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1. Introduction, basic equations

1.1. General ideas

The following model is the basis of all electromagnetic methods
which try to infer the electrical conductivity structure in the
Earth*s subsurface from an analysis of the natural or artificisl
electromagnetic surface field: On or above the surface of the Farth
is situated a time-—dependent electromagnetic source. By Faraday's
law the time-varying magnetic field ﬁ induces an electrical field
E which drives within the conductor a current 1. By Ampére's law
this current has a magnetic field which again is an inducing agent,

and so on. Hence, there is the closed chain

. . induction

H + I R B

gource —- -
Ampére's conduction
law q

A

L

The mathematical expression of this closed chain is a second order
partial differential equation resulting after the elimination of
two field quantities from the two first order equations 1 =+ H and
H -+ E. |

At the surface the electromagnetic field of the source is disturbed

by the internal fields. This disturbance depends on the conductivity

"structure and contains information which must be revealed. It is a

matter of the particular objective which surface data have to be

measured and how the information 1is extracted from them.

The induced currents try to expel the external field fyom the conduc
tor leading to a decrease of the electromagnetic field amplitude
with depth.

The available period range and average conductivity datevmine lhe
depth range of a particular method. Tor a uniform haif-space with
conductivity.c or resistivity p = 1/0 the penetration depth (decay
on 1/e) is approxima%ely

p = 0.5 ¢pT, where p in km, p in Qm, and T in sec. (ia)



Alternatively .
p = 30. VpT, where T in h. (1b)

Eqs. (1la,b) can also be used as a rule of thumb if g varies with

depth and an average resistivity is inserted.

The natural magnetic source fields of the ionospheric and magneto-
spheric currents offer periods approXimately between 0.1 sec and 20
pernitting crustal and upper mantle surveys down to a depth of
approximately 800 -~ 1000 km. On the other side periods between 0.01
and 0.002 sec are most commonly used for Sounding of the first 300 n

with artificial fields.

Electromagnetic methods are applicable for two objectives:

i) Investigafion of the change of conductivity with depth, in parti-
cular detection and delineation of horizontal interfaces marking
a change of stratigraphy or temperature. )

2) Investigation of lateral conductivity variations, in particular
search for local regions with abnormal conductivities (e.g.
metallic ore deposits, salt domes, sedimentary basins, zones of
elevated temperature). '

.The results of the first investigation are often used to construct

a normal conductivity model from which local deviations are measure

In an interpretation of natural fields the change of the slectro-
ﬁagnetic field quantities both with freguency and with position are
used. Broadly speaking the dependence on the position provides the
lateral resolution and the dependence on frequency gives the reso-

lution with depth.

1.2. Basic equations

Let r» be the posi{ion vector and let H, E, end 1 be the vectors of
the magnetic field, electrical field and current density, respecti-
vely. Using SI units and a vacuum permeability Mo throughout, the
pertinent equations are

ccurl H = 14 (i.2)
curl’ E = -u H (1.3)
170 R S (i.m)

div H = 0 - (i.5)

I



A1l Tield quantities ave functions of position r and time t. Also the
{isotropic) conductivity ¢ is a function of position. 1o is the
current density of the external current sources being different from
0 only al source points. The displacement current eoé is generally

neglected in induction studies. This is justified as follows: within

the conductor the conduction current oE exceeds the displacement
current even in the case of lowest periods (0,001 sec) and highest

resistivities (105 m) still 102 times. In the vacvum where the

coriduction curvent is absent the inclusion of the displacement
current merely introduces a slight phase shift of the external field
at different points. For in this case the solution of (4.2} and (1.3
{(including eoi at the RHS of (1.2)) are electromagnetic waves, e.g.
the plane wave el(£°£ - wt)’ where w is the angular freguency and
k the wave vector along the direction of propagation. The phase

difference between P, and P. is
1 2 WA
whAt = qE“ cosH

'Y 407 ° in the very pessimistic
case of Ax = 1000 km and T = ise

H and a1 can be eliminated from (1.2) - (1.4). It results

¢ ° 1
vyl 2T = - .
curl®L + n, o E U, 1, ] _(1.6)

Induction equation

On using (1.2) and (1.4) the electrical charge density p(r) is
given by

p = e, div E = - €, E « grad logo, (1.7

i.e. there is charge accumulated 1f an electrical field component
parallel to the gradient.of the conductivity. Physically this is
clear, since the normal eomponént of the current density is conti-
nuous whereas the charges account for the corresponding disconti-

nuity of the novrmal electrical field.



The electrical effect of the changes is very important. They modify

by attraction and repulsion the current flow; in particular surface
changes deflect the current lines in such a way that the normal
current component vanishes at the surface. In contrast the magnetic
effect is of the order of that of the displacement current and

can be neglected.

2. Electromagnetic induction in I1-dimensional structures

2.1. The general solution

The following vector analytical identities are used in the sequel

(A is a vector, ¢ a scalar).

div curl A = 0 (2.1
curl grad ¢ = O (2.23
div(Ag) = ¢.div‘§_+‘§ « grad ¢ (2.3
curl{A¢) = ¢ curlﬁv? Ax grad ¢ . (2.u)
curl®A = grad divA - AA (2.5)
gradg(y) = %%-gpad¢ ' ‘ (2.6)

In this chapter it 1s assumed that the electrical conductivity o is
a fungtion of depth z (positive downwards) only. In this case the
electrbmagnetic field inside and outside the conductor can be re-
presented in terms of two scalars ¢E(£) and ¢M(§) denoting the elec-
tric and magnetic type of solution. These fields are defined as

,‘ - - - : - .
follows(z is tThe unit vector 1n z-direction):

. o A 1 . A
EM = curl(o¢,z), Ey 7 5 curl (U¢Mg) _ (2.7a.
S 3 R 9 “~ _ -»- _ * ~
gE = curl §¢E§), Er uocurL(¢E§) (2.8a
. . i~ L)
On using the identity curl(¢z) = -z x grad¢ (from (2.4)), it is sed:

that the M-~type sclution has no magnetic z-component and the E-type

solution has no electrical z-component.



o = const. Hence, it is called a TE-mode (tangential electric). Con-
versely the M-~type solution is named a TM-mode.As required from (1.5)
the magnetic field of both modes is scolencidal (i.e. divH = 0). In
addition the E-field of the TE-mode is also solenoidal. In this

mode there is no accumulation of charge, all current flow is parallel

to the (x,y)-plane,

Now we have to derive the differential eguations for the scalars
P and'¢m. The TE-field (2.8a,b) gatisfies already (1.3) - (1.5).
It remains to satisfy

curlﬁﬁ = O EE’

Using (2.5), (2.2), and (2.4} it results
2 X grad(A¢E R Y ¢E) = O,»

from which follows

[A¢E = W0 dp (2,93

~(for if af/%x = 0 and 3f/8y = 0 and f+0 for x,y = <, then £=0),

The TM-mode has to satisfy

curlEM = FHOEH

From this equation follows with the same arguments

div[% grad(c¢m)] = %0 ¢M (2.10

In uniform domains, (2.9%) and (2.10) agree. Using (2.9), (2.10),
(2.5), and (2.4) the TE~ and TM~fields in the vacuum cutside the

s50urces are

] by (2.14
EM = 0, Ey = grad 5 L1z
I¢p ~ .
EE = g?ad et Ep = W,z x grad ¢p

Fields outside the conductor




The variables X,y, and ©t which do not explicitly occur in (2.9)
and (2.10) can be separated from ¢ and ¢, by exponential factors.

Let for be OF Gy

4o

¢(x,y,z,t) = ffi f(z,g,w)ei(5°£+wt)dgx, de dw ( (2.133
where K = K % KRy, §_ and x* = K < K . | (2.14a,l
Then (2.9) and (é.iO) read

fE(Z).:-{K2 + impoc(z)}fE(z) | (2.9a)
GHof (207 = {cPeiun o(2))f)(2) (2.10a)
The general solution of (1.2) - (1.5%) for a one-dimensional conduc;

tivity structure is the superposition of a TE- and TM-field. The

total field then reads in components:

e P [
Hx = ay(U¢M) pEw (2.15a)
3%¢
= . 8 R 45
HV = BX(U¢M) + 3797 4 , (2.15b?
P 2 ' :
H = -(— + 2, (2.15¢)
: ax Ay ?
3% (ady,) a9
A T PR ¢ M —E .
E, s a 0x9z Mo oy (2.162)
L0 (ag,,) 30-.
1 M : L
R S - —t 1
Ey 5 oy5z L e ol . (2.16b)
C 2 2
E, = - s g (2.16¢)
X oy
General expression of field components

At a horizontal discontinuity the tangential components of E and H
and the normal component of Hz are continuous. Let [ ] denote

the jump of a particular guantity. Then from (2.15¢c) for HZ



[¢F] satisfies the two-dimensional Laplace equation, is bounded

and vanishes at infinity because of the finite extent of the

sources. Hence, from Liouvillets theorem of function theory

[¢E] = 0, i.e, @B continuous. Differentiating (2.15a) with respect

to x and (2.15b) with respect to y and adding we infer along the

same lines that 3¢E/82 ig continuous. Conversely differentiating

(2.15a) with respect to y and (2.15b) with respect to x and sub-

tracting one obtains G@M continuous. Finally differentiate (2.16a)

with respect to x and (2.16b) with respect to y and add. It re-

sults that (1/¢) B(U¢M)/az is continuous or §¢M/az is continous

if o tends to a congtant value at both sides.

Summarizing:

3¢ 36¢M
¢ o 1
E* "9z ° M’ & 9z

i

continuous

Continuity conditions

This result shows that the TE~ and TM-field satisfy disjoint

(2.17a

wgen.

Rob

boundary conditions. Hence, they are completely independent and

not coupled.

Freom (?2.17¢) follows

(2.18.

This boundary condition has a serious drawback for the TM-field:

As a result within the conductor no THM-field can be excited by

external sources.

From (2.18) follows via (2.13) fM(o) = 0. Now

d [ (of £y
Solofyl? = 2 Rel(of) ' (0f ")

(2.1%

Multiplying (2.%a) by (ofM)K and integrating over z from 0 to z,

integration by parts yields in virtue of fylod = 0

(ot ‘{ng)"E =0 Lo [Cof)t [Fovole? + iwﬁOO)[f

2
ul

o =N

From (2.20) and (2.19) follows for real frequencies

}da

(2.20



d - 2
*a‘—Z—_IUfMI _>_O .

On the other hand fM has to tend to a limit for .z + ®. Hence,

Fy(z) 20, 0 <2 < o,

i.e. there is no externally exciied TM-mode.

