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'iMaxwell's equations7at each point of a polar mesh q}th

variable grid spacings. ' . e

gsurfaceé_ These profiles are discussed in detail.

ABSTRACT

e l/!yg
4 p

The perturbations of alternating geomagnetic fields

of global dimensions by two- dimensional local structures is
- © kl

studied in a cyllndricah/ﬁo ordinate system. A general

fnumerical finite diffe nce’ technlque is applied to solve

Y )
.. Al
The proper size.and spacing of the mesh used for

A

'different conductivity conf(gurations is discussed with %

respect to the Gaugg Seidel iterative method which is used .

to solve ‘the finite difference equations. A !
Lk

-~

“Two symmetric models , one a ridge-likevstructure !

and the other a dyke, are studied for different oscillation

PS

periods of the source. A series. of‘sloping contacts with

L4 .

different slopes is investigated as well; " In the H-polariza:-

8
tion case the magnetic field and in the E- polarization the

\

_electric field s given over ‘the non- unifor&'region at

@

- different epochs ‘of the oscillation period Also, the

-

'electric and magnetic field components as well as’ the

apparent resistivify and the ratio of the vertical and -

v.horiiontal magnetic components are calculated along the

'

.
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" CH- PTER 1 INTRODUCTION - VLY e,
, . "I' . N \ . I . . . ..{\‘ l . 1
1.1 Historical Batkground B : A ,
- - N )
N o

. ' . - g a _ﬁ
) 5 ’ Many ‘studies have been made to detegmine the ' _

perturbatlons of"lternating e}ectromagnetic fields by

~ .
d1fferen?'geolog1cal cohflguratlons Some authors have

a

approached the problem analytlcally (d Erceville and Kunetz

1962° Weaver ‘1963' Blake 1970; ﬁeaveg and Thomson '1972" |
Ceyer 1972) while others have made analogue bdel measure—l

. ments CNeves 19574 Dosso 1966) Several studies have

- applied numerical methods to obtain sdlutf?ns for Maxwell':

equatlons. Sdne of the most often used of these’ latter

methods are. the finite difference technique (Neves l957;
P

Patrick and Bostlck,@1969 Jones and’Price 1970 f??in?slgjlb;

Jones ‘and - Pas@ge 1971; ?ascoe ‘and’ Jones 1972), ‘the . -

transhlssion line analogy (Madden and Thompson, 1965'

Wright 1969) and the finite element method (Coggon, 1971~ ‘ }/

. - , , r
Reddy ,and. Rankin, 1973) _ , IR .\

‘Since m&%y geological structures are\\f téo—,
dlmen51onal nature, such an approach to the geomagnetic b
1nduct1qn probdem has often been taken, and in most of

J— N

these works the Cartesian co=- ordinate system has been “used.

’

In some casesv eSpecially when sloping contact models are

'studied, it seems more reasonable to use a cylindrical

>

o E ,/«P/ o R AN : ' s
. ) »



’co+ordinate“system * beyer‘(1972) considered analyticafly a.
" . . R "

slobing cﬁ%tacu in tylindrical co-~ ordinates, but foﬁnd 1t

necess@ry to. assume that the ta/gential qpmponentlof ghe'

- ! [ k f"
magnetic field in the E~ polarlzation case is. constant all fg

L . o sF

aloug the surface . However as discussed by Jones and C o
Price (1970) this approximat&on is not adequate to describe

. \
. ] ~
.the true nature o% the fields: \ .

- - . 2

The finite element method us(ng trlangular meshes'

is one apoquimation to the slopiﬁg confdft\model Keddyﬁ‘,.

- ~

" and Rankin (1973) gave some general cfnclusions concerning'
AN

the electric and magnetic fieT% values along the surface for

’

sloping but becomes horizontal

a°cont%ct which is’ inttiallf

'However in their paper v 'y little detaiI/’& the mesh

reference to ‘a,purely 510ping=contact

T

It is reasonable‘%e approach the problem by applying/
the finite d fference method in a cylindrical ‘co~ ordlnate

system. jThi is suitable for a purely sloping contact and

* .

s can also be used for othe;amodels of interest

. . . . . . . co . ‘ EY

l.Z_YGeneral Outline'of the Study e .i.- R

- Th

'magnetic fie s associated with currents induced in the - {';

“lEarth bv given geomagnetic sources.d When limited axeas are

LY
» ! R

e roblem@ to determine the electric and ‘*\
. N
Z



“ See . . . J

concerned, the-Earth)can be treated as a‘semi-infinite'

rébmp051te conductor which may have horizontal 1ayers and

lateral inhomogeneities and has a plane surface. This_
local problem may be con51dered as a perturbation,problem-._s
(Price, l964). (;he.induced field is determined hy»the
local redistriﬁution of a current system of ' large dimensions.

This. global 1nduc1ng field is uniform and has th\“same

1nten31ty and form all over the region considefed In the

A
¢

' present study ‘the source field shows sinusoidal time

[N s

variation. o
The work of this thesis is ¢ ncerned with the
gf ;numerical solution of the perturgwaio roblem in cylindrical
- co ordina\ s vhere the conductivity configuration does not

change in the z direction This implies that the problem is

-
L

e - of two- dimensional nature and ‘a.polar mesh is. used Maxvell s

. equat19n3~are'501ve¢\it each gridpoint applying the fig&&e

diiference technique.lvThe method is general sSo. that the'~

PC

sloping contact as ‘well as other conductivity configurations

<

* may be studied. In parti%plar a b :ied ridge like upwelling
.(Figure 8) and a. dyke-like strurt Te (Figure 9) as. well as |
five different’floping contacts (Figure 10) are examined

Qf; 'herer The electric and magnecic field distributions withiu

.‘and outside the conducting region are studied as well as

the nature.'a the current flow associated with the inhomo—~’k

@ »: geneities for two polarization cases...



[ x4 oL -
© - ’

. '

The surface prof&les of the electric and magnetic
fields are of part1cular interest since the field components-

induced bg;ionospherlc and magnetospherlc sources may be

+

_measured above natural geological conflguratlons by the

.)‘

_‘magnetotellurlc and other methods. Large geologi?&%-structures»

'which ex1st naturally can be recogn1zed by comparing observed

,

/

data with computed electromagnetic_pefturbation~models;v

[2H o 1



e

CHAPTER 2 MATHEHATICAL FORHULATION OF THE/ELECTROHAGNETIC
, "PROBLEM IN A CYLINDRICAL CO—-ORDINATE SYSTEH ¢

2.1 'Basic Equations

~The co;ordinate eyStem is éhowh in Figure“l.

- Maxw li's_equations ere solved in this systen wnete the con%
ductlvity configuration and all field values are constant in
the z direction. _Since displacement eurrents may. be ignored
for the frequencies of the geomagnetic variations considered

(Lahiri and Price, 1939), Haxwell's‘equations-becone

(2.1)

(2.2)

curl

- curl

where it. is assnned that the'time factor‘for,all field
quantities is exp(imt).v'In electronagnetic units y = 1 and

k-

= Aﬁ,féhile-in MKS untts.u = 41 x ro*7-and-k.- N
e d . Ast and H ape independent of z, ‘the six equations -d

é\%XZ l) and (2.2) are\‘*‘ ' R AR -
L, e

B TR . @2-12)
‘QE? - R e f”‘ .‘ ‘

.5;_*-.?9uu¢; | . 5 {(2.1b)

i*figggl,- %‘gg_-_d_ toum, o o (2.1c)f.'_;
. : - - W
5



g

-

Figure 1 . The.cylindrical co-ordinate System.‘

o~

~

.Figure 2 An arbitrary part of the mesh surround1ng
o ‘ gridpoint '0'

.uu\ 3

-figure 3 The»locaiion of gridpoints near the surface.

Qi
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A ‘ ' ” l 3Hz ‘ ) ' ‘ X . :
o a'H'z . .
S wxen o e
d(rH ) ,BH
1= - 1 _r _. S )
- 5T r 3% kcE : - | ‘(Zﬂzc)

- ) ¥ [] -

Equatlons (2 lc), (2 2a) and (2.2b) . involve dnly

'Hz, E and E¢ and represent ;he H- polarlzation case, while
v“' .
equ7;ions (2. 1a), (2 1b) . and (2. 21) involve E R Ht.and H¢

+ and represent the E- polarization ase. These two sets of

o

equations can be solved independently.. The elimination of

N

. a

hEr and E¢ from'eqUation (2.1c) 'gives »
A g N
dH_ . 0°H R S
. 13_ .z .1_. . z . ' :
L 3cF 37 t 3 7= 1mukon‘ L (2.3)
! - r ad . : (g

~,for the H polarization case, while eliminating H and H,

¢
from equatLon (2. 2c) gives
&
. "2
- JE - 9%E Lo e :
3 1 3 ;0 z 1 . z : ’
; 31'( T ) +»? 3¢2 = 'iwl.ll.(O'Ez: . (2.,9/) .

