelectl"ic pr oblem s we may co nfin e ourse lves to a study 
of thf' low-frequ ency asymptotics of th e fie ld. Thi s sim pliIies th e mathematical 
technique. Asym pt o tic method s have two di stin ct advantages: l. they diminish 
t he dim ensionali ty of t he problcm. i.c_ redu ce a t wo-dimensional problem to 

9' ..'lei" Geoonel ;Cd, Gool",)'~ j(u el M Q" I",,;S/;cu ..'1 (",1. Sci. H ung. 11, 1976 
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Coni of table " 

Omltrrev. Project ion H-peton- Album. , 
Kokotushkln ~ me thod zollon 1975 

°2=0 Integral E-polorl- Album. 
equation lotmn ,975 

el)= 00 method 

Dmltrlev, ~ Projection H-polofl- Album, S 
Tovartklladze method lotion 1975 

0'2=0 Integral E-polarl- Album, S 
equation zotlOl'l 1975 

eI) = 00 method 

Omllflev. ~ Projection H-polofl- A lbum. S 
Tavarlkllodze method zollon 1975 

°2=0 Integral E-polofl- A lbum, S 
equation zotlOn 1975 

G] = 00 me thod 

Dmltflev, ~ PrOjection H-polon- Album S 

'" Tovortkllodze 

~o 
method zatlon 1975 

0'3=0::> 

Dmltnev. ~ cr; ~ PrOjection H-poton- Album. S 
Tovorlklladze 

f method zollon 1975 
O'Z=O 

Omltrlev. ~ Integral E-po(ofl- Album. S 
Tavorlkllodze equat ion lotIOn 1975 

U 2-0 method 

a'3: co 

Dmllflev ~ , Integral E~polon~ Album. S 
Tovortkllodze 

ClFO 
equation zotlon 1975 
method 

G 3 = co 

a one·dimc nsional on e or a thrcc·dim eusional probl em to ~t t wo-dim ensional 
one; 2. th ey open up wa ys for de ri vin g anal yti cal so lutions and es timatf's . 

Approximate boundary cond iti on s for thin la yers li e at til(' base of t ill' 
a sy mptotic method s. Th ese conditions arc sufficiently exact if th e laye r thi ck~ 
n ess is far less than th e elec tro magnetic wa vel ength , and if th e la ye r COil· 

du cti vity shows slo w horizontal variations. 
Th(' first asymptotic solution was due to Pni c E [35 ] and S HE1 N~lANN [39]. 

Th e Pri ce Sheinmann condition s were derived from th e weU·known id eas 0 11 

t he di scontinuiti es of th e elec tromagnetic fi eld at th e surfa cc c urrent and 
doubl e la yer. This mcthod is wid ely used for describin g th e surface effect s. 
It. howeve r, disrega rd s the finite thickn ess of th e la ye r and th erefor e lea d:: 
to large crrors exaggerating th e surfa ce geomagneti c effec ts. 

Ac'u G~",jM l iC/l. Geopl')'~iw el JI""ln"isliro Ilrad . .'';~i. Hu ng.. II. 19;6 
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T I K H ON O V and D i\IlTHJE V [48] a nd D .MITRI EV [13] su ggested a modif ied 

m et hod which impro ved th e a ccuracy of simulation. This m ethod , probably, 
is not wid ely known and we would like to di scllss itin gr eatcr d ctail. As an 

exa m pic , let u S con sidcT a la yCl' of con s tant thi ckn ess h and variable con
d uc tivity a(x , y) . Exp a nding th e horizontal com ponents of th e field into 

a Tay lor series ! and r e taining onl y the fir st t erm , we can wri t e 

. ._ BfI;,y 
H x }' ~ H x v + h ---, ". Bz 

_ E- BE:;,y 
E x. v - x v T " ---, , ,. uz 

\\'h er e the plu s and minus signs d enote the lower and upper sid es of th e layer. 

Usin g t he :Maxwell equation s and substituting horizontal d erivatives for th e 
verti caJ d eri vati ves , we oLtain th e following approximate boundary conditions: 

w her e 

Ii lie- ~ E-,5 + _~ [8ZEy _ a
2 Ex ) 

x x ) . 0" aa IWflo x- :\' Y 

E 5 + __ h_ ( a'Ey _ O'E;: ) H; - fly ~ 
x iWflo BxBy By2 

x _. x = -- T - - - - - + UOflO hlly E'" E- () [( SHy OH;: )]. -
ax ax ay 

Ey ~ -;- [1' r BHy _ 811;: )] 
uy ax Ay 

E y 

5 = ah T = h/a. 

(12) 

Th ese conditions differ from those of PRICE and S HEI N MAN in the t erms 

p roportion al to 11" con sequently , the y account for th e finite thickness of the 

lay er, B y m ean s of thi s m ethod 'we can constru c t mod els consisting of several 
t hin layer s. The method can b e Teadily ex tended to a variable thickness layer 
as well [20]. W e s hall illustrate th e application of t his m ethod in the n ext 
secti on. 

D eveloping this method , BEROI Cl:lEVS KI Y and ZHDANOV [9] s umm ed up 
t he en t ire Tay lor series, and d erived the followin g approximate b oundary 
conditions for th e s pectra] d en sities of th e magnetic fi eld : 

V ' I i - i rxh-;- V II: = h;:ch(h ",2 + (F + sh(h ",' + (12 ) 
V"" + (12 

j ;: + i (1h-;

V",' + (12 
sh(hV",' + (12) 

h: = h-;-ch(hV",' + (12) + i "'h;: + (1h): sh(hV ",' + (12) , (13) 
V",, + (1' 

A d a Geodaclica , Geophp ica ef .\Jonlan;U;('"a A cud . Sci . IJu ng . 11. 1976 
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where h , j arc Fourier transform s of 11 and 1 = aE, IX and f3 arc the spatial 

frequencies at x and y respectivel y . These spectral conditions give satisfactory 

aCCUl'acy of modelling even under a rather l'apid v ariation of a [55]. 
With the help of the asymptotic m ethods we can quickly fill the gaps 

in t he distortion theory associated 'with th e three~dimensionaJ surface effects. 