Outside the conductor the electrical TM-field does not vanish in
general. Since ¢M vanishes inside the conductor we have
8¢M/Bz = 0 for z = +0. The boundary conditiog (2.17d) then requires
that also

B¢M[32 =0 for z = -0, (2.247

Let ¢§(x,y,z,t) be the TM-potential of the source. It is a sclu-
tiqn of A¢§ = 0 ((2.10)). Then the mirror potential @;(x,y5~z,t)
satisfies alsoc (2.10), and the total THM-potential satisfying (2.21)
is

¢M(xby,z,t) = ¢§(x,y,z,f) + ¢§(x,y5~z,t), z < 0. (2.22)
'.According to (2.11b) and (2.21) the horizontal components of Ey
vanish at z = -0, whereas the vertical component is twice the ver-
tical component of the source field. At the surface z = -0 this
component 1is the only indication of a TM-part of the source field,
since according to (2.11a) ‘the magnetic TM-field vanishes identi-

cally in. z < 0.

We may retain as the most important result of this section that in
a horizontally stratified conductor all current flow~independently
of the source is in horizontal planes and that one scalar function’
(¢E) is sufficient to represent all fields relevant for the in-

duction process,



)

2.2 Tree modes of decay

Whereas external fields can excite only the TE-mode within the
conductor, there exist free modes of current decay for both TE-
and TM-fields. Consider the typical potential

o(x,v,2,t) = cosK_ X * COSKy ¥ o= f(z)e—Bt, (2.23)
where ¢ and £ stand for ¢E’ ¢M and fE’ fM’ respectively. First it
will be shown that the decay constants 8 (eigenvalues) must be

positive quantities. Inserting (2.23) in (2.9) and (2.10) we ob-

tain
1 a 2 Fo(

fB(z) = {k Buoc(z)} fE(a), (2.2u4)

' 1 . ( 11’ = 3 .

{U(z)(o(z)fM(z)) } = {k Buoc(z)}fM(z), (2.25)
where k? = Ki + K;. The eigenfunctions have to satisfy the boundary
conditions

fE = () = 0, fM(+O) = 0, f&(m) = 0 . (2.26)

If there is a perfect conductor at finite deﬁth d then

—_ i 4 — ..
fE(d) —_O> fM(d) = 0 (2.26a)
Multiplying (2.24) and (2.25) by f; and Ofi and integrating over z
from -« to +» and 0 to =, respectively, we obtain on integrating

by parts and using (2.26)

Lo o . '
f'{[fﬁ[2+K2[fE[2}dz = Bu, S o(2) £ (2)[?dz, ' (2.27)
—0 fo} -

T oy 2,2 2 - e g2

i E{hng) [+ [GfM[ }dz = Buo £[OIM[ dz. (2.28)

Hence, all decay constants f are real and positive. The current
flow for TE-decays is in horizontal planes, whereas the TM-decay

currents flow predominantly in vertical planes.

Example: G = 0O

o § 0,




- 10 -~

a) TM-mode

From (2.25), (2.28), (2.26a) follows

vy ivE2E (. - - fi - 2. v 2
f&(&)ky fM(Z) = 0, fM(D) = fM(d)—O, v MBUOG K2,

fM(o) = 0 yields fM(z) = sinyz, whereas fﬁ(d) = 0 regquires cosyd=0.

Hence,

- I - 2 Z-H- A2 32
_ SZéiélE, B = CZn-A) WIENETdT h1,2.3 ... (2.29)
: nd?u o
0
The unnormalized eigenfunctions are

{2n-l)wz

74 s no= 1,2, ...

.fM,n(Z) = gin

There exists also an electrical (potential) field outside the con-

ductor. ¥Find it!

b) TE-mode
From (2.24), (2.28), (2.26a) follows

filz) = Ksz(Z), z < 0

Pl P Ep(2)50, 0 <z < d, yP=Bu o - «?

£ continuous across z = c, fE(d) = 0.

with fE(“w) = 0, fE’ E

fB(z) = emz) z <0

1t

fE(z) cosyz + {(k/y)sinyz, O < z < d.

Then fF(d) = 0 leads to the eigenvalue condition

cosyd + (x/y)sinyd = O.

For k = O the eigenvalues agree with those of TM. Tor xd << 1
approximately
_ i _ 4y 2.2 "
Th ~ (Zn?é)“ i (zitj)w’ Bn - L e (230
. : \ : _ udzuoo uood

For a current system in the upper mantle of the Earth with d=500 km

i/d = 50 Qm, the greatest decay time is approximately 1/61=MO min.



The TE-decay systems occur as transients to fit the initial con-

ditions, e.g. when an external field is switched on.

2.3. Calculation of fE(z),for a layered structure

Let the half-space consist of L uniform layers with conductivities

the upper edge of layer m being at hm(h1 = 0). Let

0':15 023 L ] GL5
the index O yefer to the air half-space.
o =0 o
h1=0 9 Then given 'in z < 0 the potential of the source
01 field
h € - 7 o"KZ (2.32)
2 . _ fplz) = f e
. we have to solve (2.%a). i.e.
-1 T .
- =17 - 22 b
L-1 AE(ﬁ) {k +1muod(z)}fE(zx.
h
L
a
L

With the abbreviations

o2 - . -
ug = k?, a;]» K2+1wuoon? m= 3,2, oo T
and the understanding that hy, 4= @ we have
' _ Ta Z . Og%
f(2) =6{Be ° +B e°3, 0>z>-h (2.233)
E o o 8

o o~oa (z-h ) 4o _(z-h ) ,
§{B e T ipe M T}.n <z<h
Can m = e

fT(Z) (2.33a)

5

‘1< m< L

In Eq. (2.33) h >0 is the height of the lowest source point.
Since there are no upwérd travelling waves in the last layer,
B£=Om The constant 6§ will be so adjusted that we can choosc B£:1.

With these starting values the continuity of f. and fﬁ aACYross

L
boundaries yields the backward recurrence relations

+ - -

= . — 3 34a
Bm (j,m,]m 1/0£m)gmBJ'{+1 v U‘Jm-i/am) Em Bml (2.34a)
B =(i~a¢_ Ja g BY .+ (ita  Joedg B .- '

m It S5 W (i} IR (EA R (2.340)



with the abbreviation

1

. + _ n ) ~ R
gO = ’2—( qm == "2— e.:mp{ictm(hm_l‘,] 1‘}_m) }r m ]_P 1{ "6 e 1n

Having_computed:B;, Egs. {(2.32) and (2.33) yield

§ = fo / Bo .
Thus the field is specified.
If we are Iinterested in fF(z) for =z < O only, it is not'necessary

+ amn
to calculate Bm and Bm separately. Instead only the ratio

Ym = Bm / Bm

is required; Because of (2.33) and ﬁ2.32) fE(z) is given by

. — T LTKE R .
fE(z) Io{e oy e Y O <z < hy

where Yo is obtained recursively from the ratio (2.34a)/(2.34b),
i.e.
(o 4o, .0y + {o_-o )
— m o mtl mtd Tm mt] {2
Tm expf{ R,

(um”um+1)Ym+1 * (dm+am+1)

+1 - hm}}

-1 £m <0

starting with Yy, = O-
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2.4, Particular source fields

. Notation: In the sequel only fields with a periodic time function
exp (iwt) are considered. For any field quantity A(x,t)

we write i(gﬁw) with the understanding
that the real or imaginary part of A(x,t) exp{iwt) is
meant. Furthermore, since only the TE-mode is of interest

we shall dxrop the subscript "E".

In the last section an algorithm for the calculation of the ¢-poten-
tial in a layered half~spéce has been given. As input occurs

£%(z, xiw) = f;(ggm)exp(“xz)y the representation of the source poten-
tial in the wave-number space. From (2.12a), i.e.‘ﬁ;grad(ﬁ%/az)
follows that - B%/az is the magnetic scalar potential. Between
f;(g,w) and the source potential 5e(£jm) exist the following reci-.

procal relations

~e e ik r-gz .
¢ {xew= JS fo(gjw)e dk_ dKY (2.35)
- —-r % 1 e -ixer
£ lkw)e s ey fofo ¢ (r,w)e dx dy | (2.36)
General field

If ¢ is symmetrical with respect to a vertical axis; i.e. ¢ is a

function of r = (x2+y2)1/2 only, eds. (2.35) and (2.36) simplify to
- ~e < -KZ
o {(r,z,w) = 2n J fO(K,m)e Jo(xr)m dk (2.35a)
o)
L —xz 1 T e ' n
fo(m,w)e = 5 i ¢ (xr,z,w) JO(Kr)r dr (2.36a)
Cylindrical syvmmetrv

In the derivation of (2.35a) and (2.36a) the cartesian coordinates

were replaced by circulaxr polar coordinates
x = xcosl, v = rsing, Ky, = kKcos, Ky = Ksiny

and use was made of the identity
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2m ~ikrcosd u
o=/ e o d6:2fcos(Krcosﬁ}dGEZﬂJo(Kr).
o 0

%ﬁe"imr cos (0-¢)

From (2.35a), (2.36a) follows that if % ig function of r=(x2+y2)1/2,

-, . 1/2 .
then f_ is a function of k = (mi + K;) / . In certain cases (e.g.

example k) below), it is only possible to obtain the potential on

fi

the cylindrical axis (r o) in closed form. Then (2.35a) reads

L w —
ée(O,Z) = 21 f Kf;(K)e K2 ak. (2.35b}
' o]
Eg. (2.35b) can be considered as a Laplace-Transform for which the

inversion is
2mie £ (K) = e o 9% (0, 2)e"%az (2.360)
T ot 211 o !
where £ is. an appro?riate real constant (thus that all singulari-
ties of ¢e(orz} are at the left of z = g). Simpler would be the use
of a table of lLaplace transiorms.
The spectral representation of the source is now calculated for
simple sources:

“a) Vertical magnetic dipole

Locate the dipole at r, = (0,0,~h): b > o and let its moment be
M= Mg. When it is produced by means of a small current loop then

" M = current x area of the loop. (M is positive if the direction of
the current forms with g a right—handed system, and negative else.)

From the scalar potential
"M o R/(47R%), R =1x -
follows

a3 (men)
0z 4TR®

~e
whence R T

Since ¢ shows cylindrical symmetry, we obtain from (2.36a) on using

the result

r o rovaw. — 1 =k(z+h)
o Jo(hl)dl = @ .

O~ 8

immediately

£ (k) = L oKD (2.37)
o 2
B

Vertical magnetic dipole




b) Circular current loop

Let a and I be the radius and the current of the loop. The potential
-has cylindrical symmetry,but can be expressed by means of simple
functions only on the axis r = 0. For the moment we assume that

the current loop is in the plane z = o. For symmetry reasons therxre
is only a H, component on the axis.
Biot-Savart's law yields

’./ Ai{m mmg.gx.__[\.g
‘/a - i .R3 f
0 . whernce
_ AE; z-ﬁ% ataerz ) "E:::
: z*+a Yz2+a?
S Ia® A

4ﬁ(z2+a2)3/2
3 (0,2) ,
o~ T 2
. /A o = — Iz
e A ,
-~ ﬁ’ z 2(z?+a2)3/2

Now H_ = ~3V/3z = + 92¢%/82?. Hence integrating twice on using
V({®) = 0 = ¢ (=) we obtain

- SR
$%(0r2) = 5 —Tmmm .

z+vz%+a?