Afor»the E—polarization case. ) | . B '

fIf F is used to‘represent H ,or Ez depending on the
.{caSe“being’consinered the same equation may be used for =
;eQQafinns 22 ") and (2 4) T ) : P 3

QVFsinzr- S (2.5



'where nz-z ukmo .
. Since the field quantity F = f + ig is a complex

number, equation (2.5) may be written as two equations

viE = - nZg '_ (2.5a)

'vzg =0 IR O (2.5b)

Equations (2, Sa) and" (2 5b) must be solved
simultaneously in all regions being considered In additionf

the boundary conditions have to- be satisfied.

%;2 'The NumericaliMethod N

r

-~

‘ ‘In the numerical method the conduptivity distribu--

~

tion is given over a two-dimensional polar mesh, whose'

-

radius s great enough to satisfy the external boundary

*‘-conditions.A An’ arbitrary part of this grid is . shown in

Figure (2. - f_ ' ‘ A h
Invthe present wdrk equations (2 5a) and (2 Sb)
are r placed by finite difference equations. Any point,.

 excep those along the external boundary, can be chosen as-

point 'o', From equations (2. Sa) and (2, Sb) we obtain_'
' o 2 S 9 o N .
oy f L ‘ : :
<a—§-> + %(g, + 1—2-(-3—%)‘ = - nzgo . (2.6a)
art o ‘0 “RY 3¢ 0 - :
22, liée’f‘-%i 2% 2. .,
o LG BT SR o (2.6D)
or< O 0 R 9¢~ O - ' S



Taylor's theorem is used to-obtain the cqrrespond-'

'ing finite‘differenee equations.

-

2

— e 9 f i y2
o o, . S - Y
of 9" £, 2 .
£, = f_ + (32 Ar, + %(—=) (Ar. ) + ...
2~ Yo T o T2 22l oo 2
, : "'2' N
f3 =,f0 + (8¢) A¢3 + 3(;;—)0(A¢ ) + .o
£ = £ - 25 ar 4 gfazf) (ar )2 ;- o
4. "0 . ‘dr o é P o - % _

@

[}

v There is a similar set of equations for- the g values.

If. higher order terms are neglected and finite
)

differences are substi;uted for the first derivatives,

¢

equations (2.6a) and (2.6b) cad be'vritten:

- Mg - ngy = Bify + B2f2 T Byfy + BE, (2.8a) ¢
o co 2¢ ‘ o : .
- o Ag‘O + n f ~ .glgl f Bzg2 +”B3g3 + 3434 (z,ﬂb)
" where S : _ : :
A= 1 ~ + 1 + = 1 1

(R?A¢i)2.‘ (Arz)z '(n,A¢3)2;, (1))

B O 1
I T * — (Fg= -
o (R.A¢I)2' 8?(A¢1f+,A¢3) A¢3 ' 4¢1‘




10 -

1 1 1 1 1

o B, = — + ( - -+ ) .
P S .? (Arz)z Ar2 + Ar&’ Ar4 Ar2 R*~
TR (R-89.) RO(8¢, + 24) 71

o ! LY 3' ”

, 1 1 1 1
B, = : + ( - -
4 (At4)2 .Arz + Arh ArZ‘ Ar4

The first. derivatives of functions f and g may be

. abproxinated by finite differences as above if they vary

-
-

'nearly linearly in the small distances concerned and the'

adjacent grid spacings do not differ from each other very much.

-
v

SR DT & | the present vork the Gauss Seidel iteraCion
-ethod is e-ployed wherein the most recent values of f and g
‘for the four nearest points surrounding point ‘o' are used in

each step of the iteration to determine the subsequent values'

of f and g for point ‘0’ (Smith, 1969)

2.3 Internal Boundary Conditions o ‘ B //

£

1;3.‘ Genera;ft

k Equations (2.8a) and'(2;8b) must.%e satisfied at

r

" point ‘0’ for each of the regions surrounding it. This means
that both (2 8a) ‘and (2 8b) represent four equations each

‘since there are four regions of different conductivity around

>

point '0°'. These equations in‘vhich‘the first;subScript,



refers to

indicates

< Af

A0
ff ' Ag 20

AB3p

Ag,,

40

.the conductive region while the

the grid point

are written

2
N1810 = Byfyy
2 v .
T
Ny8,0 = Bifyg
.4.fﬁxw .
20 |
N38309 = Byfq;

2
Nu840 = B1f,y
N1fi0 = B18y;

2 » .'— ) ) .
M2%20 = ByBa;
2
n.f 3183

"fa0 = B1841

11

.seeond subscript

£

(éLQa)‘

A

(2.9b)

A

'The underlined‘values are so-cailed 'fictitious values'

(Jones and Pascoe,

boundary conditions. .

2.3.2 H-polarization

1971) ‘and must be determined from the

Since'the'tangentiaIACOmponents'of E are continuous

N, sl
"

'across the boundaries of each conductivity region, the"'ﬁb-k

w

Ta, Ter

fictitious values of £ and g may be expregsed in- terms of




existing values.

The boundary conditions are

-

(E)

(),

-

(Ef)3

2

3
.-

|

o T B 3
N NN~ NN N

o}
&

=3
&N

'I

NN

12 10

3

3

10 14

3
"N

22 . 20

=3
NN

.20 24

|

W N

3
w W KN

3
(SN

Jl:
(W STENN XY

(F

—~
ry

and from equations (2.2a) and

21

20

30

* (E

1 ’/’ér)z o (Ey)y = (Ey,
; . S

¢'2 ~

-

2 = (Eydg

we obtain °

12
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jk
(2.95),

The fictitious values of F
. : . t ’
eliminated in equations'(2.9a) and
and g. =g » after~adding the two sets of
Sk - k : ac po
we‘obtaiﬁ/j

+ bgo

afy Toepfy oty ey,
agy - Pfo =<8, + c,8, + c3g3‘+
where .-,‘ .
: anz nz : ' 'n2 n2
- 4 =2 23 oy L 3,4 _ .
a = 4A + B, (-5 + - ?) + By (=5 + — 2)
N3 ny, ST, ny.
'nz' n2
R PR Tt S
W
N ) ‘
_ 2 e 2 2
= (?1 +\n2.+ n3 + qA) .
: .nz. nz
B (24 3, ooy i
¢ T B+ 5 +2)
n2on?z
3 4 4
€27 Bt 52
: My M
| nz n2>
S 1, 4
hz n2 *\\
U= g e 2 ' -
' Mg M3

Ik

+

13

+ 1ig may be

jk

" Since f .

jk ‘.f

equations separately

<

(2.11a)

- Lom
(2.11b)
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. b
3 , _— . ! v
I In the H—polarization case equations (@ 1la) and

k]

(2. llb) are solved simultaneously at each interior point of

the mesh for f and g

2.3.3 E-polarization

-~ The. continuity of the tangential components of H

‘across any interface presents the boundary condltions

| _\A\ | - \ ,
Yy =@, L (Bdy = (B, .
. ~ (2.12) |
3= By, s Ymy,
' | . |
and from equations (2;15)_and (Z{lbj.we obtain
F11 = Fio = Fpy ==Fyy 3
Flo = Fa3 = Fpo = Fpy AR SN
F31 .7 F30 = F41 = Fyp
P30 " Fa3 T Fuo - Ty "
) ﬂZ.lZa).
T, F1277 Fiq = Fup = Fyp
Flo ~ Flgﬁ‘ Fa0.7 Fas
F22 = Fpo = Fyp = Fyy <\
/ . . | 7‘
F20 = Faq = F3p = Fyy.



#

By substitution of the underlined fictitious values

from the boundary conditions into equatidhs (2 9a) and (2 9b)

b .

after adding we obtain a pair of equations

s I

: ' b _ L ' |
- ‘ Af, + 780 = Byfy e Byf, ¥ Bf 4+ B,f, (2.13a)

B

b Y
Ay - 181 +'B

0 fo + B,g, 383 7 B8, - o (2.13D)

qhere A} b_‘Bl’ BZ’ B3 anduBA-are as before.
N " In the E- polarization case the values o‘and go
\ . '
T at each interior point are d%termined from equations (2:13a)

and (2. 13b) using Cramer s Rule. . -

s

2.4 Boundary Conditions at the Surface

2.4.1 eH;polarization' v | o 4_1

In the H polarization case, it is seen froﬁ‘~

~ : J
equations (2.2a) and (Z‘Zb) that‘HX ii/tbnstAnt everywhere D

_/

S\_Hvouts“ide the conducting region. Since all components of H

. : ' v ’
'_Qare continuous across any interface, this implies that all

,\along the surface the value of H is constant and equal- to

Wi its value in the non- conducting upper half space.' The surface’

¢

1:;31 of the conducting region then becomes one of the external

boundaries for - the H-polarization case.’ Also, the,magnetic
field isvnormalized such‘that H = (1.0,‘0,0) isithe value
alougethis houndaryf' o |

e
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E~polarization
fher

2.4.2
- In_th@ E~polarization.case
. Prkce %?SO) pointed out

simple boundary condition for E
that the problem is completely determined if the two-dimen-
-J

sional half -space is con51dered as the limit of a three—
In this case the ratio of
t .