Recently, DEBABOV ct a1. [24.] reported that the y bad elaborated a program 
fOT calculating the low-frequency electromagnetic field over near-s urface s truc

t ures of any shape. 

3. Theoretical analysis of surface effects 

Models of glob al cffect s connected with the action of ocea ns ha ve been 
examined in the monognlph by HIKITAKE [37] and in the r eview by AS HO U R 

[3]. Here we shall only deal with the local effects ca used b y the inhomogen eity 
of the sedimentary covcr of continents. These effect s can be classified into two 
groups: 1. galvanic effccts generated Ly excess charges, 2. induction effects 
caused by excess currents. 

Two-dimensiona.l structures 

We shall consider a two-dimens1onal model 1n which the upper layer 
contains a rectangular inhomogeneous inclusion of width 2 d (Fig. 2) Here 

a o = 0 <11(Y ) ~ I or Iy l ::2: d 

o:(y) Iy l S d 

0, <{ 0l(y) h 2 }> h i a:~ = =. 

0'0:0. 0 L: 
0' , ,,;(yl L cr' , h, 

- -2d-
h, 

Fig. 2. Two-dimensional model wit h rectangular incl usion 

The model is excited by a uniform plane wave. Following TIKITO NOV and 
D l\UTRIEV [48], we shall make u se of the asymptotic method based on the 
approximate boundary conditions (12). 

Acla Geooael;ca , Geoploysicfl el j\f""lu"iMic" Ac,,,l. Sci . H""g 1 1, 1976 
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Galvanic effects are exhibited in I-f-polarization , In this case, we have 

E {O, Ey , E ,) , I1 {H" 0, OJ . Applying the boundary conditions (12) to both 
the layers, we obtain a l'clationship between Ey and l1x at the earth surface : 

d'!. 
1', -d ., [SI (y) E y (y)) 

y-

wbere 

[1 - iw 1-'0 I., SI (y)) E y (y) = iWl-'o (l'1 + h,) H x(Y), 

(14) 

In studyin g the .T:T-polarized fi eld , we can put IIx = flo = co nst on the 
ea rth surface, where flo is the doubled external field. Thus E q. (14) is con 
verted into a differential equation for E y . It is more co n venient to redu ce 
this equation to an integral equation: 

E y (y) = . ' E (y') [S (y' ) T f+d 
2S I (y) i 1 - iw 1-'0 I., S: - d y I 

(15) 

whcre Z N is th e normal impedan ce, i. c. the impedance In th e absence of 
inhomogen eity: 

and 1:" is the galvanic parameter which s pecifics the degree of c urrcnt penetra
tion into the res is tive Jayer a 2 : 

1 V r1, 
T = Y 1', S1 = h i h: 01 . 

There are no anomalies of fIx in thi s model, whereas the anomalies of 
E y depend appreciabl y on 7: . All necessa ry estimates ca n be mad e usin g th e 
integral equation (15) . 

If T ----I'- 0, the co ntribution of the integra l term to E y is negli g ibly small. 
Therefore 

(16) 

tha t holds true iJ 

max I S, (y) Sf l (1 e- «/) < O.J. 
min S I (y) 

(17) 

This means the current flows over a nonuuiform la yer u l without penetrating 
into the layer u 2, 

Ada Cf'O(/"elie .. , Gr.oploJsicu tl .\1 ol1lC", i " j~a Acad. & i. Hung. 11 , 1976 
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Table HI. 

DISTORTIONS OF MTS - CURVES 

, 
ct,lyl : 

I 

G'3=0:> t 0'3= C%> 

locol section of hOrizontally 
Inhomogeneous model 

local hOrizontally 
homogeneous model 

(ocal curve -
91 ! 

5,= h1Gl 
h : ht *h z 

I! L...C-+-_'---+_-----,-'-_ Vr 
interval : Interval 

--1 51 f-- -----, n 

THE RELATION BET WEEN MTS- CURVES AND LOCAL 

CURvES 9" 

~ ,ntervol S ,nl@.vc l formei ',tid ,Melval " ,nto<p< t tat,on 
pOlcmal 'cn 

(S; )' 
H-polorizolion 91 [y) Sl ty) 91 (y) 

Th, descending folse structures 
9' (y) = The oscl'nd lng branch of 9'5 of conducting 

branch of 9" is distorted by bosement relief 
no' distorted galvanic S-effect moy arise 

2 

(~) (y) 
E-polorlZot!On S,(y.wl ~, , [y) 

The ascending 1alse conduct ing 
9-[Y)0 branch of If IS The descendmg loyers 

distorted by branch 01 f is moy af lse 
induction effect not distorted 

B y virtu e of (16) we IHl\"e 

E ( ,) - 5; EN 
y ) - 5 , (y) Y' 

where E~ is t he norma l eJcctrical field. H ence 

E y(Y) EN y 5' __ 1 __ - l. EN 
Y 51 (y) 

At/(, G('m/"'i'i.;u, G .. "p/'ys;n, ('/ \/onlrHlislicu Atnd. Sri. Hung. 11, 1976 
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1t is clear t ha t t h e anomalies of E y arc loca l and do no t depend on the frequency. 

T hese properties of the e lectrica l fir-ld are characteristic of g al vanic effects 

obsen -ed in the two-dimen sional ca se . 

Now we shall exam in e thc tran syer sal impedance: 

(20) 

For sake of co mparison ,,'c shall introduce the local imp edance (Tabl e III): 

(2 1 ) 

i.e. the impcdance of the horizontall y uniform model formed by extrapolation 

of the loca l section of th e observation site. The transycrsal curve (/ = 

= jZlf !m.uo i s di storted if it (JjlIers from the local curve (}, = IZ/I:l.! f.dflo' 
In onr model the local MTS Clll'yeS are composed of an ascending branch. 

w hich reflects the resistive laycr a :!, and a descending branch due to the COIl

ducting base m ent G;\. The fr equency interva ls of ascending and descending 

branches are called thf' interv al 51 and interva l It. The boundaries of th ese 

interva ls are found from the conditions : 

1_ 1_ 
I ZI(Y) I ~ l S,(y) 

l W!'o(h1 + h,) 

in1'erval 5 l 

inter val It . 

in interval 51 

in interval h . 