Now we have to solve (2.35b}, i.e.

T ' a? by L -KZ
e v e J v £ (iC) e dk
LT Yg e 2 2 Q .

+yzZ+a s

Looking up in a table of Laplace transforms:

f;(x) = L2 Ji(ma)
4m?
Lf the plane of the loop is z = ~h, I > 0, then a simple change
of orxigin yields '
. I . l
£ (k) = =% 7. (ka)e Kh {2.38)
© fu? !

Circunlar current loop
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In the limit a + o, T + », M = 7a® I fixed,this leads to the result

(2.37) for the vertical magnetic dipole (JT{X):X/z + 0(x?)).

¢) Horizontal magnetic dipole

-~

Here M = M §_and

‘E&JE:M"MXW $e=""M>:"
07 4w Rr? 4R (Rtzth)

With this result, suppressing all further details the evaluation of
{(2.38) yields !

- Min -xh
f (g) = —"— @ {(2.39)

Horizontal magnetic dipole

d} Tiine current

Current I at y = O, z = ~h. It results the scalar potential
Y- .
©y,z) =~ 290 2L arctan -L-
Vilyez) = -y o oretan g

The corresponding source function 1s

£ k) = 2L 6(Kx)ehKh, ko= fr_| (2.40)

Line current

The delta function S(Kx) occurs since there is no dependence on x.

"Plane wave'" (elementarv undulated field)

Assume a wavenumuber Ky = w and let the scalar magnetic source po-
tential be
e S sin g -
ve = _y sin wy -[w|z
o W

leading to a magnetic field

Wiz e . -
[ 1 ' H? = fHo sin{wy)e

4]

||z

e -
1 = H s : . .
H }o cos (wy)e sgn (w) |
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Hence, %e = = H_ S;néwxl e*lwlzf
and
L ZWZHO y }
£ {g) = ———— 6(k_) 18{k_+w) - 8{r_-w) (2.41)
© = iw [ W I X Y Y

¥lementary undulated field

When the source can be considered as elementary harmonic. field, as
in this case, the Fourier integral representation {2.35) complicates

things only.

In the limit w + O we obtain a uniform source field in y-direction.
For the induction process a strictly uniform source field is useless
since only a vertical magnetic field component induces. Hence w
must be non-zero, no matter how small. If we confine our attention
to a finite part of the infinite horxirzontal plane, the dimensions
of that part being smaller than 1/|wl|, then formally we may put

w = 0 and can profit from the particularly simple resulting egua-

tions. Such a source field is called a quasi-uniform field. To the

unrealistic uniform field belongs the source potential

9 =1 yz

which can no longer be represented in terms of (2.35}).
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2.5, Definition of the transfer function C{w,x)

The TE-potential is

~ Lot ikex
¢{x,w) = S £(z,k,0)e dede( (2.42)

With this potential we define as the basic transfer function for a

half-space with one-—-dimensional conduétivity structure

: £{0,k,w)
. Clw,k) = - ——— (2.43)
£7(0,k,w)

Note that f depends on K and k_ separately Via the source
" function as an amplitude factor. In the ratio £/f' this factor
drops out and it remains only the dependence on K =‘fK;+K;, since

£ is a solution of (2.%a), i.e.

£ (z,K,w) w'{K2+iprU(z)}f(z,£,w). . ' (2.44)

How can C be determined from a knowledge of the surface electro-
magnetic field, at least theoretically?

From {(2.8a,h) results

y ~a e ~o iKex
H=curl? (¢z)=/l{ixf'+c*fz}e dx, de (2.45a
~ ~ ~ Feo igex
E=ivn 2z x gradp = lqu{i zx ik f e &KX de (2.45b
Let
~ "9 T ~iger
(21) % e
~ ' 1 Joo —i£~£ ’
(25) %~ )

denote the surface fields in the wavenumber-frequency space. Then
from (2.45a,b), (2.46a,b)

~ a

"H=ig £ +k?f oz , (2.47a

—

~ ~

"R iwuo zZ % ik £ (2.47h



There are several ways to determine C:
a) From the ratic between two orthogonal components of the
horizontal electric and magnetic field

Vectorial multiplication of {(2.47a) with 2 and use of {2.43) yields

Ee=-iop, C©2 xH

Pl
or with any horizontal unit vector e

P

]

®

Hel

—

R £ (2.48)
lwp {zxe) * H

Eal Fa)

In particular ¢ = x and

— -

& *0

=y yvields

B -

i x oo 1
)&}3 s o ;‘v‘m
R | CABU, g

1/%)

{(2.49a

b} From the ratic of vertical and horizontal magnetic fileld

components

(2.47a) yvields immediately

5 4 .- : ) {(2.50}

¢} From the ratic of internal to external part of a magpnetic

horizontal component
¥

Inz 20 f reads
~ -KEZ + Kz
£ = fo e b £ e {2.51
" ~ L4 B Y
Let H o and H . be the source part and internal part of H_., Then
from (2.47a) and {2.51)

~ <

H 41, = ik kK(-£ + £5) = ie f!
e Ui % o o b4
i e - . . {‘
-, = ~ig G = e dyr :
Kxa in m}xxtfﬁ i@} | 1Xx £

befining

=7 b (e 2.52
S{k,w) = H  {Krod/H, (0) {



P e

we arrive at

=1 1-8 r
C = = 7T , {2.53)

S

The same applies to Hy'

d) Prom the ratio of vertical gradients at z = 4o to the

corresponding field components at z=0

~

~ .
Let H;(E,w) be the vertical gradient of Hx at z = +o in the wave-

number - freqguency domain. Then

HX’{E,m)zimxf“(O,g,m) = iKg{K2+imuOG(o)}fo(o,ﬁpm) (2.54)

On applying (2.44) Egq. (2.47a) vyields

... .H.

C = - £ - (2.55)
{?+iwy o (o) }H

0 ps

~

The same applies to Hy. For applications of (2.55) the surface
value of o must be known. € can also be cobhtained from other field

ratios involving vertical gradients.

The methods a) and 4} are alsoc applicable for a guasi-uniform
source field; k) and c) break down in this case.
The apparent resistivity of magnetotellurics is defined as

E

1 1 .
b= e [RE[2 = Y2 | (2.56)

Wy
0 Hy o] Hx

According to {(2.49%9a,b} its relation to C is

~ . (2.57)
p, = wu,lcl
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2.6. Properties of Clw,k)

a) Signs, limitihg values
According to (2.43) the response function C is defined as

i

C(w,x) - %é%é%é%%T' o | {(2.58)
= (2,43)

where f satisfies '
£7(z) = {k® + iwy o(z)}£(z). (2.59)
' = (2.44)

C has the dimension of a lengtl. Let

C=g=-1ih or C = [c[e"1¢ (2.60)

Then g >0, h>0 or 0O<P <u/2 . (2.6%a;:b)

Proof: Take the complex conjugate of (2.59), multiply by f and in-
tegrate over z. Integration by parts yields

~f{0) £ % (o) = f’{[f‘[2+(K2"iwpod){f[z}dz.
~ 0

Division by |£*(0)]? leads to the result.

The limiting values of C for w +~ O and w =+ = are

1

< tanh (kH) for w- o (2.62a)
C:

—~—el~*—: for we : ‘ (2.621h)

fiwuoc(o) . '

In (2.62a) H is the depth of a possible perfect conductor. If
absent, then H + =, C = 1/K.

Proof: For w=0 the solution of {(2.59%) vanishing at z=H is

f ~ sinhk(H~z), ~ whence (2.62a). - For high frequencies f tends

the solution for a uniform half-space, i.e. f - exp{JEEﬁ;E}, yield.
(2.62b). This limit is attained, if the penetration depth for a

uniform halfspace with ¢ = ¢ {0},

) .
p = 1/‘um2(j - (2.63)
5 _

is small compared with the scale length 1/k of the external field

and the scalce length |o(o)/o' (o) | of conductivity variation.
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b} Computaticon of ( for a layvered half-space

When interested in the electric field within a layered structure,
+

we have to compute a set of coefficients B& according to the rules

of Sec. 2.3. These ceoefficients can be used also to express C:

+
B B 1 B

B - B % B

1 + B
c =1 (2.64)
K

- B

— e

The latter form is also applicable for k=0, whereas a limiting pro-
cess is involved in the former one in this case. If we are only
interested in C then we may proceed as follows: C can be con-

sidered as a continuous function of depth. Then

£(h) . B Bl
m . E'(b) m B -~ B
m m m
From {2.34a,b} follows:
p #BY = (g egTy (87 BT )+ um+1( Y gy -8t ) (2.66)
B Pm YT m+l w1 o Sm gm mtl Tmel’ e
* 1 .
here g = - to_d = - 2 = 24 :
where g A expi a m}’dm hm+1 hm’ o = kidbiey o
'Hence, {2.65) and (2.66) yield
c 1. o C 4+ tanh(amdm) 2. 67)
m o 1+amcm+1tanh(amdm)

Starting with C, = 1/aL backward recursion using (2.67) leads to

C1 = (,

c) Approximate interpretation of a one-dimensional conductivity

'stIUCtugg

If we cén assume K = 0, i.e. scale length of external field large
compared with penetration depth (as generally done in magneto-
tellurics) then there exists a simple method to obtain from

C a first approximation of the underlying conductivity structure
(Schmucker~Kuckes relation):
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Let C = g — ih. Then a first approximation UX(ZK} of ¢(z) is ob~
tained by setting

I

ZK = U, OX = 2 -~ . : (2.68) 1

wu0h2

This gannof be proved rigorously but the following arguments are

in favour of it:

1) zx = g can be considered as the depth of the “"centre of gravity®
.of the in-phase induced current system. '

2) It will be shown below that z* continuously increases when the
freguency decreases. According to a) its maximum value is H.

3) For a uniform half-space and k=0 we have h = Jf?ﬁﬁ;g. Hence,
o® is correct in this case. For perfect conductions 0%+ since

h+0. | ' :

Thig approximate method performs particularly well when there is a
monotone increase in conductivity. The following two figures(9-24)

illustrate capabilities and limitations of the method.

d) Propertieg of C in the complex fregquency plane

For the following considerations it is usefull to consider the fre-
gquency w as a complex quantity. Then in the complex frequency

plane outside the positive imaginary axis C is an analytical func-

tion of frequency. Forxr @ proof multiply (2.59) by £ and integrate

over z. Then the integration by parts yields

ﬂfx(o,w)f‘(o,w)=f‘{(f’(z,w)[2+{K2+imuoa(z)}[f(z,o)[z}dz. (2.69)
0

Hence, for w not on the positive imaginary axis f£'(0,w) cannot
vanish. There are neither isolated poles nor a dense specirum of
poles (branch cut). .