"inducing and induced fields

o dimensional SphericaI conductor
adius tends to

the(}angential components of the
dependent of .the conductivity as the
s as umed to be of the

.I’ 1
Since the inducing field 1

infinity.:
same intensitg\and form over the entire . mposite conductor
s
pproaching the external v
Af these extremities

is the same at the surface .a

.H
r . ,

boundaries (Jones and Price, 1970)
ist nearCZEro if the boundary is far enough

of the mesh H
from any- discontinu1tibs in51de the conductor near the
In this Tegion the fleld comfiguration may be

surf?ce
- ". . v

regarded as that of a uniform conducting half ~-space and the
N

(2.14)

solutton of equation (2 4% is

. . k : " - - - o

, o ' + S '

.;Ez = E emb(f'i~1 Nrsin ¢) "for 0° < P < 1809
° b . . .

: ), 2 v . , ,

R et P A | -

- where E. {isg the value of E at the surface.

R )

(Zula) we obtain the surface value of H
' = cos ¢ for ‘¢'= 0° ,‘1800 .

k! .
» ia'no correSpondingly

ES

From éqiiation

(2.15)

J
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S

As r tends to infinity the rldial component equals the total

//,//”/value of the magnetic field'along the surface and -

™

, - B H =H "=-<4H. ' (2.15a)

b 4 OR oL | v
- (4T ' ) —

where the indices R and L refer to the‘values at the'right
v,

’and left hand 31des of the model respectively. From‘equation

f(2 15) we obtain the boundary condition for E

,The values nR-and M are.determined by the conductivities at-

the. extremities of . the model just ih%ide the conduétor. iThe

S/

- h‘ﬁ-electromagnetic field is normalized such that E oL
is ‘taken for the comgutations. : - .* : 3'

In the E- polarization case the field values must

be talculated for the non- conducting half space as well as

=i . in the interior of-the conductor. ' Equation_(2.2c):indicates.

‘that Hg'is constant at the extremitles of the model near the

surface \in the'non-conducting region.g‘E; hereﬁcan be deter-

: mined from equations (2 15) and (2. la), since afl the tangen—.

( : *,:

tial components of E dre. continuous across any interface,

1 3,
r

+1 ”.
. 'that: is,‘ | : X . .,- _ . I >
R _ B (4 1+1 ' R

-_Ez.f‘Eofl il siny¢) ol (2.16b);f

2

(1.0, 0.0)

o cos ¢ - : ' 4'(2t16s)
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CHAPTER .3 GENERAL DISCUSSION.OF THE COMPUTATIONS

3.1 'Initial Values'for the Iteration

- In the H—polarizatlon case equations (2 1la and b)

" b

‘and in the E—polarizatlon case equations (2 13a and b) are
simultaneously solved for f- "and g applylng the Gauss Seidel
viteration hethod (Smith, 1969) The vay in which the 1n1t1al-
values of the unknonn quantitles are set over the mesh 1n—‘
fluences the number of 1terations necessary, to obtain the
final values If the initial values exhibit the expected
variations in the field configuration the process requires .
fewer iterations i |

In the H polarization case the 1n1tia1 field valués
: are set using the solution ofﬁequation (2.3) in a uniform
conducting half -space

1+1

2

nr sin ¢) . . (3.1)

‘-)‘_"/.,

'Ho is the normalized surface value and n refers to the’

¥ Hoexp (0

conducting region where the actualvgriﬂpoint is located;‘
‘be the point is on the boundary of regions of different

conductivities,.then the average value is used for % .'

. o
-~

There 1is also another vay to set the initial values. '
& o
: A

‘It is possible to use the appropriate n values in equation
-(3 1) only ‘at great distances from the discontinuities where

the field may-be’ regarded as uniform and to apply a linear

[

18 o ~
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y L7

'interpolation for n between the external boundaries in the

'rest of the conducting region. .A vertical contact model was

studied by setting the initial values in both vays. .The

number of 1terations using the latter set of 1nitial values

: 51gn1f1cant1y exceeded the number of iterations - using .the

‘actual values of N in each region. It 1S'apparent that the

'sudden changes 1n the field values mear  the vertical discon-

tinuity are smoothed by the linear approximation in n and 1t

takes longer to approach the real field configurationr .
Ln the E polarization case the initial field values'

are deéermined from equation (2 14) for the conducting half-

space and from equation (2.16b) for the non—conducting region.

"In equation (2.16b) the quantities n and E represent inter—
_polated values.’ A,linear change acruss the upper half of the

. grid is assumed for‘(n - n ) as vell as for (E - E ).

oR "ol
Similarly, as in the H polarization case there are

different ways to- set the initial values in the bottom half-\<
space by choosing n and E in equaerbn (2 14). Both of thenm
may be determined using a linear interpolation ‘as in the

non- conducting region. Also in the E-polarization a vertical
,(P'

gcontact model was examined by setting q%g initial f and g

values in different vays. The number of the iterations
P )

required to- approach the final values is the smallest when

the .actual n values are‘usedkin each grid point_and-there.is

e
o
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change.in E' at the discontinuity. The anplied Eo

corresponding to equation (2.15b) are *

E . = .1 for N =ny .(3.23),
n. S ,
Eo :.ﬁ_. - - for n o= nR B | (3.%b)
R . /.
" |
Co 1 + —
: Mg , . _
E = 2 at the‘discontinuity. . (3.2¢)

The iteration procedure takes con51derab1y longer when a
linear approximation is used either for n or E or for’both,
of them | |

" In other models the initial E valuesfare determined
vfrom equations (3 2a, b and c). Equation (3.2c) may_he used

_at every gridpoint where n does ot equal n.

L nor nR:.

3.2 The Grid

~
~ q

The meshes used for the two dlfferent polarlzatlon
‘vcases are illustrated inaFigure 4. The gr1dvspacings are

.variable so that the vflues A¢ (i =1 »m) and Arj(j =‘1 ,1)

may vary. Also, each region of the mesh can have materlal
of . different conductivity. To satisfy the boundary conditions
'there must not be. conductivity changes near the surface in

the outer Ar regions.‘ Furthermore, in th@ E-polarization-

(

Vo'

‘case 020 for 180° < & < 360° . B R

G e i ;
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, Al Ef;olarization - TN
SN : o

[Ar,

{ . B: H-polarization

' Figure 4  The meshes used. .



‘The distance from the origin to the external
. n '
boundaries (R = LI Ar)) is determined for -each model
max i=1 3
considering the skin depths and the conductivity configuration.

s

The skin depth is calculated for each ‘material in the model

| . .8 = /kUOw e o o (3.3)
* R h : The field values along the arc of. maximum radius do
e ' » .

not change during the iteration. procedure .Therefore, the'

& . e N
' 1nitial values of the iteration must be good approxlmations_
o

’{of the real field values there., ‘This implies that the:
';external boundary must be far enough from any lateral
inhomogeneities near the surface so that the f and g valuesv

>

along the boundary correspond to- those above a uniform

‘ conductor. Also ifjany non- horizontal discontinuity inter—
sects the external boundary of the mesh 4the distance of this
intersection point from the surface must be large enough.so -
4that the field values may be relatively small there. In

':tbe case of a uniform conducting half space the field values
‘are le;s than it five percent of the surface values in a’

"depth of three imes-the'skin depth. Thus, R ‘ is’chOSen
to~be'2»;.§,x sf depending on the geometrical distribution of
'the regions of different conductivities where s* is the skin
depth in the material of the highest resistivity in the con-

'ducting area ‘ " ' k l .ﬁ
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The grid spacings cannot be ‘chosen arbitrarily for

the following reasons:
\\/

(1) Some_restriction is set for the adjacent grid

spac1ngs in the rad1al as well as in the angular dlrectlon

/

by the fact that finlte d1fferences are used for the first
7

derivatlves.of themfield quantlties:in equations (2.6). This

implies that‘Ar4 must not dlffer from Ar very much and

2 .
51milarly, A¢ has to be nearly as large as A¢ (See‘Figure 2).