(22) 

(2 3) 

"\\;' e s hall now comparc Zl with Z ,. We have Zl = Z, outsid c the inclusion. 

H er e the MTS curves arc frec of distortions: gl = (h. Over th e inclusions, 

howe ver , we find an (,ntirely differ ent picture. Hme 

Con se quentl y, 

f
IZr(Y) 1 

IZ" ()) I ~ ~ IZ (. ) 1 
l s, (y) I Y 

in interval h . 
(24) 

in interval S1 

in intcrval It . 
(2 5) 

Aela CeQ,I"elic". G~oph)'sic" ~I JlIo"/(Ili i"iea A cad. Sci. Hu"g. ii , 1976 
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In interva l 5, th e impedance Z1 coincid es with Z / in modulus. Thus, we 
have th e sa me relati onship as in a horizonta ll y uniform mod e1. In this case 
gl = f!1' i.e . th e ascending branches of tran svcrsa l l\ITS curves are not distorted , 
and they defin e th e true distrihution of 51 ' 

In interval II. tbe impedance Z1 differs from Z / by a factm' Sf 'Sl(Y) ' i.c. 
it depends on S\(y), lh ough there is no such relationship in the horizontall y 

9' 
91 0 

/, 4 

6 

f-- L y 
'/ ,\ 

., thl I h1 /; 4.1 '\ 
f-- ','-1 I- fj II 2d 1\ 0'2,,0 h, 
f--

W- 7 9\ 4.25 
~ G3 = co -

I )( 

Ij '. \ I '. 4.5 

Ii II / II"" 
\ 

~ I\ 
III II / Ii"~! "\ rl I 1ft 

Ii / / 't 

10 

If/ V .I 
/ j 
'. {.' 

i"'" 'l-
1.0 

1.0 , 6 10 , 6 

Fig. 3. Transversal MTS cu r ve5 in horst model: !' , {I"~ = 0.1. 's./ II ~ = 20. d/hf = Ik curves gl 
a rc di g itized by I y :/h ~; !?!, g1 arc loca l c urves 

uniform model. \Ve shall call this ga lva nic effcc t tbe S-cffcct. It is a con
SC(lu cnce of th e fact that the rcsis tive la ye r G'l. hampers thc flow of current 
from hlyer 01 to layer 0:1' Tbe S-effect dis torts the descending branches of 
transversa l lVITS curves {! l # (21. The y shift upward if SI(Y) <' S~ , and down
ward if Sl(Y) ./ Si. A formal interpretation of suc h curves gives a false struc
ture to th e reli ef of the condu cting base ment. Fa lse dcprcssions corres pond 
to th e minima of 8 1, false elevations to th e max ima of SI ' 

Figurc 3 shows the transversal MTS cu rves obtained in a horst model [17]. 
Th e S -effcc t is quite obvious here. The deEce ndin g branches of curves e1 are 
shifted upwal'd r elative to thc descending bran ches of the loca l curves .gil and 
e; cal culated for a horizontally uniform model wit h upper layer thickness h ~ 

A CI" Gfi1(/ue/;ca, Gfi1ph.\,.ica r l MOI,/aflis l icu A ea,l. Sci. }f"" 8 ' 11, 1976 
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and h1, respectively_ For m al inteJ-pretation of the gl curves gives a false d epres
sion in th e relief of the conducting h asement. 

Thc factor S~/ Sl(Y) expresses max imum S-cffect characterist ic of smalJ T. 

For :large T , th e excess current penetrates into thc la yer a 2 , and t he S -cffeet 
is eonsidcrahly weakened . If 

max II d S, (y) j < 0.1 min T min S, (y) , 
d'y I 

(26) 

wh ere 

there is almost no S·effect (e i ?8 e, l. 
It is -worth while to give so me exa mples of cases -which satisfy cond i

tions (17) and (26) 
Example 1. The total co nducti vity of sedimentary covel' varies from 

500 mhos at th e elevation of the erysta11ine base ment to 1000 m ho s at its 
slopes. The width of elevation is 30 km. The Ear t h 's cr-u st and the upper mantIc 

have an average conductivity of 10 - 4 mbo/m. A good conducting matter is 
at a depth of200 km. Thus, we J~ave max 51 = 1000 mhos, min 51 = 500 mhos, 
a 2 = 10 - 4 mho/m, h 2 = 2 . 105 m , d = 1.5 . 104 m . These data satisfy th e 

conditi ons (17). Consequently, max imum S-effect is observed. 
Example 2. The total conducti vity of the se dimentary cover varies fro m 

300 mhos to 500 mhos . Maximum grad ient of 51 is 0.3 mho/km. The se di
mentary cover is in sulated {l'om the co nductin g mattel' of the Earth's crust 

by a 10 km thick layer . The mean co nductiv ity of this layer is 10-:1 mho/m. 

Thus, we ha vc max 51 = 500 mhos, min 51 = 300 mhos, max IdS1 ldYi = 

= 3 . 10- 4 mho/m, a'2 = 10- 3 mho/m , h 2 = 104. m. It is easy to verify that 

these data satisfy condit ion (26) . Co n sequt~ ntl y, th e re is a lmost no 5 -
effec t. 

Example 1 is typical of many regions of the globe, whereas exam pl e 
2 iUustrates an extr aordinary situation . We s hould note her e t hat the MTS 
curves a r e almost always distOl'ted b y the 5 -effect. 