Division of (2.69) by |£'(0,w)|? yields

c® (w)=f {[f*(z)/f'(o)12+{K2+iwuoc(z)}[f(z)gf*(o)[Z}dz ' (2.70)
0

We can easily deduce from (2.70) that

Re C(w) > O, Im(@)‘; 0 (2.71:
<0, Re{w) >0 ' .

m ¢ (w) {ﬁ (2.711
> 0, Re(w}) <0
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The approximate interxpretation of C using (2.68). In
the left figure (monotone increase of conductivity)
the zero order approximation interpretes the data
already completely. When there is a resistive laver
(lLeft hand) the zero order interpretation needs re-
finement. In the dotted line at the left hand, an
approximate phase of C was used. This approximatle
phase has been obtained by differentiation of the
double-logarithmic plot of pa(%} {cf. Bg. 2.77).
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As a consequence of (2.71a,b)Cis also free of zeros outside the

positive imaginary axis.

e) Dispersion relations -

Because of the analytical properties of C, its real and imaginary
part are not independent functicens of fredquency. Let w be a point
in the upper w-plans and L be a closed contour consisting of the

real axis and a large semi-circle in the lower w half-plane.

Then Co . Xw0=m+ie
. I 1 14 by
%T I Clw')dw’ _ 0 6
. w'~mo

since the integrand is analytical

in L. Due to (2.62h) the large

semicircle does not contribute w'-plane

and the contour can be ~cnfined

to the real axis. Here jput w'sx and let m0=w+i8 (v real, & > 0)
tend to the real axis. Tien

1% o) ax L™ cma 1 (e-w)e () a
O=lim — [ _éi%?b = lim {& f x)1ax b AX0)C (x)dxy
e>+0 ﬂl"m X~ 1L Erto 7?__00 EE’F(X“LU)z 'ﬂ‘.-l.__oo E?._[_(X__m)2
1 T c(x)ax
= Clo) + oy F T ' (2.72)
vhere _
lim & e = S - W)
e-++0 g2 (x~w) 2

has heen used. f denotes the Cauchy principal value of the integral
Let for real frequencies

Clw) = g{w) - ih({w).
Here g is an even and h an odd function of freguency, i.e.
g(~w) = glw), h(-a) = -h{w).

This is a consequence of (2.70). Hence a separation of (2.72) in

its real and imaginary part vields
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glw) = 1, hGgdx 24 xh (x)dx (2.73a)
T —co H=w W o X2 - 032
4o o . ' —
hw) =+ Gdx o 2 wgbadx (2.73D)
T, X 0 xZ-? )
Dispersion relations

Dispersion relations of this kind occur in many branches of physics.
They are a direct consequence of the causality reguirement.
Relations corresponding to (2.73a,b) exist also for modulus and

phase of C. bue to (2.71a) C is also free of zeros in the lower

1og{¢iwuoc(o) Clw)}
is analytical there and vanishes for [w[ - o due to (2.62b). Let
Clw) = [Clu)|e V) | (2.74)

and assume w > O. Then the relation corxesponding to {2.73b) is

v 2w
blwy= gz = T

ax

X7

o % 8

Log{vxy oo  {c(x) | ;

or introducing the apparent resistivity from {2.57§

o
_ 1w : . ax : ar
bw) =7 - F log{pa(h)/po} " {2,75)
v : Xe-w
where Py = 1/0(0). There exists a simple approximate version of
(2.75). Integration by parts yields
) o dlog p_ (x) e
. ) = J__ . a 3 E).—‘_:....._
ORE Sl 7 log|&o-Zlax
i 7 dlog p?(x) w = x1dx
=55 J - + loglyaxITR
o dlog x%
or since x"1 log]w 2| is an integrable function peaked at w=x,
w + x

in an approximate evaluation one may draw out of the integral the
term dlogpa/dlogx[y_m. Hence

dlog p_ {w)
P(w) - -I—IL SR AR S - A, (2.76)

where the result
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[+ 1 ,
w-xrdx _ 1=ty dt _ _ 7
g log(w+x[ x 2 é log(1+t} i 2

has been used. With T = 3%, dlogw=-dlog?, The final result is
o dlog p_(T) |

Since in general double~-loga@Tithmic plots of pa(T) are used, a first
approximation of the phase can immediately be obtained from the

slope of a sounding curve. The degree of accuracy can be asserted

- - T : from two examples given at the

A il '
H
|

P (ﬂ left., True phase in broken

e
un

533*5

w

a

lines, approximate phase in

full lines.

5t . The simple approximate method
of inversion described in ¢}

w (Schmucker—-Kuckes relation)

————— ahie Phuse
Wiherung
X

75
! ~ combined with the approximation

(2.77) provides an extremely

e U ey ¥ T
simple tool to derive a zero
order approximation of the true
conductivity from apparent re-
sistivity.
" 1 oo 000 Wioaere wr 1 a0
? ¥ Y T T
% ------------ 15
601 Ji°
d - = —wahte Phase 50
bl pa ——Nahgrung ('i
30- i . A - ]
27 ¥ p ‘(m) .
x ®, H 2 .
27 = f *ﬁm—u'cosw, ¢ {27} = (2.78)
L pa{w)sinzw

f) Inegualities for the frequency dependence of C

-Cauchys formula is

1 Clw'y L, '
cw) =gy [ G e, (2.79
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positively oriented closed contour enclosing only a
C is analytical and the point w. We choose the par-

ticular contour shown at the left. When the radius of the circle

tends to infinity the circle does

not contribute since C(w} = 0{1//5)
for |w|+«. Hence the contour can be
confined to both sides of the posi-

tive-imaginary axis. On the right

in virtue of

/}u
A

MY
Fay
« hand side put w'=il+e, € > 0. Then
(2.79) yields
, o P '
Clw) = - lim o1 s SEMel = C UMe) gy -
ge+to T+ o 0.
(e8] ) . oo -"‘
= - lim L J Imkf.(l““ ar = 5 328
iw A+iw
e++0o o Y
where g(}) = - lim = Im C(il+g) > O
- erto |

(2.71b) . Summarizing:

C(w)

_ ; gfr)ax

A+ der GO

>

g 0

o

The non-negativity of g(A) has the consequence that C must be a

smooth function of frequency. Again let o be a positive frequency

and let

Cc =g - ih.
Defining

- af df aft - p
s o= 8E . _9f 2.8

Df T dlogw dlogT ( H
then the following constraints apply

g >0 h >0 (2.82a,b)

[ctpe| < g focl <n (2.83a,b)

2 T2 '
[cr2pc+pC| < g [p°cl < h (2.84a,b)

R A A R 25,
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(2.82a,b) simply results when (2.80) is split into real and imagi-

nary; it has already been given above (Eq.(2.6%1a,b))}.(2.83) is

proved as follows

ctpe]=fctuc! (w) [=]/
0
- 7 2a0) g
o AZ+w?

lg(kf

(Fiwy ” aA]

=g

< f[
o

Al

1 42
.wl Ag(A)dx

The other constraints are proved

constraints involving second and

in a similar way.

higher dexrivatives.

There are other

In terms of

apparent resistivity and phase ¢ Ygs. (2.83b,a) read:
1 Dpa .
74 - —2)2 + (DY)? < sin?y (2.85a)
Pa
1 Dpa
71+ E—u)z + (DY) ? < cos?y (2.85b)
a

The slope of a double-logarithmically plotted sounding curve is
- Dpa/pa. As a consequence of (2.85a,b) we have always

. Dp .
(=3[ < 1
Pa
The monotone decrease of the real part of C with freguency is a

consequence of

g{w}

The following figure shows data (full lines) which are inconsistent
on the basis ofabne"dimensional model, since the constraints {2.83a,b)
are partly violated. Then the least corrections to the data are
determined that the inequalities are satisfied. Since this is only

a necessary condition,‘interpretability is not yet granted.
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g) Dependence of interpretation on wave-number

The fundamental eqguation is

1

£z, w) “'{K2+imu00(z)}f(zﬁm).

By the transformations

1 tanh (iz)

"~

M2
1

£

I

f +« sechikz)

~

¢ = ¢ » cosh"{kz}"
it is transformed into

_E"(E,w) = iwuoa(z)f(z,w)
in such a way that i
: flo,w} flo,w]
Clw) = - ...-T....-{... = - ..J.........‘.'_..,.;..__.
£ o w)y £ (o,n)

(2.86a)
(2.86b)

(2.86c)

remains unchanged. Hence any € can first bz interpreted by a uni-

form external field (k=o} and the result 5(5) is then transformed

to the true conductivity by

o(z) = sech“(ﬁz)-;(%'tanh(Kz)B

(2.87)
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For this interpretation the condition

» 1
Clo) < =

has to be satisfied on C(w}.
An application of (2.87) is given in the following figure,

When k increases attenuation is interpreted
by geometrical damping at the exp@nse of
electromagnetic damping due to a perfect
conductor.

. 3. Model calculations for two-~dimensional structures

“3.17. General 'eguations

We are considering now induction prbbléms, where both the conducti-
-%ity structure and the inducing field are independent of one hori-
zontal coordinate, say x. Compared with Ch. 2, the class of in-
ducing fields has become more restricted, but the class of ad-
mitted conductivity structures has been enlarged.

For x-independence, Maxwell's eguations

curlll = 0@, curlE = inpoH

are split into two disjoint sets
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QH? 3H - BHX ~

-—-3-§ = "-"—zaz = J ?_EX ';é"z——‘ = g EY (3.1.8.;}3)

3L, N oH,_ N |

'5'—2'-'" = - lNUOH .é—if_— = - 0 EZ . (3-28.,}3)

3E ~ oF on ~

— ] 4 .._...X. - e 22 Y {0

57 + iwy H R I 1mu0H (3.3a,b}
TE-mode or E—poldrization . TM-mode or M-polarization

he TE-mode has no vertical electric field, the T™-mode has no ver—
tical magnetic field. In the treatment of these modes the use of

electromagnetic potentials is not necessary since Ex and H  can serve

as pertinent potentials. For conciseness let
t = iy = E - {3.4b,;a)
H: Hx ' B Ex (3.4, a

Then T and H satisfy the eguations

AE = k°E

H

k

| diﬁ&lzgradﬂa =

k* = iop o
Mo

(3.5a)

(3.5b)

In unifoxrm domains both equations agree. Eg. {(3.5b) resembles the
equation of heat conduction in a non—uniforme heat conductor.
The continuity of the tangential electric and magnetic field compo-

nents at conductivity discontinuities leads to the conditions

B, %% continuous : TR (3.6a)
1 3H e .
‘ E ™y continuous 1 T™M - (3.€6D)

%ﬁ is the derivative in direction to the normal of the discontinuity.