: . BN
(2) The radial distances Ar _and Ar4 may only‘

slightly differ from the lengths of the arcs RA¢ iand RA@‘
at each gridp01nt For example 1f the grid spacings along
the rad11 are generally much larger than the spacings along
vthe arcs, the iteration proceeds separately'to .a certaln

'extent for ‘each circle.» However, the iteration can be per—

formed correctly even if the ratio- of the radial and angular
grid spac1ngs cannot be chosen properly. - In equations (2.8a
and b) the points closest to the point regarded do not havev

2

to_be_used If the next neighbouring point is still in the

same conductiv1ty region, it is possible to take its value.

—

or to 'go even further away from point 'O' in Figure 2 if

the angular distance A¢ does not considerably increase.-v_

o

(3) Relatively smaller A¢ values have to be used
near the surface to obtain more correct H and Erfvalues

halong the surface (See section 3. 3). E : -
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It is not posgible to obtain a grid which £iTls all
the above requirements. It is.particularly'difficuit to
find thefpropér_ratio for the radius of the smallest arc to
the radius of'theaneXt arc.:‘If Ar is very small‘ a117the
Ad values should be relatively large to fill the second -
'requirement Also it is necessary to use a,great number of
radial grid spac1nés to :set R a¥ large enough sb that tne.

Q(ﬂ

first requirement is pot“violated In thls work Ar is

=

.In this

chosen to be at least three times as large as Ar n-1 °

way the F.value at the central point only slightly influences
1the'Va1ues.along the arc of smallest radius} The F value at
this uniquexb01nt of the polar grid is taken as the average-
of the values at the adJa\\nt points on the left and rlght-‘

hand side after each step of the iteration.

3,3{}Calculation of the Surface Values. o - vhiﬁy
'\ g; . The surface values of the electric components are

\
N

calculated using equations (2. Za) and (2 2b) in the
H- polapization .case, Substituting finlte differences for )

‘the derivatives wve obtain approximate values

oy (Arf) + (Ar8)2< o .
. - . o o : ' : : - " (3.4a)
.Phase (EO) A £




Phase (Er)‘

. | R : A 4 s : -
In this case E¢ =0 all_al%ngvthe surface since.Ho = (1.0,0.&)1 b
does not change there. ' L ' : e

. v . - . [ vo
In the E—polarlzation case the magnetic f1e1d values.

\ 7

a%ong the surface are determined from equations (2 la) - ané

(2\lb). Using flnlte differences again,_we,obtainj

\

(Arf) + (Arg? R

B g -_

Ampl (H ) = —~
S e e o . . .
S . L [ Gusay
LR R O & R
‘Phase'(H¢y = arccah- (—zfg)_' ‘ ‘ .

JEEY

_‘Sihﬂ$1WSES_taken forvA¢1 as 1if the_Carteeiah co~
.,ordinate'system vere used.
In the E—polarization case the. surface values must

be corrected by interpolation for. the point where the appro-'
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priate arc intersects the surface.‘ A linear intirpolation is

'used A region of: the mesh near the surface is shown in

'Figure 3 where - R S ‘ ‘ ) ' e

OPt = r - cos(A?llj
¢ ) " '-
- OP¢ = (OPA + OPZ)/2 o S (3.6a)
" OP, =r .

The finite differences used in equations (3.5a) and

(\\éb) are obtained for the f values

Aaf = fP3‘f fP R
) ' (3.6b)

"andgalmilarly for the g values.“ hf B S o

In the H-polarization no 1ntetpolation is necessary.'

.

'*'E: values are. determined atmpoint P by,us;ng’the values

of f and g at point P3 and at the surface‘

The calculation of the surface values from the.‘ e

'vfinite differences implies. the assumption that the fields S -

'change linearly downward within the‘c

;where n refers to the actual layer.

e

ue}or However, the

~

solution of equation (2.5) in any la

/ . .
'red cbnductor is of the
A oo e

form'

I'_‘_-‘D exp( j_nr sin #) + D, exp(v/—nr Fln ¢)‘ (3 Y

g, " C <
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a

If there is no vertical discontinuity near the
surface, the upper region of the conductlng half -space may
be treated as a layered conductor In a polar mesh'the'
uppermost layer is substltuted by the first: sectlon of A¢
next to the surface. The thickness of this layer decreases
as it approaches. the centre of e grid from the outer

rd

regions. At the central- p01nt it" becomes zero and the sub-
stitution is not acceptable. Near the extremities of the
' mesh more accurate results are "obtained for the surface values-

.vof H and E by u31ng the exponential approximation rather

cthan the linear one. From equation (3.7) we obtain‘

N

. ' o
'5_ = -ﬁ_rn(D - D) ‘ _ - (3.8)
where D, and ﬁ2 are determined from the field values at the
surface and‘along the radius just nnder‘theﬁsnrface-at a
: distance of r - sinA¢ - The value of n taken’here‘is'the:
'value of n corresponding to’ this section. Also
1 .Z , ' . ~
‘ : 3VE~‘
H = i - z.

r = Yor 39 'F3.9b)"
If the values of. A¢f and A¢g 1n equations (3. ab)

and (3 5b) are small more precise results may be chtained

-usingvthe'f and g values'at gridpoints that are not those

- B
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.resistivity is
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: ’ - - - . . l
nearest the surfhce. However, they must bel in a region of

[

the same cddductivity. In this case all H_ and’ E_ values are

'calculated from the F values along the radius with slope A¢

-

'when A¢ “is larger than A¢ Slmilarly, the surface values

of H¢ can be determined using greater Ar distances in

equation (3 Sa)

’Thevapparent resisi%vity values (Cagnlard 1953y

at the surface are calculated from: the values of E- and,H.

,ln the H~ polarization»case the currents flow perpendicularly

]

TP
wthe strike of the two dimensional model

T e_apparent

-l

k1 Tl LT o .
pr‘a a -u-)- (H—-) ) . | - (3.108)

In the E-polarization case the currents flow paralled to the

strike of the model and the observed resistivity 1s

, 2 : :
. k 1 z : - : : %

The surface values obtained from equations (3. 9a

and b)differ slightly from those obtained from equations

(3 4b) and (3.5b) respectively. The only exceptions are the

small slope models in- the E- polarization case (See Figure 10)

Figure 5 shows the amplitude and phase values of H .and the
.amplitudes of the apparent resistivity for the 310pes

‘tan uz = 0. 2 and tan a = ® .. The curves noted byestars-are

S .

-4
°
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The surface values of H and'p for the 8loping
contact models with tanra = 0z2 (curves 2) and
‘. tan a, = ® (curves 5) in “the E—polarization case.
The ci@rves marked with stars are calculated from .
. equation (3.5b), the curves without stars from
"equation (3. 9b). : : - :
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calculated'from equation (3.5b) while those without stars
ffrom equation (3 9b) The differences between the corres—

--ponding values increase at the extremities of the surface.

N

Near the central point the tw0 curves dev1ate frOm each other

>

for the smaller flope only. Curves‘2 and 2 'show, especiallyf

. ' O ”
for the apparent re31stivity, that the exponential approx1ma—

tion does not work as well ‘as the lﬂ.bar approx1mation f i

. fhis partigular model Over the model of the vertical %

contact, however, there .1s° no observable difference between -

N

: . *
curves 5 and 5 4in the gfntral region. In the H polarization

case the'E values for 1 slopes determined frOm unatlon

(3 9a) are agceptable ‘as well as the values fr&m %ﬁpation AN

(3.4b) " - ]
i o

e

. ; 'v ( o . -
3.4 "The Iteratiqn Procedure

~

As‘itiwas-méhtioned in sections 2-2 ayd\J l the
s

-

calculation ‘of . the(Lnknown field values employ the. Gauss-

" Seidel 1teration method After the initial values over thef’

. .

mesh are set, the iteration procedure continues until all

the differences between ‘the most recently calculatéd f and

go values in equations (2. lla and b) or (2.13a and b) and

-

the corresponding values from the Previous step of the

i».iteration are less than a given residual € - For.each‘model

i

L



v‘1s shown ‘in Figure 10 Afterward
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‘the value of ¢ is taken as 0.0001 ; This is 0. 01 percent
of the normalized f value at the surface on the left- hand

side of the model.
The point by point iteration proceeds in a clock’“

v1se direction around the arcs of the mesh beginning with

'the»outermost circle and_mov1ng,inward. ~Since in each step

of this procedurerthe most recent available values of f .and

.o

g are used at the four neighbouring points around the point

(3

regarded ‘some degree of asymmetry is shown by the final
fieldkvalues even if the conductivity configuration is

symmetrical (See section 4.3).