Induction effects arc exhibited in E-polarization. In this case WP, ha ve 

E {Ex, 0, OJ, lI {O, H y , H , } . With th e help of t he approximate co ndition s (12) , 
we obtain a relationship h e tween Ex and H y on the earth s uI"face: 

where 

hi 1.2 d~x (;y) - [1 - iw 1-'0 I., S, (.Y)] Ex (y) = iw 1-'0 (I. , + ",) Hy (y), (27) 
Y 

.'lei .. Geo,/ .. elir .. , Geopil)'$iC" rl Munl,,,,i$lico Awd. Sci . H""g. 11 . 1976 
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This re lationship can 1)(, rcganJcd as the boundary co ndition of th e 

prob lem for Ex in air. On applying the G reen theorem to th e region :: ~ 0, 
lh(' problem is reduced to an integral ('q uat ion fo r Ex at :. - 0 : 

. '[+" E x(Y) = E(1-L ',Wl'o ," E , (y') [5 , (y') 
'1 ~ I :!. - (I 

Sn G(y,y')dy' , (28) 

where E r; is the !lonnal e lectrical f ie ld . and G is th e G reen function: 

G ( ') " , + 1.0 j'" Y •. Y = -
" 0 

COS , (y y') dt 
'----

", I. , ,' + (h, + I. ,) , + (1 iw 1'0 '" SD ' 
(2Y) 

which d escribes the indu ction influcllc(! of excess c urreul flowing in the n Ca r

s urface layer. 

T he Green function with th e pre-integral factor plays the role of a spalial 
filter whose sckctivity depends on freque ncy (Fig. 4) . Th e hi gher the frequen cy, 
the narrower th e filter pass-band. and hence the mort! exp n'sscu is th e loca lity of 

Ex. If at the b egi nning of the inter v al 51 we observe an e lectr ical field reflect in g 

an ayerage 51 in th e v icinity of th e ohservation point, then the r emote portions 

o f the ncar-s urfa ce la yer begin to affect with decrea sing freque n cy. TIl(' 
lateral influ ence of zones with hig he r 51 dimini s hes the val uc' of E x. The integ

ral equation (28) is an cffcctiv(' 1.001 for estimatin g th e lo n g-range action of 

inhomoge ne ity. \Ve s hall confin e ou rse lves to an est im ation for the inter val 5 J • 

Outside the no n-unifo rm inclu sion its influence ca n be disregarded if' 

1 (i.r l' d 1 ma x ! S,()') Sf . 
2,,3 - '- I " , 1 _ 2d , ---m'--i~n'-'S'-,'-{)-,-) ----'--'- < 0.1 (30) 

\\ here r = yJ - d is the di stan ce up to the edge of' inc lu sion , A1 is the wave

length in the uniform part of the n ca r-s urface la yer: 

2" V2 
l' Wl'oa'! 

2n l ~ 
!wl'oSi 

\Vh e n OJ """+ 0, th e contributio n of the integral Le rm into E x b eco mes 

negl igibly small , and hence we ha ve E x """+ E~ at al l points of the earth s urface. 

Thus, the anomali es of E x develop in t h e interval S" a nd they vani s h at the 

end of' thc intcrva l 5, or in passing to th e inter va l h d epending on the widt h o f 

the inhomogene ity . 

~ow we s haJl turn our attention to an anal ys is of magnetic 

a nomalies. From th e r ela tion ships (27) a nd (28) we ca n easily derive formula s 

AI"I" G~O""flit", Gtoph)$it .. .. I lIQnl .. "j$li~" A e",i. Sri . H,,,,/!. ii . 1976 



-l6i 

, 
\ 

~ 1 

- 1.2 -0.8 - D.t. o o. )8 
• .., 'y _y' 

- I"lj-hZ 

Fig . 4. Green funcLion: h~11z1 = 49 : cur ves a rc digitized by i.f/ili' whe re i.f is thc wavelcngth 
in the uniform pari of thc 1If':\r-surfacc la yer 

for fly and N ·: on th e ea rth surface: 

H (y) = H N -r-~ r " d E ( \.') [ 5 (Y') - 5f]K(y,y')dy' (31) y -' / -1- / .x., 1_ 
' I L:!. • -d 

5r]}C ()',y') dy' ~ (32) 

where 1-1;' is the normal magnetic fi e ld. K is a fun ction obtained b y diffcrell
tiatin g thc Gree n function: 

K (y,y') 
l eOS I(y y') dl 

"1 It , I' + ("1 + It,) I + (1 iw 1'0 ",51) 
(33) 

Th e function K , a s the Green function , acts as a spatial filter. The hi g her 
Lh e frequency, th e narrower the pa ss-band of this filt er. At the beginning of' 
the interval 51 ' the co ntribution of the integral t erm to fry is rather s m all 
a nd the anomal ies of H v arc weak . But th ey become s tronger with decreasing 
frequ ency, as the filt e r 1~i:1SS band in creases . and th e co ntribution of' the integ ral 
te rm grows (influ ence of excess current in creases). Th e degree of fi eld locality 
in thi s case decrea ses . Anoma li es of IIy reach maximum at the end of th r 
interval 5 J • On pass ing on to inter va l h. the anomali es of.l1y rapidly decrease 
and vanis h becau se h en~ Ex is proport.ional to (J) and th e contribution of t ht.· 
inLcgral term is negli g ibl y small. '1'h (' sam e regu lariti es art' e haractcris Li c o f 
thl' anomalies of H;: ca used by the asynun f'try of excess currents. 

Thus, th e a nomali es of E x, H Yl fl z a rc integral a nd depend on the frt'
qu cncy. They va nis h when (I) • O. T lll'se properties arc characteris ti c of 
induction cHeets . 

A~'" Good"cti~o. CCO/lh'SIell pI \/"",,,,,iJlittl Ar"d. Sti. I/""s . II. 19i6 
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For d < " 2' we obtain th e 

N y, N , : 
following estimates for the anomali es of Ex, 

1 

Ex (y) Er: 1 

Er: < 

r 
8n d max 

[Ar)' h, 
hI 

< 

I 
5 (y) I [ 1 [A' )'] --t- - 1 In 1 + 32:n'1 yi:d 

~.:!.... max I 51 (y) -11 In [1 + 2 r h, )'J 
[~)' h1 51 d 

h i 

in interval 8 1 

i ll interval h 

!
~ max I 51 (y) -11 In ~ }·f in inter val 51 
:n Sf 2" ji2 hi 

I 
N y (y) - H~ I < 16:n h, 1 5 , (y) I h, 

N N -- - max --- 1 10 - in interval h 

y l [~J h1 Sf hi 

(34) 

~!2 max I d 5, (y) l In [1 + _1_1' Af )'] 
n Sf dy 32n' Vh, d 

in interval St 

~~max l d5,(y) 110 [1 + 2(2- h, )'] 

[ Ai)' h , Sf dy n 5~ _ 
h, 

in interval h. 