The E- and H-polarization shows very different patterns. From (3.1b),
{3.2b) follows that Hx is constant in the air half-space (o=0). Hence
the TM-mode adnits only a quasi-uniform inducing magnetic field. In
contrast in the TE-mode any two-dimensional inducing magnetic field
is allowed.

Hence, the source terms to be added on the RHS of (3.1a,b) are

je(y,z) and HO 8 (z+h),
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assuming that the TM magnetic source field is due to a uniform
sheet current at height z = -h, h > 0. This assumption, however,

is immaterial for the following.

In the seguel all field quéntities are gplit into a normal and
anomalous part, denoted by the subscripts "n" and "a", respectively.

The normal part refers to a one-dimensional conductivity structure..

Let
gly.z) = Un(Z) + o (y,z) (3.7)
k*(yez) = Kk (z) + K (y,2) : (3.8)
E(y,2z) = En(y,z) + Ea(y,z) ' (3.2a)
= - 9
H(y,z) = H_ (2) + H_(y,2) (3»_ b)
£ and Hn are defined as solutions of the eguations
[ .
= %2 .
AEn == kn'En + 3 (3.10a)
d 1 d _ - ) q A
‘a‘g‘(; a_z* Hn) = Hn, Z _>_ O, Hn(O) = }‘-'10, (3. 1013)
n .

vanishing for z -+ o,

In virtue of (3.5a,b), {(3.%a,b), and (3.10a,b) B, and Ha satisfy

AE, = X*E_ + k] E_ | (3.11a)
. au
L e d i 19y )
le(i:Z gradHa) = Ha+ dz (kZ kz)'a-;", Z _?_ C - (3.1 (N=D;
' n

If the anomalcous domain is of finite extent, Ea has to vanish uni-
formly at infinity. Undexr the same condition H, has to vanish uni-
formly in the lower half-space. At z=o Ha is zero.
If the anomalous domain is of infinite extent in horizontal direc-
tion, we can demand only that Ea’ Ha+0 for z =+ o,

- For a numerical solution of (3.11a) the following three choices of
a basic domain are possible (boundaries hatched}.
In approach A, (3.11a) is solved by Ifinite differences subject to
the boundary condition Ea=0 or better subject to an inpedance
boundary condition (below). In approach B (3.11a) is solved by
finite differences only in the anomalous slab. At the horizontal
boundaries boundary conditions involicity the normal structure
above and below the slab are applied. I apprcach C (3.11a) is re-
duced to an integral equation over the anomalous domain. These

approaches will now be discussed in details.

Ea
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3.2. Air half-space and conductor as basic domain

(Finite difference method)

¥Yor the TE- and TM-mode we have to solve the differential equa-

tions (3.5a,b), i.e.

AR = X2E + iwﬁoje , k2=iwﬁoc : (3.12a)
div{l;gradﬂ) = H, H = H_ at z=o (3.12Db)
k B

with the boundary condition that the differences EameEn and
Ha=H—Hn vanish at infinity. En has to be computed for any given
two~dimensional external source field along the lines of Sec.2.3.
The Hn~field belongs to a uniform external magnetic field.

In the finite difference method, the differential operators in
(3.12a,b) are réduced to finite differences. For simplicity a
square grid-with grid wf%h h is assumed., Consider the following

configuration of a nodal point O and its four neighbours:



'e3

Then the evaluation of (3.12a) in uniform subdomains yields

- ] — n = p 2 4
E14E2+E3+E4 4EO h*k EO
[oh o
E =« {B. +R.+E_. + E,} (3.13)
O 44n2k2 + 273 4

-

Within uniform subdomains the same formula spplies to H. Differences
occur if the nodal point O is at an interface. Consider as example

a vertical discontinuity:

: 1y
Region 1 / Region 2
2 o o
2 4

‘/
/
/
/
7
In the absence of region 2 one can write a central difference egua-

tion for E at nodal point O as

(1) 10 (1) 0 (1) (1) 22y (1) |
E1 4E2 +E3 %24 (4+h k?)Eo : {3.14)

where the bracketed superscript indicates the region. In the ab-

sence of region 1 the central difference eguation at O is

(2),.(2), . (2),(2) _ (2) '
B, R, 4RSS 4R = (4+h2k§)Eo . (3.15}

At the vertical discontinuity we have because of the continuity of
E:

(1) (D) Do) (D@
E, '=B;"'ZE,, E; '=E_"'SE,, E; '=E3" EE,. . (3.16)

Since also the normal gradient of E is continuous,

() 1) _ . (2) . (2)
E4 L2 = E4 E2

The field wvalues Eéz)

nated with the aid of (3.16) and (3.17) from (3.14) and (3.15). The
result is

(3.17)

*

and Eé1) are fictitious and have to be elimi-

B, o e {E,+E
4+h2(k§+k§)/2

2+E3+E4} (3.18)

A

where E2~= Eé1) and E4 = Eéz).



Hence, the conductivity is to be averaged in the TE-case. Now con—

sider the TM-case:

H(1)+H(1)+H(1)+H£1)= (4 + hzk%)Hé1} : {3.19)

1 2 3
(2)  ,(2) (?) (2) _ + h2r2yy (2) ' :
Hy ™/ 4H, T T = (4 + hPRO)H (3.20)

1

The continuity of H and — dH/dn yields

all = (2) =y H(1)—H(2)‘F gl )“H(Z)'H

I B I 3 3 (3.21)
(1) _y; (1) _ o (2) 5 (2) |
(m, -uy o, = (M7 0,0 fo,, (3.22)
from where we obtain on eliminating H( ) and H£1)
H, + H. + (H./k2+H, /%2) .
H o= b3 2 1 4 2 (3.23)
© 4 + h2x?

-1 l(lm + 1) ana B, = H(13, H —H(g)
25 2 2 2 4

2
1 2

vhere (ﬁk-?’: )
Similar formulae hold for a horizontal discontinuity.

The normal values of En and H, are used as starting as initial
values. At the boundaries we have two choices
a) The boundary values are kept fixed, i.e. E = E_,

n
b) Or free boundary values are used a5 impedance boundary condition,

l‘ e.

K, (2) B (2) = = 550 (3.24)

wvhere n is the direction of the outward normal.

{5.24) is obtained under the assumption that the anomalous fields
diffuses in form of plane waves ocutwards, a valid approximation only.
if the local penetration depth is small compared with the scale

length of conductivity changes. It performs poorly at edges and in
isolators. However, better then Ea=0.

Eg. (3.24) yields as condition at the upper edge of the air layer:
3Ea[az = 0 (i.e. constant horizontal magnetic field).



The iteration is carxied out either along rows or columns. Generally
the GauB-Seidel iteration procedure is used with a successive over-

relaxation factor to speed up convergence.

3.3. Anomalous slab as basic domain

In practice it is not necessary to solve the diffusion equation by
finite differences in the total conductor and the air half-space.
Instead it is sufficient to btreat the eguation only in that slab
which contains the anomalous domain.

Let the anomalous slab be confined to the depth range Z 2z < Zo
Within this domain we have to solve the inhomogeneous equation

(considering for the moment only the TE-case)
AE = X*E_ + k2 E (3.25)
a a a n
=(3.5a)

subject to two homogeneous boundary conditions at gz = z, and 2,

" which involve 9 for z < z, and z > z, respectively and account for

1 2
the vanishing anomalous field for z - % «, When (3.25) is solved

by finite differences, the discretization involves also the field
values one giid point width above and below the anomalous slab.
The idea is to express these values in terms of a line integral
over E_ at z = Z4 and 24 respectively.

Let V

and V2 be the half-planes z < z. and z > Zot respectively.

1 1
m . ; e
Let ¢ )[EO[£), x. r, € V be Green's functions which satisfy

86™ (¢ (1) = k20 ¢™ (x_lx)-6 0 - r ), m=i,2 (3.26)

subject to the boundary condition

(m)

6"z lr) =0 at oz =2z, S om=1,2 (3.27)
In V1 and V2, Ea is a solution of
- 2 ' . ,

Now Green's formula for two-dimensions states that
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: - iy 8V ¢ U
r{vav-vaulda = S{U o Vo lds _ {3.29)

The RHS is a closed line integral bordering the area over which the
LHS integral is performed. In the RHS differentiation in direction
to the outward normal is involved.

FProm (3.28) and (3.26) follows

GAEa - EaAG = §(x - Eo)Ea‘

Tdentifying U with G, V with Ea’ Bg. (3.29) yields in virtue of
(3.27)
- . : 3 (m)
E_(r) = [ E_(r) 5= 6" (z lr)as.
around Vo '

(m)

Now G and its normal deYivative vanish at infinity. Hence, 6nly
the part of the line integral along the axis z = 20 contributes.
For m=1 : %~'= gzw m=2 %E = - %E'
Hence,
m 7 | 3 .(m) g -
B (x)=(-1) {m Ea(yrzm>5;; ¢z ly,zdy, x eV (3.30)

Because of (3.26), Eg. (3.30) depends only on the difference Yoy,

Defining
ROV (yoy ez ) = (1™ 2 6™ ly,z ) (3.30a)
m B
EBg. (3.30) reads shorter
e ’
E v ezy) = J R {y-y ,2.) E (v,z )dy (3.31)

=03

(m}

¥Yor a layered structure in Vh, the kernels K are easily deter-

mined:
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Let us first consider the case m

2=0
2321
/é z=zz=h1
————— L el et
z= 2
o
- s
/ )
. Z= 1,
°1,
1 17
7w Koyl D g7 [ e
R o v = /Y23, 2
ky = szuocq, o, ) +k

~ However,

normal conductivity structure has not yet

To achieve this leit in

(2) _ T
(x lr)= éGO{e

Z <z<z 'G

2

2
zogzihz.G

) - feo it
(z lr)= foptey e

+

'hmizih :G(z)(go‘£)=£65{8m e

m+1
m-—Z, --o; IJ h 1“'0‘:’ qu
with B = 0Oy BL
_contlnulty conditions for G
(2.3) s

(2)

Sec.

B

ok

¥

+

e )
‘g = 5 explta (h . = h)))

m

(h,

" 50 small that zo

~u1|z—z |

a1(z—22)“
( @ a1(Z-

um(z-hm)

(3.33a) satisfies already (3
= 1 the coefficients B

+ - ¥ -
(1iam+1/umlgm Bm+1+(1+am+1/“m)gm Brgtr

= 2-

form layers

Assume that there are L uni-

below z = 2, with con-

2

ductivities o© 02, oo UI' and
- )

= h’l' 112, vees h

In applications the

-2!'

upper edges at z

L
= 22). '
vertical grid width z2, T 22 will be
is in the first
uniform layver. Then a solution of
{3.26) having the correct singu-

larity is

© cosa (y- yo)ww

-

the boundary condition (3.27) is not yet satisfied and the

been taken into account.