.« Such asymmetry is investigated for the sloping

contact models. In the H—polarization case the slopesv/}i

‘with tan a1'= 0.1 and tan ag = ® are studied. The slopes
~with tan a, = 0,2 and tan as = © are considered for the\-
E-polarization case. Initially the region of higher con-“ S

‘ductivity is placed on the right- -hand side of _the model as

Py

‘;his region is shifted to

the left hand side of the mesh. .i ese two configurations

'3 .

will.be referred to~as the original' and 'rmage model

reSpectiveiy. The standard cloo&wise direction for the
. ”:x’\

iterations around the arcs ofii%% mesh implies that in the
“\

;'two cases the. iteration proﬁ eds in the opposite_direction
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-with respect to the different positions of the better con-
ductor. The ‘radial direction of the 1teration is the same‘
for both models. L o ' e o

The finai_grid values at thé corresponding grid-

‘points of the tvo'configurations which are‘images of each-

- ot
-

-other deyiate from‘one another for each.slope. These
differences are much latger in the E polarization case than -
in the H—polarization case 81nce in the. latter case the

-iteretion proceeds‘over a mesh whose arcs are half‘circies
onlfe(See Figureth); The maxinum<differenees beteeen the.
field values obtained from the 'original"and the 'image>

configurations are observed in the central regions of the

o

) meshes.
‘ E-polerization‘ _H—polarieetion
Meximnn ditfetences in f: ”\#h” v |
small slope y ’ OQOQBé. ._ ' 0;9067“;7'
;vertical contact ,. ‘ 0.0090 "; , ’0;0026
:Mexinum'difrerences in g:' o
small élopé_ . Ao.ooazv . R 0.0004
-vertical contect ‘ ', _6.0034 “)’ b,OOl}

The relative differences in the f values near the
- TN .
surface are less than 0.04 percent of ‘the f-valnes-at the

-y



.corresponding points in the H- polarization case. and less than
1 percent in the E—polatization ‘case. The'relative'differ;
enc. : in’ the g values are much larger. Although'in'the
investigated cases they,are under l8 percent of the corres-
ponding g values\at the‘points'near the.surface;‘in other
cases this value may be exceeded since g values ‘are near'zero_
‘close to the surface |

The differences described above are negli@ible with
respect to the surface values of E in the H—polarization case . .
vand H 1n the H-polarization case. However ‘the surface‘values

A
of the other field components calculated over the original'

o

‘models exhibited in Figure 10 deviate from the corresponding

values determined for the 'image models ' For'the‘purpose,

}of comparison the profiles for the 'image" models are

'
e ~
. ¢ N .

A . . .

reversed in Figures 6 and 7.

Figure 6 shovs the surface values of the electric

P

fleld for the two slopes investigated in the R—polarization

case. The amplitude and phase valu of Er are calculated

from equation (3.9a) . Above the poor conductor and moving
A W o 4

toward the central point the curves determined from the two

different configurations deviate from each other -for both
slopes., |
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Figure 6 . The surface values of E for the sloping. contact
: models with tan a_ = 0.1 (curves 1) "and 'tan ., * @
(curves. 5) in thé‘H—pblarﬁzaﬁion_chse;? The - curves

‘ ‘marked with stars are determined from the 'image"

-. . model and the curves ﬁithout,stérs‘from the #
'original' model as explained in section 3.4.
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contact models with tanra - 0¢2 (curves. 2) and

tan .. = ® (curves .5) in the E—polarization case.
-The curves marked with stars are . determined from‘ 
.the-'image' model and the curves without stars from'
‘the original' model as’ explained in section 3.4.
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Figure 7fexhibits the surface values of the magnetic

”field components for the two slopes examined in the E-polari—

zation,case\\glhe amplitude and phase values of H and H, are

¢

calculated from equations (3 9b) and (3.5a) respectLvely.

The differences between the profiles determlned from the

A~ -

e

original"andvthewfimage 'models increase for the‘Hr’cOmpo-

(AN

A

nent:movinggtovarduthe cent:al polntvfrom'both sides. for

hot}r‘slopes;"Hr values‘determined from equation (3.5b) would

;f\ghoy the same,featufes._ The H¢ profiles differ only slightly

from'each other’ above the vertical contact, . but. there is some
‘ e

deviation between the curves from the different models for

the small slope”\g\pecially in the phase values. It is

apparent that the H¢ values change less when the direction
of . the iteration is changed around the arcs only, since they

are determined,f:om the fieldfvalues along the radii.



CHAPTER 4 .= RESULTS FROM THREE TWO-DIMENSIONAL MODELS

. 4.1 General besctiptibn of the'Results

The perturbationbprobleﬁ wasbstudied for three
different tﬁo—dimensionalvmodels QSiag the described method
in the cylindrical co—btdlnate system, vThe models are
'111ustrated id Figures 8, 9 and 10. The fitst two. models; -
'the ridge and the dyke, are symmetric vhile the five different
- slopes in the third model show asymmetric conductivity
'configurations e ’

Both H and E—polaAﬂzation cases are investigated ,”l
for each model ‘The mesh ed in the H—polarlzatlon |
corresponds to.the bottom palf of the mesh usedlin the
E;pqlarizatiOn‘for'each model. The grid spacings applied
-in the 1ndiv1dual cases are ‘presented in Table 1- 4 and villu
be. discussed later. |

' The field values are calculated throughout the

vhole region of the grid In;general
) : -

= (f +‘ig)'exp(1mt) D o (4fl)

vhere F = H- or F ='E depending .on the case being considered.

,The amplitude of: the field is determined at each gridpoint

h

Ampl(F) = J£2 + g2 (4.2)°

37



Figure 8 . The ridge model.’
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JFigute_S“. The’&jké‘modeli
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The amplitude distribution of the magnetic or p
elec}ric field depending on the polarization case 'is

presented over a limited region of the mesh where the

~

1nhomogeneities are located for each model .at each frequencv
f_investigated Accordlng to equation (2.1¢) in the“H-
polarization caSe the - contours of equal H represent the
lines of force of the electric field and’ consequently the

lines of current flow perpendicular to the strike of the

two—dimensional model In the E- polarization case equation
(2 2c) shows .that the contours,q\ equal E correspond to the
lines of force of the magnetic field. Also, after multi—'

plying by the conductivities of the corresponding regions of
. ‘ 5 k |
the model, these contours represent the ‘distribu ion of the

current dehsity flowing parallel to - the strike of the

structure

blsb' _ The instantaneous f1e1d values observed are
% .
calculated from equation (4 ‘1)

Fobs = Re[FI'f“f‘CQ%(wt)_' g sin(wt) e (4.3)

: W)t . .
MR . ' .o
. n .

4

e

'for‘each model the field configuration is presented for’
certain epochs of the first half of the oscillation period

T -Zn/w OVer a. region where the uniform source field is
mostly perturbed During the cycle the source field changes

direction. The configuration of . the 1nduced %lectric currents'
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is the Ssame at time t =0 as at’ t = T/2 except for the direp—
tion of the currents. During the second half -of the period
L
the currents flow in the direction opposite-td that of the

first half.

In the H polarlzatlon case the surface values of

the horlzontal elect;ic fieldDand the apparent Tesistivity ’7

from equation (3 10a) are presented. The profile of the
amplitude of P is 51m11ar to that Of Er since Hz is‘conStantl
along the surface. It is sufficientvto-exhibft onlyvthe ~
phase profile of E . In the E-polarization case the surface
:values of the electric field and the horizontal and vertical
magnetic components“are determineéik Also, the apparentv .
resistivity from equation (3. 10b) and the ratio of the two
v,magnetlc field components are presented.

1Since in the E-polarization case the electric field
and in the ‘H- polarization case the magnetic fleld is norma-"
lized, - the other field components calculated from these |

normalized E and H values: show relative values. The apparent

.re51stivitiesbrepresent real values.

‘ S - -y e
Theé computer programs work in‘electromagnetie

‘hwell as in MKS units., The calculations are done in HKS

3
.

units for each model ekcept for the dyke model

o

Er and H values are calculated using the linear

r 5 <

‘as well as the exponential approximation as explained in .

.o - ~
“
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| | A " . .
section 3.3, The values of D1 and D2 in ‘equation (3.8) are

determined from the F values along the surface and along the

-

radius whose vertical distance from the surface ﬁs r - sinA¢..
7here A¢ is 2 5 3.59 . Sincedmore‘correct surface values
are obtained from the exponential approx1mat10n in the outer
‘region of the mesh and the reSults'of the two.approximations.

"do not observably differ from each other near the central

point in most cases considered the profiles presented in

.~
1 Y

this chapter arerdetermined from equation (3 9a) or (3 9b)
depending on the polarization case. The only exceptlpnfls
the sloping cOntact model in the E polarization case as

discussed in section 3 3.