We shall give an example of th e estimates o f the Ex, Hy, H z anomalies. 
Let the tota l conducti vity of sedim entary COVe l' val'y from 1500 mhos at the 
ce ntre of a depression to 100 mhos at its edges . The dCpTcssion wi dth is 400 km. 
T he average thickness of sedim entary co vcr is 3 km. Max:imum grad ient of 
5, is 10 mh o/km. COl1ductin'g matte r lies at n dep t h of 300 km. We sh a ll 
estimate th e a nomalics of diurnal va ri ation . Wc havc hi = 3 . 103 m , h 2 = 
= 3 . 105 Ill , d = 2 . 105 m~ S1 = 100 mhos, max S1 = 1500 mhos, 
maxl(d5, ldy) 1 = 10- 2 mho, ro , DJ = 2" ' 10- 5 sec- I Thus, w!-'oh, max 51 = 
= 0.04, i. c. th c diurn al variation bclongs eve l'ywhere to the interval h . By 
virtue of (3 .11) , we ha vc 

I 
Ex(Y) N E1 1 < 10- 2 

Ex 
_H--,y,-,(Y~)'-,-,-_H~~'-I < 10 - 1 

HN 
y 

Th cI·cfol'c, the diurnal variation is almos t not dis torted . 
Let us now show an exact ca lculatio n wbjch jlJustrates the specifi c 

rcatUl'CS or indu ction effec ts . Figure 5 represents t he am plitude and phase curves 
of E x., _Hy, H z obtaincd in a model withrec tanguJar inclusion of hig bcr COIl-
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ductivity a: = co nst [17]. The amp litu de of Ex has a minimum over the 
in clu sion . In the interval 5 1 the maxima of I R) arc confin ed to the edges 
of' the inclusion. They arc explained by the concentration of excess current 
uea r the contac ts, i_c. b y the horizontal skin-effect. On passing over to the 
interval It , the lateral maxima of IHyl va nish and a central maximum of IIfy! 
appears_ Maxima of amplitude of liz arf" obser ved over th e inclusion edges 
where th e asymmet ry of excess currents is most pronoun ced . The anomaly of 
Ex decays and ultimately diminishes with decreasing frequency, whereas the 
anomalies of l-1~ , )Iz increase in the in terval 51 and diminish in passing on to 
interval h where the phase differencc between 11;: and f'~ approaches a value 
of ,,/2 . 

Now we s hall turn our attention once again to th e rclationships (28) 
and (31) , and dete rmin e tbe longitudinal illlpedance Z ' = Ex/Hy. 

Recalling the properties of Ex, Ify we can take 

f_ 1 
IZ '(y)l= 1 5\ (y, w) 

In interval 5, 
(35) 

I w,uo (", +",) in interval h , 

where Sl is th e average total conductivity of the near-surface la yer at a 
frequ ency w. Th e lo·wer the frequency, the wider the averaged zone. Thus, 
we have 

f 
_Sdy) 12 , (y) 1 III inte rva l S\ 

IZII (y) I ~ s, (y, w) 

l iZ, (y) I ill illte rval h 

~ - e,(y) frs () -]" 
ell (y) = l ls \(y,W) 

in intcrva l 51 

I e, (y) in interval h . 

(36) 

(37) 

In inte r va l S\ the impedan ce 2 diffe rs from 2 \ by a facto\' SI(y)/5,(y, w), 
i.e. it depend s on the average tota l co nductivity of the ncar-surface laycr 
which is a fun ction of fl'cquency . This integral depend ence is responsib le for 
the deformation of the ascendin g bra nches of th e QII -c urves : ell #- Q/. Thf" 
deviations of e from eI reflect t he horizo ntal vari.ation s of 5 1(y) in a smooth 
form. The lateral infJucncc of maxima (minima) of 51 decrease (increase) the 

A~lu G~oduelira. Ccop"),sica e! \Io"r""i,'i~" Acad. Sci. H ung. 11 , 1976 
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\"a lue of (! . Du e t o lh e indu ctio n effect. til r MTS so un d in g tlC\ e lop5 not oul y 
in a verti ca l directi o n , but a lso ill a hOI"izonta l directio n . 

III intcn 'a l II . th e impedan ce Z coin cid es with Z / in m odulus. Th erefo re, 
we h ave f! = Qt' i.c. th e d esce ndin g bra ll c bcs of lo ngi t u d inal ]\'11'5 cu r ves a re 

lI o t disto rted . T he relat ion sh ip ty pica l of horj zo n l~dl y lIui fo rm laye r i ll tiLis 

ca;o:;c is r es to red. 

IE,I 
IE~ I ISO 

1O F------'=----
lOa 

50 
0.5 ~--__;'c;::5-Z 
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IHyl 
NI 
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lOa 
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1.0 

IH, I 
1.5 I H~ I 
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lOa 
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0.5 

L; 
-\ I G{ I , I ! h, 

I 2d -Uz "' 0 .... n, 
• 

G3 = 00 

erg lS.I 
IE~I '5 '5· 30 

lOa 

a· I 
IS 

·l.5° 

Qrg ~ 
GS· HN 

Y 

GS i5 

a· 

lOa 
-45 0 

• H 
erg -.!.. 

a· 

-90 0 

2 

HN 
Y 

30~ '5 -......., ~ 
50~ 

lOa ======= :50 

5 ;O lyl /d 

Fif!,. 5. S urface ciectroili ngnet ic a nOJ'na lic" i ll a mod el wit h rectangula r inclu-iou : II :! II , = 21, 
dl"l 8, a: /o~ 16: cur ves are dig itized by i·f /il l 