~a1(z~zz)

}cosk(y—yo)dk_ (3.33a

)y
}cosh (y- Yo yaix (3.

z?} - LTy (z-2z
’ +B1 e

2

_ -a  (z=hy)
B e YecosAi{y- yo)dA(B

27 .
are determined from the

Starting

across lnterfaces as indicated in

m=L-—-1, (3-34

LR I ] 1
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Having determined Bﬁ, the coefficients 60 and BL are determined
from the fact that the difference between upward (downward)
travelling waves of (3.33a) and (3.33b) at z = 2, must be due to
the primary excitation given by (3.32)., Hence,

& (z_~z.) o, {z -2z.)
+ 1" %0 72 1 5 e 1o T2

whence

A+t -
: - —_ + -
s = Bt 5P, £, - f o, (2 2,)
0 + -’
27:0&1(}31 + B1)

From (3.30a)

-+. i -
£,B, + £.B,

K(Z)(meo,zo) - % s - cosi (y~y tdr. . (3.35)
o

-t Abes b

1
+B,‘
Since (3.35) involves only the ratio B:/B;; it can bhe expressed

in terms of the transfer function C'at z = %o {(cf. (2.64)):

-+
'El _ u1c -1
B1 u1c + 1

For a uniform half space (3.35) is simply

: w g (z2-2,) (z -z, )k
2y, _ _1 Oq 1252, _ _\EQTEN IR, _
CRKY  (y yo,zo) p- é e | coskFy Y, )dr= er nj(kjlgfzol)
(3.36)
-For k,1 -+ 0 (iéolator) this yields
: . {z ~z.) .
2) .. _ _ o 2 :

................. ﬂ{Y“yO)2.+“6252032}
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The case m = 1 ca% be treated in a quite analogue way. If the
anomalous slab extens till the surxface, i.e. z1 = 0, the pertinent
kernel is easily derived from (3.36a):

k) ey oz = - %o <o '

w{(y-y )? + 22} °

(Because of (3.30a) there has been a change of sign.)

If there are more normal layers (in addition to the air half-space),
the problem is treated as for m = 2, with the air half-space as
last (L—th) layer, we have to calculate GL and hence Bf separately.
We can't use C.

(m) are nicely peaked functions. The halfwidth is

The kernels K
approximately 2[zm~20[, i.e. twice the vertical grid width. For an
insulator the tails are comparatively long (~1/y*), for a conductor,
an exponential decrease is inferred from (3.36). In general two
points to the left and the right of the central point will give a

satisfactory approximation:

+2 (m) '
Ea(y,zo) ~ 'E Py Ea(y + lhy, zm), (3.38)
i=-2
where /2
h
o 3h /2 w
pém)=2 J K(m)(u,zo)du; p#m)= I 'K(m)(u,zo)du, pém)= K(m)(u,uo
0 hy/2 3hy/2
P.; = Psr &Py =1, h, = horizontal gridwidth.

(3.38) expresses in any application of the finite difference formul
the anomalous part of the electric field outside the anomalous slab
in terms of anomalous field values at the boundary. At the vertical
boundaries the impedance boundary condition (3.24) ig applied.

So far only the TE-case has been considered. The TM~mode can be
handled similarly, taking only the different boundary gondition
into account. The approprate formulas can be worked out as an
exercise.
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3.4. Anomalous region as basic domain

Integral equation method

In the integral eguation approach Maxwell's equatios are transformed
into an integral eguation for the electric field over the anomalous
domain. With the usual splitting
o - , 2 _ 32 2
o = Un + Ua, E En + Ear k kn + ka,

we have
AE = k%R + imuo je ' ' (3.39)

AE = K2E_ + iwuoje . (3.40)
or subtracting

AB, = k;Ea + k;E . (3.41)

Let G be Green's function for the normal conductivity structure, i.e.
. — 2 — . -
AG (x lz) = k2 (x)6 (x |x) - §(x - x ). (3.42)

Gn(golg) can be conceived as the electric: field of a unit line
.current placed at r_ and observed at x.
Multiply (3.41) by Gn’ (3.42) by Ear subtract and integrate with

respect to xr over the whole space: It results

D = 2 1 D -
B (z,) [kLGIE()G (z [x)dn + J{G AE -E_AG }aA. | (3.43)

Green's theorem (3.29) vields
_ 3L _ aGn
T b - ’ ..-.—...EL_ — 1 R =
J{c AE_-E_AG }A = f {6 L B e }ds = 0,
since Ea and Gn vanish at infinity. Hence, introducing into (3.43)

E instead of Ea.we obtain the integral eguation

E(z,) = E (r)) - J k2B (£ lxda | (3.44)

n (3.44), the inhomogenecous term En can be computed for a given
normal structure and given external field in a well-known way.

It remains to determine the kernel Gn(go[gj. It satisfies the reci-
prdcdty relation

G (

o .35.01._]2) = Gn(rlr Y. | {3.45)
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i.e. source and receiver are interchangeable. For a proof write
{3.42) for Gn(EO\E') and a corresponding equation for Gn(glﬁ').
Multiply these equations crosswise by Gn(£[£‘) and Gn(£0|£‘), sub-
tract and integrate over the full space. Then the result is ob-

tained on using Green's theorem.

For a solution of (3.44) we have to put a line current at each point
Eo'of the anomalous domain and have to compute the resulting elec-
tric field at each point of this domain replacing its anomalous
structure by the normal conductivity. Assume a rectangular anomalous
domain with NY cells in y—directioh and Nz cells in z-direction.
Because of horizontal isotropy the field depends in horizontal direc—
tion only on the distance between source and receiver. Hence, we
need field values only for NY horizontal distances. Due to the
layering there is no isotropy in vertical direction. Here we have

to put the line current into the center of each cell. Because of
reciprocity the sorresponding field values have to be calculated

in and below the depth of the source. Hence, for the kernel Gn a
total of NY » 2Nz+ (Nz+1) field values has to be calculated.

A second set of kernels is reguired which transform on using (3.44)
the electrical field in the anomalous domain into the electromagne-~
‘tic surface field for all three compoﬁents Ex’ Hy’ Hz. The number of
reguired kernel data depends on the range where the field is to be
evaluated.

It remains to calculate Gn(EOIE) for a layered structure. Assume L
layexs with conductivities a, = O, ¢

hy =0, My, wouy by, By = .

Let the source and observation point be placed in the m-th and y-

qr e QL and upper edges
layer, respectively, and let in the m-th layer
o
m SSE -
Gn(£O|£) = J{p_ + Pm}cosl(y~yo)dl (3.46)

; o

§ Aifi 5 <
o m m(z)' 22z
P = B (3047)
+ _+
t * >
.SLBmfm(ﬁ)' Z >z

* T = ' : o 2 _ a2
ufm(Z) exp{iam(z hm)}, o = A +1muocm.
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60 and 6L can be so adjusted that A: = B; = 1, Since there are no

sources in z < 0 and in z > Zq if 2 ig in the I~th layer,

AO = Bz = 0. With these starting values the continuity of Gn and

BGn/Bz across interfaces yields the forward and backward recurrence

relations

U + + — - - _
A =(Tdo /0 Vg A gt (Tra /o dg GB L mo=1, el W

+ o+ - + _- B
Bmm(Tiam+1/am)gm Bm+1+(1+am+1/um)gm Bogqr M= L~1, «vep M

‘ with

i

+ il _ -
g0~1/2, gmm(1/2)exp{ium{hm+1 hm)}, m= 1, .., I~1.
In the case Y = L no recurrence is required for the B-terms. The
coefficients 60 and GL are determined from the fact that in (3.46)
the difference in the upward (downward) travelling waves for z > Z

and z < z, must be due to the primary excitation given by

-

—&ulZ‘Z [

[ea)
1 - -1 0 oy 1 GA
2T ﬁo(kuIE b =33 i © ccosAly Yo)au ’
Hence,

- + .+ e + +

: B £+ AL+ £
5§ = ] . _uu Buty . = . pf Autu
o 2%o + - -+t L  27a + - -+

AB -~ AB A - A B
S TR Vg L T T

+ +
where f; = f;(zo). The nominator (including up) is a Wronskian of

the differential equation

Wt (z) = {7 + X% (2)}W(z)

which is a constant thus ensuring reciprocity. (Proof?)

In applications the anomalous domain is split into rectangular cells,
the electric field is assumed to be constant within each cell. Then
(3.44) reduces to a system of linear equatioans, which is easily
solved because of its dominant diagonal due to the logarithmic
singularity of the kernels. Either direct elimination or GauB-Seidel
iteration can be applied, the latter being in general Quickly
convergent. When E is assumed to be constant within each cell, the
integration over the kernel is easily effected by adding in (3.46)
the factor
- 4sinﬁkhy/2)

| sinh(a h,/2)/ (o),
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The integral equation method for the H-polarization case looks
slightly more complicated. This is related to the fact that even
for three-dimensional structures Maxwell's eguations look simple
when formulated for E, whereas in the H-formulation additional gra-

dieqfs of the conductivity arise:
curl’E + iwy o E = O, curl(%—curlﬁ) + iwuoé = 0.
The pertinent equation for H~polarization is (3.5), i.e.
aiv(} gradn) = iwp H (3.48)
with the usual splitting
¢ =0, + o r H = Hn + Ha

and the additional definitions

p=1/0, p, =10 . o ,=p =P, (3. 49a~-

the egquations for the normal and ancmalous part are

a .1 d . _ _ o
~a~z~(0n vy Hn) = iwp H ,» H (o} = H ) (3.50})
and
| dlv(pn gradHa) = 1quHa.~ dlv(pa gradi} {3.51)

This equation corresponds to (3.41) for the E-polarization case.

Green's function appropriate to (3.51) is defined as

i - P = i . - ‘ — ‘ 2
da.v(pn gladGn) 1wu0Gn S (x Eb)' (3.52)

Physically G, can be interpreted as the magnetic field due to an
infinite straight line of oscillating magnetic dipoles along the
x-axis. )

Multiply (3.51) by Gn and (3.52) by Ha' subtract and integrate over
the whole space. Then

.I{Gndlv(pngradHa) - Hadlv(pngradGn)}dA =

= - fGndiv(pagradH)dA + Ha (3.53)
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From the generalized Green's theorem

J{Udiv (Ygradv) - Vdiv (pgradu)da =

v

18] '
T \Y Y lds (3.54)

S y{u
follows that the LHS of (3.53) wvanishes. Applyving (3.54) also to
the RHS of {3.53) we obtain, introducing Ha = H - Hn:

H(r) = H (r )+/H(x)div(p_(r)gradG (3;0[;_))6-1\ (3.55)

This is an integral equation for‘Ha. It can be cast in a slightly
different form, which is wvarticularly suitable for applications

since the high degree of singularity due to a two-fold gifferentia~

tion of Gn at r = £o is removed. Because of

P _
div(pagradGn)maﬂ{iwqun~6(£~£O)}+pngradGn°grad(pa/pn)
n

Eg. {3.55) reads alternatively

p (x ) | | p_(x)
H(x) =5y By () +/R ) Lou 6 (x| 2) 5o y+e , () grade (z [ x)
—0 n
pa'(g:_)}ﬂ - :
. gradE;TET aa {3.5¢

The kernel of the integral eqguation consists of two parts. The first
part takes account of the changing'concentrétion of current lines
in anomalous domains. It is a volume effect. The second effect
results from the bending of current lines where conductivity changes
It is essentially a surface effect.