Each of the.profiles shows a ‘gap above the central
“vpoint of the mesh. There are CVo reasons for not retaining
the values there._ (1) The central point is 1n a spec1a1
position.i The.. field values there may be determined u51ng a
vCartesian co-ordinate system, However, these values usually
do‘not fit the corresponding profiles since they are calcu—
lated from gridpoints whose positions relative to the central
‘ point are quite different from the relation between the
"points of the polar mesh (2) The radiustgf the innermOSt
~arc is at least three times as larée as..the grid spac1ng

between this arc aﬁd the next one. . In this way the substi-

:tution of. finite differences in equations (2 6) is only approxi-

-
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/

mate for the points around the circle of smallest radius.

This may distort the field values over~an even larger region.
Ker Since other authors have published profiles in the
Cartesian co-ordinate system, the directions of the _Xs al(/'
band angular f1eld components are corrected here so that E
and H are directed to the right and H¢ downward all along

the surface.

r‘ v o i -

4.2 The Ridge Model

4.2.1 .General‘. °.

A rldge like model with resistivity IOOQm surrounded
by a material of lOQm as shown in Figure 8 is studied. The '
top of the structure’ at its center is at a depth ‘of 3. 3 km.
The perturbation problem is investigated for two different
oscillation perlods of the source 10 sec and 100'sec. The

skin depth in the covering layer is 5 03 km for the shorter

L
S ¢

period ‘and 15.92 km for the longer period The sets of‘

V4
'grid spacings used in the mesh are given im Table 1. The
radius of the outermost arc of the mesh is 68.7 kmffor the

10 sec period and 155. 3 km for the 100 sec patiod The

'_calculations are done in MKS units. ‘ ' h l )
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| _Table 1

. o b )
h\ Grid SpaCings-fqr the Ridge Model
f(The radial grid spacings are in kms from the central point
toward the external boundary, while the angular grid spacings
are in degrees in a clockwise direction beginning at the
surface the right-hand side of .the ‘model)

Vs

Ar set'foriT,= 10 ‘sec:

,35;’.1, .12, .14, .17, -2, .24, .28, .32, .37, <46, .55, .67,

-8, .95, 1.15, 1.43, 1.6, 1.8, 2.1, 2.4, 2.8, 3.2, 3.6, 4.

3,4,5,6,6,6,6,6,6,6,6;6,6, 6;f§,ﬂ6,'  ,: .
6, 6, 6, 6,6, 6,6, 6, 6, 6, 6, 6, 6, 5. 4. 3 oo
3, 4,5, 6, 6, 6, 6, 5, 6, 6, 6, 6, 6, 6, 6,

6, 6, 6, 6, 6, 6, 6, 6, 6, 6, 6,6, 5, &, 3
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. ! -
4.2.2 H-polarization - '
. , .

-

Figure 11 shows the‘amplitude contoursg of Hz for
both oscillation‘periods‘studied. It”can‘be seen.that the
currents are concentrated above the rfﬁge.- Inside the

lower conductivity structure the current lines spread

3 .
downvard. This tendency is better observed for the . shorteT
; _ “ /
wy oo

period since the skin depth is less.

The instantaneous field configurations for the lp

- ~ sec oscillation period are illustrated in Figure 13. At the
beginning of the period there are strongly curved negativ
/’ .

&urrent lines above the sloping sides of the ridge well /

~.
‘below the surface. During the first quarter of the)oscillatiOn'

period the currents penetrate deeper into the conductor. "The

>,

current lines near " the surface on the 1eft hand side become
‘séparated from those on the right hand side.i At the beginning
"of the second quarter-cycle the currents.are mainly concen- .
trated above the sides of the ridge in the better conductor.
During this quarter cyclr the curve( current lines move down- .
oard and decay and current of opposite directiOn increase
:near the surface;. | | s

'Figure 14 shows the surface values of the electric
field and the apparent resistivity. The profiles feature
'similar changes*for the two different oscillation periods.

However, th’increase in the E and, pr values toward' the

-,
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Figure 11

Ridge model,
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A

central point is larger for the longer reriod since a greater
- proportion of the currents penetrates into the region of |
I'higher re51stiv1ty. -There 1is a small dip: in the curves
"above the top of the ridge”forrboth,periods.' The marima
| areflocated"slightly nearer_the central point than the;top
edges,of the ridge.' These maxima occur at the places'where
- the density of the current'lines is greatest. Above the
middle of the ridge the E and correspondingly the p values
decrease since the higher conductivity layer is thicker there;
‘The profiles correspond to those of a unlform'field ounside

‘a. distance of 20 km from the center for the 10 sec period and

50 km for the 100 sec period

4;2;34E—polarization',

Figure 12 shows the amplitude contours. of E ;forb
both oscillation periods studied It is apparent for the
.shorter period that ‘the density of. the currents flowing
perpendicularly to the plane considered is much higher above
the slopes of the ridge than inside it, especially when the"
different conductivities are taken into account.

The instantaneous field values at eightﬂsuccessive

‘.epochs during half of the cycle are presented in Figures 15

*.and 16 for the 10 sec. oscillation period : At the end of the

'first quarter of the periOd the region of maximum current
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v density lies directly above the ridge. During the second

quarter of the period this current concentra&%ﬁh div1de5‘\
/ ] \\

into tvo parts and separate curfent wedges are formed”' R
£ P l .

above the slopes of the structure. These current concen—

t

trations -ove dovnward and decrease in 1ntensity with time

while the field 1ncreases in the opp051te d1rect10n near the
surface. E - L o .

-

Figures 17'and.18 e %hit the surface values of

the fields. The electric field values 1ncrease above theo

ridge. The naxinum is flat and narrow for the&shorter
period. However, - for the longer period there ds a. d1p above
the top of the structure and the maxima are approx1mate1y
above the edges of the ridge. In this latter case the

“currents pPenetrate more deeply into the-higher resistivity'

: region. There are large maxima in the H values on each

¢

side ‘of the stpucture for both periods, but these occur
‘farther fron the center of the structure for the longer

-period since the skin depth 1is larger. 'Alsq) for the
’ 4

lgnger period some snall secondary maxima appear near the

is zero .

¢

labove the middle of the structure and changes sign there.

central point , Since the ridge is symmetrlc,'Hh

Furthernore,.the anplitudes of B decrease smoothly approach—‘b
ing the central point and the apparent res1st1vity profiles,t

" show sinilar features to E .' The'curves of the ratio of the

e
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magnetic. components are similar‘to those of H¢ ‘The apparent
Q
re51st1v1ty profiles correspond to those of a uniform field
. )

out51de a distance of about 30 km from the center for the

shorter period and 70 km for the longer period This 1mp11es'
" .

that the rldge affects the field configuration in a larger

region. in the E- polarization case than in the H- polarization.

4.3 The Dyke Model

4,31 "General - o o
' . : .
A dyke like structure with resistivity 40m buried

in a material of 100Qm. as shown in Figure 9 is investlgated
The “top of the 3. 8 km thick structure at its<&enter is at a
depth of . 4 km. The problem is studied for two different
‘-W*AascilLation periods. For the 10 sec period the skin depth
“ is 15 9 km in the poor conductor and 3. 2 km in the better
conductor. For the 40 sec periOd the %}in depths are 31 8
km and 6.4 km respectively. The griddspacings used. are
‘presented in Table 2 The redius of . the outermost arc of
;the ‘mesh.is 64.6. km for the shorter period and 109 9 fm for
the longer period . The calculetions arevdone in eleetro—
: ; : R

'magneticvunits where the resistivities,ere'é x lpllzemu'and'

v : ' - s Ho-
. 2
e . . :
v : -
. W . .
.

‘1013 emu,
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. Table 2

Grid Spacings for the Dyke Model.
(The radialvgrid spacings are in kms from the central point
" toward the external bounda Yy, while the,angular'grid'spacings

are in degrees in a clockwise direction bgginning at the
surface on the right-hand side of the model)

Ar'set'for T =210 seé:
: ~

=3, .1, .11, .13, .15, .18, .22, -27, .33, .41, .5, .6, .7

Atgset-fqr T = 40 sec:
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4.3.2 H—oolarizﬁ%ion

Figure 19 shows the amplitude contours of H for

both periods studied The effect of the dyke is greater for

/

“the shorter period 51nce the skin depth ‘is less and the. .~
current is denser in the region of ‘the strueture. 'Even for -
AY -,

the longerthiod the concentration of the current’ lines by
4

-the dyke whose conductivity is higher than that of thQ , .

surrounding material is observed

,;ﬁ"_ | The contours of - equal H at different epochs of

the 10*sec. oscillation period are exhibited in Figure 21.

] \
The curinlt lines are strongly . rerracted at the boundaries

of the- structure During the first quarter of the period-
\m

p051t1ve currents decrease and finally current vortties
.f"P?“ 25 ) :
E’* ) T
f;?m in the better conducting region During the secbnd :

My

P

- “?7 f' ! The surface values of - E and p in Figure 22 showv
.vgsvthe asymmetry which was discussed in section 3 4 This is-
’ . @ - N

.observed particularly f0r the longer oscillation period.
There is-a slight difference between the two periods in the

'apparent resistivity proﬂiles. Outside a distance of about

20 km from the center the effect of the dyke is not observed.