Fo rm al in ter preta ti on of lo ngitud ina l MT S cu n :es a ll ows dete rmining 
t he true de p t h of th e conducting b ase m en t 03 : no netheless. i t m ay g ive fa lse 
id eas as )'cga rds t he condu ctivity of t he interm edi ate la ye r o'!.. 
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Fig. 6. Longitudinal MTS c urves in hors t model: h{/hf = 0.05. h ~/h f = 20, d/hf = 1: c ur ves 
~/ are digitized by I y I/hf: ~{ _ ~ j are loea I cu r ves 

Figure 6 s hows th e longitudinal curves Q in a horst mod el [16]. They are 
good illustrations of the induction effect. The cur ves ~ II obtained over the 
horst ha ve a d ee p minimum which reflects the lateral influence of a conduct

ing zone bordering th e hors t. Formal interpretation of such curves creates 
a false conducting la yer beneath the horst. The curves Q obtained at a di s- 

tance from the horst are slightl y di storted. 
An these results are generalized in Table III. 

Three-di,m ensional structu.res 

So far, onl y a limited number of problems ha ve been solved. This part 
of the distortion theory needs furth er development. AU those effects already 
discussed are a lso observed in three-dimensional situations, but they are less 

strongly expressed. Moreover, several n ew galvanic effects appear as results 

of field CUT vatur c. These effects can he reduced t.o flow-around (the current 
flow s around resi sting structures) and to concentration (the current con

centrates in conducting structures). MTS curves obtained in a model with 
elliptical inclusion aTe shown in Fjgs 7 and 8 [10]. The anomalous field "\\"-[!S 

calculated h y the fOl'mula s for direct current. If a: < aL the flow -around 

10 Aero Gtodaelica , Gc"[,!,.,· .• ic,, r l /IIQ",,, ,,;slica AC<ld. Sci. Jlu"g. /1. 1976 
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effect is quite evident. Near the inclusion the tangential component of B 
increases, "\\·hereas the normal component d ecreases. Therefore, the curve f!xy 

is shifted up"\\·ard , and the curve eyx downward. Over the inclusion both curves 
are shifted to the right. For a~ _ .... af, concentration effect is exhibited. Ncar 

or h, 

0'2 : 0 h, 

G'J: <Z> 

A 
1!. ,-, 
9: " , , 

, , 9y~ ). i , , , , --. \ h; 9: \ 9~y , 

B 

Fig. 7. MTS cu:rvcs in a three·dimcnsional model wiLh ellipti ca l inclusion ; al b = 2, aVaf = 
= 1/ 16, 11 2/hl = 20; e:, ef arc local curves; A - over the inclusion , B - outs ide the inClusio n 

(xlb ~ 0, I y lib ~ l,5) 

the inclu sion th e cur ve (!xy is shifted downward , while th e curve f! yx upward. 
Over the inclusion both curves arc shifted to the left. This rough model reveals 
t he most important characteris tics of flow-around and concentration effects : 
a) both effects a re observed in intervals SI and interval It as well, b) they do 
no t van ish with decreasing frequ ency, c) they are attenuated at a distance 
comparable with the major axis of the s tructure, d) formal interpretation of 
MTS-curves distorted by flow-around and concentration effects gives risc to 
fal se conducting layers and creates a fals e relief of the conducting basement, 
e) in case of isometric structures, better results are given by the interpretation 
of average MTS curves constr ucted, using one of the impedance tensor invari-

Ada G~od(Acfie(A, Geopio:Y'iea III ;l1onl"n;,liea AC(I(I . Sc i. Hung. 11 , 1976 
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Fig. 8. MTS Curves in a tlnce-d imensional model with cll ipt ical inclusion; alb = 2, a{/at!) = 16, 
h z/h i = 20; 12' , Of arc loca l curves; A - over the inclu sion, B - outside thc inclusion (x b = O. 

y lib = 1.5) 
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Fig. 9. A ve ra ge MTS curve5 in a three-d imensional model with elliptica l inclusion; curves 
have been ca lculated wit h tbe inva riant 1/ 2 (Zxy - Zyx); a:/~ = 16, 1/ 16 ; observation site 
i5 outside the inclusion (x/b = 0, I)' lib = 1.5) ; cu rves are digitized by alb; (Ii is local curve 

10' Ado Geodo~r'c .. , C"<>phyl'c" er Munluni$l icQ. Acad. Sci. Hu ng. 11 , 1976 
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ants (Fig. 9). Analysis of th e model shows that the s tructure could h e look ed 
upon as a quasi- two-dim en sional on e if its major ax is is lO I SiI S~ ~.~ 1 1 t imes 

gr ca t cl' t han its minor axi s . Ma gn e tic a nomalj cs in a model with round in

clusion ha ve b een inves tigated by AS HO U R a nd CHAP i\I AN [2]. It should be 
m en t joned t hat in a model with arbitrary inhomogeneity of th e n ear- surface 

layer th e m agn e tic an omalies arc less th a n in t he two-dim e nsional situation 

ob t ain ed b y infinite elongation of stru ctures and thus t hey ca n be evaluated 
with the h e lp of th e formula (34) . In pass ing on t o inter val Ii th ese a nomali es 

d ecr ease and v anis h . 

lnfluence of the spatial non-uniformity of I.he external fi eld 

U p to now, ·we h ave t acitly supposed th e n car-s urface s tru c turcs to b e 

local and no t to ext e nd o ut of th e region wher e th e ext e rnal f ie ld could b e 

approximated b y a plan e wave . But if the s truc tures arc t housands of kil o

m e tres long, the non-uniformity of the ext ernal field get s appreciabl e a nd the 

TIKIJO NOV C AG NIAR D model might d isagree with th e ex perim cnta l res ults. 

An cxcellent exam pIc of s uch a disagr ee m e nt is th e edge e ffect obser ved in 

elonga ted d epression s [10]. Th e d e pression ser ves as a chann cl for th e cunent, 

and t h c low frequ ency e lectrical fi eld is polarized along its a x is, r educing the 

trallsvel'sal imp edance . T h e e m' ves e.l arc d c form ed and s hifted do wnward . 