In the case of discontinuous changes in conductivity, which is the
most common assumption, (3.56) needs a slight modification. Agsure
that the anomalous domain consists of rectangular cells, where the

conductivity is allowed to differ from cell to cell. H is assumed
to be constant in each cell.
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> Y
< h >
Yy
1
h, (i,3) ~F  (i,3+1)
! ;
(i+1,3)

Y
&

Then the discontinuity between cell (i,3) and (i+1,]3) contributes

to the integral

86 (x [1,3)
dz

pa<i+1,j) pa(i:jJ
s T vy
n n

- 3G . .
It has been used that H and pﬁﬁ are continuous across interfaces.

The contribution from the (i1,3) + {(i,j+1) intexface is

{oa(l,?+1) _ pa(lr?) .
pn(llj+1) pn(lrj) 2

aGn(£O|i,j)'

oy

The integral eguation is decomposed into a set of linear equations

for the Ha—values at each cell. The electric field ig then obtained

.by differentiating (3.56) with respect to the coorxrdinates of r_. -

o
It remains to calculate Gn’ At z = O Gn has to satisfy the boundary
condition of H_r i.e. H, = O¢ ¢ G, = 0. The boundary conditions at

interfaces are Gn and(1/0)acn/az continuous. Assume again L uniform

layers with conductivities Opr Tgr ever O and upper edges at

Let the field in the m—th layer be

GEQ£O1£) = g'{Q; +-Q;}cos1(y~y0)dk

where E Cifi(z),

zZ < Z
YO mm -

O

=

ot + L
T, mfm(z)’ 2 2%

* s - 2 2 ;
fm(z) = exp{iam(z hm)}, o’ PR iwn 0
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Yo and Yy, Can again be so adjusted that C? = D£ = 1. Gn = 0 for
z = 0 requires then C; = «~ 1, and Gn + O for 2z =+ « demands Dz = 0,

Starting with these initial values, the boundéry conditions yield

the forward and backward recurrence relations

B
+ m~1 k- + —m—1, _— -
=(1% ERrE it )
Cm {1 B ) -1 Cm__.j {1'}‘6 }gm_‘,! cl‘ﬂ""l' 2 f_ m _<" H
m m
Di-=(1+B““"1) Tt 47 ——~Bm”) + L-15m>
m B gm ] 8 gm m+1’ ’ - - M
m | m .
where
8 =0 /0 and g = = explta (h__. ~h ))
o O/ p 3R 9y T 3 exPrRe Ty

U is the source layer. There is no recurrence required for the C-
term if ¥ = 1 and for the D-terms if u = L. '

The free factors follow again from the source.representation

a, 9, ~olz-z ] az
7w Ko Kulzg ) =35 f e Jcoshyyo) o

which must account for the difference for upward and downward

travelling waves at z = 25 Hence,

6- Dt 4 pT T o . cret oy oTE
Yo© 2 R et Y© 5 > .
c ro ke - A + -
P~ - D - C
SRy Tha HCby WPy

With the present determination of the field Gn satigfies again

-3 : 3 47 7 ' ' = : - =
the reciprocity relation Gn(golr) Gn(EIEO)' (Proof?)
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4, Model calculations for three-dimensiocnal structures

4.1, Introduction

In the three-dimensional case the TE- and TM-mode become mixed and
cannot longexr he treated separately. Now the differential eqguation
for a vector field instead of a scalar field is to be solved. In
numerical sclutions guestions of storage and computer time become
important. Assume as example that in approach A a basic domain with.
20 cells in each direction is chosen. In this case, only the storage
of the electric field vector would regquire 48000 locations. For an
iterative improvement of one field component at least 0.0005 sec

are needed for each cell. This yields 12 sec for a complete itera-
tion, and 20 min for 100 iterations. This appears to be the least
time reguired for this model. Hence methods for a reduction of com-
puter time and storage are particularly appreciated in this case.

The equation to be solved is

curl®E(x) + k*(x)E(x) = ~Lwy 1, (x) ) (4.1)
where 2. e
k() = lop o(x).
lé(ﬁ} is the source current density.

After the splitting
O = 0 +0_, k? = kg + k;,‘ E=E_ +E_, (4.2a-¢)

where E  is that solution of

2 " 2 J
curl®E (r) + k ()E (x) lwp x, . (4.3)
which vanishes at infinity, we obtain for the anomalous field the

two alternative eguations

curl?®E  + k2E = - k2E (4.43)
-—a n—a d

i

2y 4 12% L L2% )
curl’p, + KB, = - kiE, (4.4b)

Eg. (4.4a) is the starting point for the volume integral or integral
equation approach, Eg. (4.4b} is the point of starting for the sur-
face integral approach.
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4.2. Tntegral equation method

Let gi{EOIE)' i=1,2,3 be a solution of

curl®G, (x |z +k2 ()G, (x lx) = X;8(zx ). (4.5)

vanishing at infinity. Here, the xl are unit vectors along the
%, = Z. Multply (4.5) by
ga(gj and (4.4a) by gi(golg) and 1ntegrate the difference with re-

~ ~

cartesian coordinate axes: Rq=xr X Zf
spect to r over the whole space. Green's vector theorem

J{Uccurl?v-veurl?yldr= [ {(nxV)°curlU*(qx§)tcurlz}dA, {4.6)

-~
where dt is a volume element, dA a surface element and n the out-

ward normal vector, yields

= e 2 . v i =
E () = fka(£)§i(£o‘£) E(x)dt, i =1,2,3

since E, and gi vanish at infinity. After combining all three compo-

nents and introducing E instead of Ea’ the vector integral eguation

E(r) = B, (x )-/x2 () g{(;,o@_)-g(g)m : (4.7)

is obtained. Here %{is Green's tensor being defined as

w

~ ~

fr |x)= %G, (x, [r)= % (x [r)x ¥ (4.8)
= o —l- i,9=1 lj 0 =i =]

(using dyadic notation). The tensor elements Gi_i admit a simple
physical interpretation: Gij(golg} is the j~th electric field com-
ponent of an oscillating electric dipole of unit moment pointing

in xiwdirection, placed in the normal conductivity structure at g.:

the point of observation is r. Note that the first subscript and
argument refer to the source, the second subscript and argument to
the receiver. Because of the fundamental reciprocity in electro-

magnetism, source and observexr parameters are interchangeable, i.e.

Gij’(golg_) = Gji(g_:_l_r_o) . (4.9}

For a préof replace in (4.5) r by r', write an analogous equatibn
for G (rlr ), multiply cross-wise by GJ and Gy integrate the
dlfference with respect to r' over the whole space, and obtain (4. 9)
on using (4.6). Due to (4.9), the eguation (4.7) is alternatively
written
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B(r,) = E ()~ Jk2(x) E(x) ?f(g:_lgo)dws (4.10)

Eg. (4.7) involves integration over the coordinates of the receiver,
(4.10) requires integration over the coordinates of the source.
The kernel G and the inhomogeneous texrm E, of the integral eguation
{(4.7) or {(4.10) depend only on the normal conductivity structure.
To determine the kernel %Zreplace first the conductivity within
the anomalous domain by its normal values. Then place at each point
of the domain successively two mutually perpendicular horizontal
and one vertical dipole and calculate the resulting vector fields
at each point of this domain. At a first glance the work involved
appears to be prohibitive, but it is sharply reduced by the reci-
procity (4.9) and the isotropy of the normal conductor in horizon-
tal direction. Because of {(4.9), from the elements of Green's
tensor

Gxx ny ze

GYX GYY GYZ

sz Gzy Gzz

G need not to be calculated when

3 G
the three elements ze' xy! Cyz

Gzy’ ny, Gzy is computed. From the remaining six elements ny has

the same structure as Gxx’ only rotated through 90°. The same re-

‘lation holds between Gzy and Gzy. Hence, there are only the four

yx! sz'_Gzz {say). The particularx

ny, Gzzhcomponent in connection with the re-
ciprocity (4.9) then shows that these components#need to be evalua-

independent elements Gxx' G
symmetry of the Gxx'

ted only for points of observation above source points. Consider
for example a vertical dipole at xo=y0=0, Z- Then (4.9) yields

GZZ(O,O,ZO[x,y,g) = Gzz(x,y,zlo,o,zo). (4.11)
Because of the isotropy of the conductor in horizontal direction
(4.11) is alternatively written

GZZ(OJOJ‘ZOIX’YJZ) = GZZ(O;O;Z“‘X:"Y;ZO)'
Now, Gzz has circular symmetry around the z-axis. Hence,

GZZ(Q,O,ZO[x,y,z) = GZZ(O,O,zlx,y,zo).
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The element sz_is needed for all z and Zg Assume a rectangular
anomalous domain, which is decomposed into cells with guadratic
horizontal cross—section. It is sufficient to pose the dipoles in
one cornexr of the'anomhly in the (x,y)-plane. Then assuming NX, NY,
NZ cells in x,y,z-direction the total number of required kernels is

5 .. 3
NX NY NZ(ﬁ NZ + 5).

There is still a reduction up to a factor 2 possible, if instead
of the corresponding components only some auxiliary functions de-
pending only on the horizontal distance from the sourced are cal-
culated. ‘ A

The corresponding kernels are most easily computed using a separa-
tion into TE~ and TM-fields as done in Section 1. '

Let the normal structure consist of I, uniform layers with conduc-
tivities Um; m=1, «..r, L with upper edges at z = hm’ m = 1, ...,L
(h1 = 0).

The Green vector Sy satisfies in the m-th layer the equation

-

Fal
2 00 o 0 ) 2 A
curl“G,4k“G, = x, 6{r ~ r k= = .
=i i =i (x wo)’ m TWH O

We try a solution in the form

m _ 2,0 I R 113
G, = curl®{z ¢,) + curl(z ¥,) (4.12)

where ¢i corresponds to the TM-potential and Wi to the TE-potential.
According to Sec.2.1, at horizontal interfaces ¢ and ¢ satisfy the
continuity conditions

3 Ay
oo, "3""2"! v, Sz

continuous : (4.13)

There is no coupling between ¢ and Y across boundaries. Within
uniform layers, but outside sources ¢ and ¢ satisfy identical

differential eqguations

f\}(];'n_ = klil Xg_lr XITI = ¢mr WT . (4.14)

E...I
-

The behaviour of ¢ and ¢ near source points can be obtained from
the particular forms, which these functions show in a uniform whole-
space:

~kR

e

'
47 Rk *

-G, (x 15) = (kzﬁi.—azfax.ax.)