.-

._'Er and p values*show some increase above the structure for

3

”the longer period _Also minima are evident just above thev'

dyke. The distance between these minima is less than the

[
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M
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el
Fighré‘19., Dyke model, H—polarizatipn. Amplitude
' ' contours pf Ho . ' :
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contours of E ‘ o _

f
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S
{

F;gufe 21 Dyke model -polarization.‘ Contours of :
o : - equal- H at equal intervals of one- sixteenth
of the period (T = 10 sec)

. R
R . . .
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4,.3.3 Eepolarization

width of‘the top of the structure.i Since the vertical size
of the dyke exceeds the skin depth for the shorter periodl
the’currents penetrate'only slightly into the region of
hlgher re51st1v1ty belou the structure.;

i
|

°
‘Figure 20 exhibits the amplitude contours of E_
for both periods 1nvestigated For the shorter perlod the

current density is higher above and inside the buried dyke

,than at a corresponding depth in the surrounding poor con-

o

‘ductor farther away from the structure. For the longer4
{period the contours do not deviate greatly from a uniform:
'conQ}guration. Since the conductivity is 25 times higher
inside the structure than in the surrounding material i

s apparent that the current density increases inside the

o

avke. B

r The contours of equal E -at different epoch% of
the 10 .sec oscillation period are shown in Figure 23.A The

currents flowing parallel ‘to the strike of the dyke are

:concentrated inside the structure during the whole cycle.

The contours, which correspond to the lines of force of the

0

magnetic field ‘are strongly curved near the structure. At
the beginning of the first and second quarten of the

oscillatlon period current wedges are observed around the

- \

better conducting Tegion.
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fFigUre‘23

C el

Dyke model "E- pélarlzdtlon: Contours of

”equal E at equal intervals of one-eighth
of t&g period L '
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-
Figures 24 and 25 illustrate the surfaCe values
of the field ‘components. Less asymmetry than in the H-*

polarization is observed in the H and correspondingly in

& The apparent resistiv1ty values differ from

Breater than. in the H-polarization case. The surface values

outside g distance of about 40- 50 km from t%&jcenter of the
. .

'structure nearly correspond ‘to those of a uniform field for

the 40 sec period This distance is less fOr the 10 sec

period. The resistivity above.the dyke is greater for the

trate,into'theyhigher-resiStivity region under the structure.

The change in the

]phase values of H an‘d'oz is opposite for

: 5( " T ‘ : ) :
%ﬁ%‘two different perlods 'Also H shows a greater and wider
“maximum for the 1onger period. Ez values decrease‘abovefthe

structure. The minimum value is less for the shorter period

since thefthickness of the dyke exceeds the skin depth in

the better conductor.‘ For the 40 ‘sec period there is a small

1ocal maximum in.the E, values above‘the top of the structure.

. . . ) .
4 above the center of the ' dyke. There is a characteristic pair

'of maxima in the H values., The distance between them is..

¢

greater than the width of the structure. -The" maximum value,

which: occurs approximately at the same position for both

5
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period Another pair of maxima in the H

periods, is greater for the longer period. These maxima are
obserVed in the H /H, values as well, but the maximum value

for the shotter period becomes larger than ‘that of thJ longer

values, whlch is

¢

“ptesent just ahove the dyke and only for the lohger period,

N Q-

4.6.1. General

3

is'much less dominant in the profile'of the ratio of the two

cooponents. As with the ridge modell 'the vertlcal magnetlc

>

¢omponent is zero above the central point and changes sign
B > O . R .

theret

"4.4" The Sloping Contact Model

fThe.five diffefent sloping contacts studiedvin

o

";the present vork are shovn in Figure 10.  The resistivity

':hof the naterial is IOQm above the sloping discohtinoity

_The oscillatxon per1o_

'60 Sec. in each case.

8

'_-and IOOQ- throughout the remalnder of the eonductihg region.

of .the alternatihg source field is

T,

'hls period glves a skin depth'of

&., :

- 10. 0 km for the beuqer condﬁctor and 31 8 i for the high:

v o e "(t_“,-_ s

:\resistivity material The tvo different ‘sets of grld

'spacings used in the radial dgrectlon are presented in

' Table 3.;‘The maximun radlus of the mesh 1s 103 5 km 1n,

set X and 103 2 km in set B. The four sets of angular

s - P . ’ ! e

,grid spacxngs uhlch are app11ed for the d1ffexent slopés

are glven 1n Table 4 The‘calculatlons*a:e%done ;n;MKS units.



“Table. 3

The Rad1a1 Grid Spac1ngs for the Sloping Contacts
(Ar values are in kms from the cent;al po1n¢.toward
the external boundary) ' o 7

Set A: .8, .1, .12, .14, 17, .2, V24, 02955034, L4,

Sef Br .4, .1, 11, .12, .14, .17,.2, .24, 129, .34, .4,



(8¢

at

Set

Set

- Set

Set

68

Table 4

The Angular Grid Spacings for the Sloping Contacts

values are in degrees' in ‘a cl

the ‘surface on the right-hand side of the model)

i

ockwise direction beginning
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4.4.2 H-polarization

In thé*g-polarization case only four of the'sloping_-
models are'studied. ' The following sets of grid spacings are

‘used for the different slopes:

@ B=b for a = 5.7°
B—c for dz = 11.7°
B-c for 04'= 45°
B-c for aS = 960 ' ' VO

Figure 26 shows the amplitude contours of H for -
“each slope ‘ It is well illustrated that the electric currents
'tend to flow in. _the reglon of higher conductiv1ty. In the

]

~~yvertical contact case the current flow depends on the differ-
ent skin depths in the two regions. The cdrrent lines are
strongly‘refracted at the ‘boundary between the different
conductlvity regions. This refractlon of the current 11nes
'-is caused by slo&lz,varying surface charges at the interface
as discussed by Jones and Price (19713, 1971c) and Price (1973)
Itvis the surface charges built up ‘at any interface inside
the conductor which spread the current.lines at the discon-
tinuities in the other two models as well. S1nce there is
_more than'one discontinuity in'the ridge and dyke models,

the picture is more complicated. 1In general cutrent lines are

refracted at all 1nterfaces .near lateral iphomogeneitles.?’

. }
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The field configuration'at differedt épochs of the
oscillation period for the 45 slope are exhibited in Figure
»27: At the beginning of the period the dlstortion of the
current lines, which are parallel to the surface at great
distances from the dlscontinuity, increases with.depth near
the discontinuity, eSpecially in thgzi:;Ler conductor." After
a quarter.perlod CUrrenI loops-are fqrmed near the surface in "
- the higherfco:ductivityvregion. During the second quarter
of the period'th Se current vortices move dounuard and décay,
For the smaller slopes the.current lines are less curved t%an
’in the case discussed above' For . the vertical contact there

-~
is an even stronger éendency to form current vortices in the

. better conductor during the oscillation.

The amplitudes of the surfédé values in Figure 28
show a discontinuity at the central point. Near the interface
“on the hlgher resistivity side E and Dr are‘mucﬁ.greater_thahj
‘their asymptotic values. Apart from the uertical\contact

. 4! _ .

" which shows a slight increase only, the values near. the 1nter-.
.face ‘increase with increasing.a and the maximum value appears
for o, = 459. ‘ihe surface values correspond to those of a
uniform field outside a distance of about 30-40 km from. the
':center depending on the slope of the discontinuity on the

other 51de. On the higher conductivity side the amplitudes_

>'of—Ef and_pr for_the smaller slopes.gradually'decrease with
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- »
distancelfrom the Center where¢ the diicontinuity intersects
‘the surface; AlSO\\theSe values approach their asymptotic
values at a dlstance where the disconté@ulty 1s at a depth
approximately equal to the skin depth there.' The phase
profile .reaches 45 ; which corresponds to a'uniform,field
S ' ] @
configuration farther away from the center. For the 45
slope the amplltudes near the discontlnpity are smaller than

'the asymptotic values and shov a minlmum at a d1stance of\

L about 4. km from the central point. The curves. cprrespond to

‘-thOSe of a uniform field outsjde a distance of about 25 km

A

for the amplitudes and 35 km for the phases.\ In. theﬁﬁgrtlcal

contact case the amplltude drops to ‘a very small value and

\ p o’ v
the asymptotic value is reached at a distance of. about 15 km

while the asymptotic value in the phase is reached at about

LN A

75 km from the interface...

. ~ R . . | . e v 2
' B oot - e o . .
. o E y A .