This cffect is enhanccd nca r th e ed ges of the d epression. Th e first th e oTetica l 

m ode l o f ed ge e ffec t was propose d by OB UKHOY and SAFO NOY [3 2]. 

* 
D e tail ed analys is of surface effec t s is gi ven in [26]. The influen ce of ea rth 

s urface reli ef is r evie wed by D l\lITRIEV and T AVARTKILADZE [22]. 

4. Diagnostics of surface effects 

T he mOTe exhaust ive the information on th e s truc ture of sedim en t al' Y 

cover a nd the more complet e th e ex perim en t al data , th e m or e reliablc is th e 

solution of this p)'obl e m . 

In m agn e to telluric sounding we genera lly com p a r e th e trans ver sal and 

10ngitudina l c urv es ea. reveal th e contradictions in th eir formal in te rpl'ctation. 

correlate t he para m eter s obtained . in vestigate t h e d e p end en ce b e tween th e 

ch aracteris tic points of MTS curves and th e di stan ce up to the inhomogen eities. 

stud y the m a gne tic anomalies, m ak e u se of simplifi ed estimates, and simulate 

co mplicated situations . S uc h an a n a lyti cal procedure gi ves a s uffi cie ntl y 

com ple te sys te m of eritcrja for d e t ecting th e surface effects [6 , 10]. 
If the MTS data show that the t ota l conductivity of th e sedim entary 

cover and the d epth of the d eep conducting layer arc in inv erse d e pend e n ce. 

Acla GCOduClica , GcophJ"sica c/ Man/allis/lea Acad. Sci . H""g . 1(. 19i6 
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we ha ve every ground to suppose that this is due to th e S -effect (Fig_ 10). 
Another criterion for the S-effect is the wea k dependence uetween the abscissas 
£If maxima of the ~IITS curves and th e de pths of th e conducting laye r. 

9- ohm.m 

10 - , 
100 -

h: 200 kill 

10 100 Vf,sec ' (2 

Fie. 10. Thesc ~'lTS cur vcs obtained in th e nor th wes tern part o r the Hu ss ian platfo rm 
ilrc in all probab ili ty di s torted by S-efrecl 

A fal se co ndu ctin g la yer~ cau sed by tb e induction effec t, is recognjzed 
with the help of simplified estim a tes a nd trial models a nd by the follo win g 
visual criteria: L minima 01' infl exions of longitudinal curves vanish rapidly 
as the distan ce from the depression increases, 2·. thcrc a r C no minima or hi
fl exions on the tran sversal cur ves . If the minima or tb e inflexions of lon g i
tudinal MTS cur ves remain on pass in g over to the central part of the depres
sion , it might serve a s an evid ence in favo ur of the exis ten ce of a con ducting 
la ye r. 

An in s tru cti ve th eoretical exa rn pi c is shown ill Fig. 11. The transversa l 
a nd longitudina l MTS curves oblained OV01' the two-dim ensional horst a rc 
represcllted . Thc c ur ve e.l is distorted by the S -effcct: its dcscending branch 
is shifted upwa rd. The curve ell is di s torted by th e indu ction cffect ; it has 
a fa lse minimum ca used by tbc lateral influ ence of the zones bordering t he 
horst . A co mparison of the curves fl and ell reveals both effccts . By uniting 
th e ascendin g branch of th e curve e1 with the descending branch of ell , we 
can construct an undistorted sounding curve . 

Th e tran sve rsal and longitudin a l ~lTS curves alon g the profile inter
secting the Preca ucasian down-warp are shown in F ig. 12 [6]. Formal inter
preta tion of th ese C Uf\' f: S gives co nflictin g rcs ults . Jud ging by the curves e.l, 
the E arth's crus t co ntains a condu cting la )'er subs idin g towards thc Caucas us. 
TheTc is no such a layer in the section constructed frOID tbe curves ell . Which 
res ult is r eal? On approaching th e Cm.casus, the fi eld E polarizes along the 
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down~warp, the ratio e"/e.l increases, and the discrepancy be t ween the curves 

ell and e1 begins at higher frequencies. These symptom s clearly indicate that 

t he curves e1 are distorted by th e ed ge effect which generates a false conduc t ~ 

iug layer. Thus, we can rely on]y on t he longitudin a l MTS curves which deny 

the existence of a conducting Jayer in the Earth's crust. It r emains only to 
add that the d ep th s of the Paleozoic base men t d et ermin ed with the help of 

the curves ell are in satisfactory agreement with seismic so unding data. 
Diagnostics of magn etic anomalies is based a) on compariso n with MTS 

~UTves , b) on a stud y of the phase relationship, c) 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 m ethodi' 
based on the se par,ation of weakly distorted si tuations and integral trans

formation of fields. 

Separation of slightly distorted situations 

This m ethod is widely applied in magnetotelluric sounding In regions 

·with quasi~two~dimensional structures of the sedimentary cover. The fact that 
longitudin a l MTS curves are slightly distorted h y the S -effect is used as a 

criterion for quasi-two-dim ensionality . U nder these condition s the low
frequency branches of the cur ves ell give sufficiently reliable informatio n on 

the deep geoelcctrical section. The transversa l and longitudinal MTS curves 

ob tained in the South-Caspian depression are shown in Fig. 13 [5] . The surface 

10' -r--,---~------r---

10 ' +--+-;!;-/h 

'0' 
Vfrsec' 121 

(a) (b) 

Fig. 13. MTS cur ves for the South Caspian de press io n: a - lo ngitudill a l curves, b - trans· 
versal c urves 

Adu Ge<>d"elica , Ge<>physicu B! Monl""islicu Ac"d. Sci. 1·1""g. 11. 1976 
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('[fccts co m pl c tcl y disorganize th e ClUVCS e1 , but the curves fl at th e sam e 
tim e are onl y slightly di storted. They a rc in good agreem ent and r eflect the 
conducting layer at a depth [l'orn 40 to 60 km. Thus, the eJimination of surface 
(' ffcct s r cclucf>s to a selection of optima l polarization of the field. 