)

o . B . p . « - ' Y o

. 40403 E—polarization'. - T e

s PR ' o _—_ '__ﬁf,'f ‘ -
T : Y e . ‘

- S “'1In the E polarlzatlpn case d1fferent combinatlonsjv

*
Y

/of the sets of radlal and angular grid spac1ngs are used so,v

~thatrthe effect of changiﬁ% the mesh ‘may . be studled Theﬂ";.‘
) . ' S .

applied pairs of sets are.'

~ N 0

- '; A- b:Aahd " B=a  for a, =.5.7"

AﬂA—c;'a;dv h4c.-for»ro2.= ll.70

| ‘ E-a.'fo; aj = 26.7°
ﬁ FA~c;>andp.B;cf}tor o =’90° ’



;Wélec&ric field for the slopes that have been discussed in

‘currents are concentrated there.n-There are. increasing '?:ft“””

Rt e ten s . TN 18

‘prolees in the two sets of- flgyres for the two small slopes

75

Figure‘29 shows the amplitude cpntours[for the
-
the Hépolarization case.as well. The change 1n the field
coﬁfiguratlon depenﬁing on a shows the effect of the region
of hlgher conduct1v1ty. The currents. floulng parallel to
the strike of the slope are: hlghly concentrated near the |
surface in the better conducting reglon

‘o

The contours'of equal E \at different epochs for

Cy

- one-half of the cycle are exhibited in FigUre 30 for the - .

d450 slope At the beginnlng of this half of the cycle the,

Y.
* L9

hdlrectlon of the magnetic f1eld presented by the contours

-

is. almost horizontal except near the dichgtinuity.” After‘

one=- eighth of the period the dlrection of the- field changes.' T

/

and is mainly vertical Also, in this tlme interval the

5Tf1e1ﬂ\magnitude has decreased During the second quarter"‘

of the period the magnet1c 11nes of force fotm loops in the »tm"
. . 1 - - v Ve
better conductor{{ This shows ‘that the correspondlng p051tive

- g

»
- f

negative currents ‘near. the surface

q)“

" The surface values calculated~using-set A for the

J

radial grld Spaclngs are’ presented in Figures 31 and 32 while

.Figures 33 and 34 show the surface values. determined applying

q

set B. There is some difference betveen the corresponding .

’ N vr - o < . l“ : . ‘. - ; "
RN . . . . o =

¢l
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Sloping contaét.ﬁodels,
Amplitude contours of Ez.‘(T = AO'sec),

‘
1

T

g

E-polarization. .-
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.near the central point,. The calculated Surface values depend

on the size of the mesh to a certain extento particularly if

the maximum arec of the grid is not large enough and there ‘is

a considerable deviation from the uniform f1eld near the
surfac® at the extremities of the model as dlscussed in
“section 3.2, In the case of the smallest slope the depth’

‘to the discontinuity is slightly greater than the skin depth

[ §

for the better conductor at the .external boundary of the
' g

mesh and the boundary conditions are not satisfied perfectly.'

_Also 'the iteration cannot be done in an optimum manner 1nside

'and adjacent to the better conductor. The values of Bl’ 2,
83 and BA in equations (2 8a and b) are not of the same order -

'b

of’ magnitude since the distances from point '0' to p01nts v2!

IS

and '4' are muych greater. than the distances’ to points,'l’»and”

13 (see Figure 2) 'fv S S : " 3. ! s ,
' | Differences in the electric field vafiesiare L g“:'f .
i\uneéligible except for the greater dips in the middle of the ’ fi:{
“"'}Q;;éiga; calcy lagions are made nearer tne central point o htl;:

: Differences a#e evident in the horizontal magnetic field values 'f@

. SN _ : \ L
« .and correspondingly in the apparent resistiv1ty values in the '
central region. The vertical contact profiles are equivalent

_in the two. figures.

.'/2)/, Z‘ The H and H¢ amplitude curves both show maxlma on

the better conductivity side. These maxima are shifted to—f



ward the higher resistivity region as o increases. The *

maxima in the horizontal magnetic field values appear farther

away‘from the center than they do in the vertical component.

¢

narrower and shifted toward the center when compared with the

-

curves of Hr and ", The maximum for the 26.7° slope lies

¢°

between .he maxima® of the profiles,for the 11;70 and’ 45°

As a result there are maxima in the H /H values which are

slope for both magnetic components and orrespondingly for

the ratio as well A ihe H¢ component has anotherveven greater
haximum on the higher resistivity side. This'is quite near“
the point where the discontinuity intersects the surface.

It shifts slightly toward the better conductor as a increases.
In the vertical contact'case the two maxima coincide ‘at the
central point : Since the horizontal component of the magnetic
field does not- show considerable changes abGVe the lower
conductivity reglon, the maximum of the vertical component

dominates in the ratio H¢/H -

ve o - The apparent resistivity values shbw h#graQBal

k3

"change between the two asymptotic values.g> The»lower resis-

tivity value'1s,more‘slowlylgpproached in the case of the
-

smaller slopes since the depth of the higher conductivity

<

material 1is less than the skin depth even at large distances

’

from the central¢point

“ .
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b

-

According to the surface values, in particular the

LA .
configuration can be cons1dered as uniform outside a distance
!
1‘

of aﬁout 40~ 50 km from the center on the hlgh re51st1v1tv
S

P, and\ijH curves since H does not change ~much, the field .

side.‘this dlstance is larger for the vertical contact than

for tﬁ% small slopes. . In the H—polarization case this dis-

*,

tance'is‘the smallest for the'90g,slope Above the slope the

[k

uniform f1eld conf1gurat1on appears at a distance of about 30

s u‘-’..

km for the vertical- contact

"The amplLtude of the/ apparent.
resist1v1ty reaches ' its asymptotlc value at an eve&\émaller
distance. ‘This distance'increeses with decreasing'a andtfot
the smallest §lope it ekcee&s'the radiue of the outermost arc"

of the mesh. The discontiﬁuity,affects'the:field configuration

near the surface at the external. boundary as discussed above.
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PR

.~
&v_
ﬂThe perturbations of a uniform"alter ting electro-
magnetic field by ‘three different two-dimensifnal- conduct1v1ty
linhomogeneitles has been studied in this thesis. - The cal%“”
culatlons have been - made using a cyllndrlcal co-ordinate
;iysbem‘which ‘is more appropriate than the Cartesian co-or .ir at,
;system for the models-considered The field configurati 1boz
. *

near the non- unlform reglon of the conductive area have beex

o

glven as well as the change of each fleld component along

the surface. \ Ty N

. ‘ ) s . . : = &

!»\, ‘ Several sloping contacts were examined by othert,

'authors u51ng different methods. The present study applies

a more acceptable boundary condition than that of Gever (1972)

~Also the present work gives a better approximation to the -

o

geometry of the slope than tHat used by Iones and Price /“f

P ’ .
-(1971a) ._Fur,hermore,'more details about the” sUrface values

are given than those in the paper by Reddy and Rankrn (1973)

Also 'greater slopes than Blake (1970) used are examined

A

Some horizontal inhomogeneities were 1nvestigated'

~

by Jones and Price (1971b) changing the depth and vertical

«

size of the_structure However, there was. only one . oscillatlon-f

gics ]

periqd studied., Also. 'Rankin (1962) examined the electro—
magnetic effect on a dike just below the surface in the

iy . : . —

‘H- polarization case only.’-y .ﬁ 1
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=1

- Some limitations of the finite difference method

_ pamtlcularly considering the choice of mesh (see section
() . o -
¢ ,
- 3.2) may be examined 1n more detail in future. The asymmetry

~

effect of the 1terat1é% procedure (see sectlon 3.4) "must be

further investigated as well. Also, better approx1mat10ns
b », : : .
_for the f1rst derivatives of the field vaLues in equations

n

(2 6a and b) should be considered The approx1mat10n used A
e
) here assumes a linear change of the first @erivatlves which is

At the extremities %

~of the grid near the surface the field values change more Ain

W N o
ﬂ the relatively large angular grid spac1ngs than 1is given by

.ﬁ3fﬂ the linear approximation because .the electromagnetlc field-
2N

decreases exponentially with depth inside a uniform conduc¢o¢
The substitutlon -of finite differences may cause a
F w}i ' N
X
slight change in the . field values in the E=- polarizatlon case.
Just inside the external boundarfes along the surface where'
- the uniform f1eld configuration is not dlstorted by the. . 7 .
inhomogeneities. . This effect is particularlv observed in
Figure 17 where far from the ridge the surface values of the’
electric field are less ‘than 1 which is the normalized E‘

value at the external boundary For the sloping contact the

"electric field increases over the normalized surface value on.nr

4 s
s a

) the high'resistiv1ty side as 1llustrated -in Figures 32 and 34.

<
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