In r egions with three-dim ensiona l s tructllrcs of iso metri c form , we can 

tlirninish th e infJuence of flow-around and concentration effects by lI sing 

~lvcragc 1\11'5 ClUV CS calculated with th e h('l,p of on c of tb e impedance t e n sor 

in variants . In this caso, elimi.nation of s urfa ce effects reduces to a scJ('ction 

o f optimal representatio n for th e so undin g resu lts. 
Nume rou s examples of s uch an interpretation of MTS c urves arc given 

in the works of ANISHC J-l ENKO ~ D UBROVS KIY. KOVT UN, KRASNOBAEVA , P OS PEEY 

C H E R N YAVS KIY publi s hed in [26]. 
In an analysis of the magnetic anomalies, th e effect of surface inhol11o

gf' neities can be greatly dimini s lwd by c hoosing a s uffici entl y lo w-frequ ency 
field. 

Integra l transformat.ion of the f,:eld 

ZHDA NOV and BERDICHEVSK IY proposed a me thod whieh permits one 
t. o deri ve electromagn etic sounding cur ves free from the effect of th e near
surface layer [54, 55]. T hey use d a plan e model in which a non-uniform layer 
with known ul( x , y) and h i li es o n a uniformly la ye red medium. Cal culations 
a n"' di vidf'd into th e following s tages : 

0) Fourier tran sformation of th e fie ld observed on the earth surface: 

11- = J~ .r: lI- ei(ox flY) dxdy 

j J: J: U I E - ci(rs.x (3)') dxdy 

b) co ntinuation of the Fourier tran sform s 11 - to th e lo wer surface of 
the non-uniform layer with the help of th e boundary conditions (13); 

c) de termination of the no rmal impedance ZN by mean s of the cont inued 
Fou rier tran sform s 11 +: 

wp.o" ~ 

ex ltx + (ih; 
(38) 

Th e impedance ZN characterizes a uniforml y layered m edium lying 
beneath th e non-uniform la yer. Such a normalization gives e lectromagnctic 
so unding curves which reflect the average distribution of dee p electrica l COll

ducti vity. This me thod is appli cable if th e structure of sedimentary cover is 
knowJl. It caUs for observations over a vas t area and entail s loss of local 
information . 

At", CtOO"~lit". Groph)'lica d """'m,islim ... k"d . Sci. H ung. II. 19i6 
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Another problem , which could be sol ved by an integral field transforma

tion , lies in dividing the magn eti c anomalies into s urfa ce and deep parts _ T his 

method was su gges ted by BERDICHEVSKIY and ZHDANOV [8 , 7]. Calculations 

can Le conducted only if the str uctures of scdim entary coveT and normal 

sect.ion of thp Earth's cr us t and upper mantl e aTe known . For sake of simplic-

(~, 
~ 

(3'0 = 0 

Fi.g_ 14,. T\vo-dimcnsional model with a nea r- surface and deep inhomogeneities a) and:equi v
alent normal model b); areas co nt.aining excess currents are ha tch ed 

ity~ we sbalJ examine a two-dim e nsional mod el sh o '\vn in Fig. 14a. T he electri cal 

eondu ctiv ity of th e neaT-s urface la yer varies with y . The interm ediate layer 

co nta ins a deep inhomoge n eity Q. A p erfec t conductor lies b eneath this layer. 

Thc modcl is excited b y th e external current I f! . The electromagnetic field has 

the compon ents E x, fly, l-Iz and satisfi es the equation: 

{ 
l ' z s:: 0 

ro t 11 alE = JS o s:: z s:: hI 
a 2E = a~E + 1" hI s::: z s::: hI + h2 

z < hI + h" 

where JS is tb e ClllTcnt in th e near- su rfa ce layer , pI i s the excess current 

in the inhomoge neity Q: 

T his model is equi v alent to the normal model consisting of uniform 

layer s a~: a;l and excited by current r + JS + 1d (Fig. 14b). Evid entl y, t h e 

magnetic field 11 can be r eprese nted as the sum o f JJC : IF and U d excited 

in the normal model b y the e un-ents r , IS and pI l'esp ecti vely . The part lie 

ca n b e ind entifi ed as the normal fi e ld, th e part liS contain s the contribution 

of the ncar-surface layer, and th e part fl U describes the dee p anomaly. Thus, 

the separation of th e magnetic anomaly, and its divi sion into surface and d eep 

parts r educes to the determination of lIS and li d. 
The fi e ld JfS can be found from the Fourier transform : 

Act" G,'<>d"rti~". Ge"p/,ys iCfI et JH""tanisrica Ac,,,1 Sd. HunK. 11. 1976 
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Indeed, by virtue of (13) and (38), we have 

where ZN is the impedance of normal model, It + and h - arc Fourier trans

forms of 11' at the lower (z = h,) and upper (z = 0) surfaces of the layer "" 
We express Il - in terms of the magnetic potential ue IP lze- ifJy : 

h; = ifJIt h-; = - IfJ l u 
Consequently, 

ZN = iftow ____ e
l
_
P
_
I
"_',."._ 

I fJ I eIPI '" + ij- -,,_h_fJ_"_, 
x ufP 

(39) 

On th e otber hand 

(40) 

Equating (39) and (40) , and so lving t he equation obtained for u , we fioel 

Hence 

1 _ e- 2IPIIz, 
------c----c-c- J'; , 
v, + I fJ I thv,", 

HS -, - (41 ) 

The part J.,d is determined in a similar way. The method can he extended 
to a many-layered model containing three-dimensional inhomogeneities . 

ZHDANOV and BILINSKIY 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 sUTface effects. We conclude by emphasizing that only a joint interpreta

tion of magnetotelluric and magnetovariation data could give satisfactory 
solution of the surface ciIect problem which should be united with the inverse 

problem. It seems that in this way the magnetotelluric and magnetovariation 
methods \v-ould merge into a general method of deep electromagnetic studies 

based on the ana lysis of frequency and spatial charact eristics of different field 

Ae!" Gevdac!iea , Geophp iea el MOlllanisliea Acod. Sci. HUllg. 11 , L976 
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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 situa tions. 
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