3 (4.15)

R=|x - x|
=~ 2o



For a dipole in z-direction this is equal to
y e—kR o kR _
G = (k?z - grads— = - curl? (z s (4.16)

—e 02" 4Rk ? ARk 2

since
A(e kRﬁﬁnR)) = k*e kR/(MrR)o

Comparison of (4.16) and (4.12) shows that for a whole space
e

4, = - psrlk y, =0 | (4.17)

The absence of a TE-potential islclear from physical reasons, since
the magnetic field of a vertical dipole must be confined to hori-
zantal planes (i.e. no vertical magnetic field, which can only

be produced by a TE-field).

Using Sommerfeld's integrél, (4.17) is written

4 ~a[z~zol
¢ = - - J_ (rYar, o = %4k’ (4.18)

z 4mk?

e

f
0

E-‘al>—-

The field of a horizontal electric dlpole (in x-direction, say) has

both an electric and maghetic component in z-direction. Hence, a

TM~ and TE-potential are needed. Py
Since ‘ . . , “;,lﬂgl
a2 2 2 ~kR o -alz-z_|
SN 2 2 o == ! G S © g, (Ar)aX cosd
ax?  ay? 4Tk? 3x9z R 4mk%o :
XSLgn(szO)
and
o2
; = - A2J1(lr)cos¢
~ ox? oy
we have
Cq ® ~a|z~z0[ ‘ :
¢x = - J e : J1(Ar)dlcos¢ . sign(z—zo) (4.19)
47k? o - ‘
and from
‘ 22 e-kR

[T

G = 32 (i) -E...q./.}.(_ 1
XY ayez ¥ 9 41k? 3xdy R

then folldws
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w =g |z-z
b, = %E /e o Jz{kx}gg sing (4.20)
o .

With this knowledge of the behaviour of ¢,z ¢x’ wx in the uwniform
whole~space, these functlions for a layered medium can be easily”
obtained.

Let in the m-th layer hm < 7z < hm+?

o« .
m . . + ) —
¢, = i {p + Pm} I, (Gl ai {(4.21)
where *yoaif; , z 2 2,
?;; = '
Bifi >
Lo Z 2%
mo_ oL - .
v, = i {Qm + Qm}J,] ()ydx sing
-
. 6ecm£m ’ o ﬁ»zo o
where 07 = ' {(4.22)
m o
- 6LDmLm . o/ 3'30
Mmook -
¢y é {Rm + Rm}Jg{lx)dl cosd
Aiﬁi <
4 €o®m'm * 2%
where R = {4.23)
" pret N
‘L m 20 %

* fa 2 2,02 - . .
=T = e (p- = A%k2, n st it
and" £ exp{ a (2 hm)}, af = A"+k2. Then starting with

* = T +m T +m s te ‘—z" ’
k(} - 1[ AO"‘“'G( BL O; BX} 1( CO 1; C{:} O; D},'*"“O; D}:’ 1»

The boundary conditions (4.13) lead to the recurrence relations



- 55 ~

o o o _
Ai = ( m—1 + m~1) -!-m1 +,1+( m—1 m—T)g A
m o O m m O o m m
. m=1, ...,
o o
t m-T1, + .+ - -~ w1, -
= A e + +
Cm (1 T o )gm~1 m—1 (i o )gm~1cm—1
m m
o 0. - o] -
+ m-t m+1, -+ + mt+l = Tmkl, A -
By = (U 3 )qm Bm+1+(0 3 )gm Bt
m m m m
w=L~T, ..,
pf e (1 oML Fopt g mly o Fos
m - % m m+1 Gy I mt1

4 .

where gi = exp{idm(hm+1~hm)}/l, 95 = 1/2 and ﬁ is the layer of the
source. In the case y = L there is no recurrence required for the
B and D terms. The free factors are deternined in the usual way
simply by comparing upwards and dowrwards travelling waves at

Z = 2. taking the source termsg (4.18) - (4.20) into account.

- Dropping the subscript p on d#, k2, Ai, Bi, Ci, Di, fi for

LA T VR T 1
conciseness, we obtain from (4.21) and (4.18)

YLB"*'f+ - 4'Akz = Y0A+f+, YA £ - : lkz = y,B £,
‘ mo e
whence
, BE wmTE | C oy ATET e e
Y= - P = (4.24)

srak? BT - AT Arak? aTp” -~ pta”

+ +
vwhere £~ means f;(zo). Prom {4.22) and (4.20) follows

P 4+ - 1 - -
GLD £f o+ 4““ﬂ GOC £, GOC £ + rerole GLD f .,
whence
, ] o R - ‘
s = 1 DE apE s =L CE 2 CE (4.25
0 4wro T ™" -~ D'

c*p” - p'c”

i

Because of (4.19) ¢x is discontinuous across z z- Hence



eLB+f+ PR eOA"f" S e B £
47k2 ° _ 41k 2
H i
or e oot BET-pem 1 AYEY - ATE (4.26)
— T de - — hd
0 anx? aTB” - 37 L 47k? atp” - aTBt

After having determined @z, wx; ¢X, Green's tensor G is obtained
from {(4.12). Also reguired is the magnetic field in z < 0. Only
the TE-part of a horizontal dipole.contributes.

Let F. (£O|£), i = 1,2 be the magnetic field at r due to a dipole
in x,-direction at r,- Then in z < 0O

ap°

7‘0 = - 2 e = ._,_.:_L....._ |
E curl (gwi) grad 57 . (4.27)

Hiwuo
Now the kernels for the integral equation (4.7) are determined and
it remains to discuss how this equation is solved in practice. The
gimplest way certainly is to decompose the anoﬁaléus domain intoc
a set of N rectangular cells and to assume that the electric field
is constant within each cell. Then there resulis from (4.7) a set

of 3N linear eguations fox 3N unknowns, The system has the form

X =A Xt g, (4.28)

where x is the vector of unknown field components, A the matrix of
coefficients and g the given vector of the normal electric field
values. A direct inversion of this matrix is only feasible for

N < 50 (say), becaﬁse of the large amount of storage required. Hence

iterative methods must be used in general.

The simplest way would be to start an iterative procedure with

. L0 . . .
X = g. This sequence of approximations, however, converges only

if the eigenvalue of A with the largest modulus has a modulus less

than 1, a condition which is certainly not satisfied if 04 is large.

Better convergence properties shows the GauB-~Seidel iterative scheme,
using during iteration already the updated approximation and a
successive overrelaxation factor:
Let the components of A be a,, . Then (4.28) reads

3N

Xi. :ki'i aikxk ’{‘ gi'— i = 1 r LECRER BN-
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Then a new approximation to Xg is obtained by

1-1 3N - '
new old old
aq Xy + I I - %, + g, } (4.29)

k=i

R T
ii k=1

The successive overrelaxation factor @ > 1 has to be chosen suitably.
In many cases § = 1 (i.e. no ovér;elaxation) is already a good
éhoice. If the Gauf-Seidel method does not converge then one can
apply a spectrum displacement technidgue: As already mentioned,

simple iteration without updating'is only convergent, if the largest
modulus of the eigenvaluesg is smaller than 1. Eg. (4.28) is egui-
valeht to

x= (B - oDx +tox g
or-_ ‘ 1 1
X = Bx + =g £ ¢ B =1z (A ~ o) (4.30)

The iterative procedure (4.30) will be convexrgent, if ¢ can be

chogsen in such way that the eigenvalues bf B are of modulus less
" than 1. If X is an eigenvalue.of A then (A-a)/(1-a) is an eigen-
value of B. Consider for example the following situation that A

has negative real eigenvalues from O to A Y | > 1. Then a
max max )
choice of o = - llmax[/Z is appropriate. The condition
A (72 )
1+ PN P

is then satisfied for all eigenvalues A. The reguirements which
o has satisfied can be put in that form that a circle around o
has to include all eigenvalues of A but has to exclude the point
1. The following figure illustrates the case stated above.

‘ A-plane This case applies approximately
to the three-dimensional modelli
vroblem, where at least the
largest eigenvalues are for a

higher conducting insertion to

i
T . . .
1 a good approximation negative

real. For a poor conducting in-

sertion the largest eigenvalues
are essentially positive, bhut

smaller than 1.
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4.3. The surface integral apprcach to the modelling problem

: !
In the surface integral approach, within the anomalous slab the

equation (4.4b), i.e.

curl?E  + k?E_ = -~ kZE (4.31)
Za =a a~n .

- is solved by finite differences or an equivalent method. The re-

quired field values one grid point width above the upper horizontal
boundary at z = z, and below the lower boundary at z = 2, are
expressed aS surface integrals in terms of the tangential component

of E_ at =z = Z4 and =z

o respectively.

Let V1 and Vé be the half-spaces z < z and z > z., respectively,

(mf

and let S, m = 1,2 be the planes 2z = z . Let G,
m o ~i

(EolE)' Zo € Vi
r e Vm U Sm be a solution of

2~ {m} : 2. (m) NN e :
curl®G " (r (o) 4k ()6 ( lx)=x, §(z-r) (4.32)

(i=1,2,3; wm=1,2) satisfying for r ¢ Sm the boundary condition

e e m) -
zx G (x lx) =0 . (4.33)
In v, and V,, E_ is a solution of

2 2 ;
| curl Ea + kn Ea 0 {(4.34)
Multiply (4.34) by gém), (4.32) by ga' integrate the difference with
respect to r over Vm’ and obtain on using (4.6}, (4.33) and Ea + 0O
for r + = ’

’

Eai(50)=(—1)m f.curlgém)(50|£);{£ x B, (x)}da, (4.35a)

S
m

"y € V , or in tensor notation
~0- m

E () = (D" ! Curl?(m) (z D)z x B, (x)}an (4.35b)
m
3 .
where cur%?(m) = I X, curic™,
i=t 7 T
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Egs. {(4.35a,b) admit a representation of the field values cutside
the anomalous layer in terms of the boundary wvalues of the con-

tinuous tangential component of E_.
M subject to (4.33)

is as follows: Reflect the normal conductivity structure for

A physical interpretation of Green's vector &

z < Z, and z > Z, at the planes z = Z4 and z = 2, and place a unit

dipole in xi~directi9n at X, € Vm and an image dipole at .

r, =xr, t 2(zm - zo)g, the moment being-the same for the vertical
dipole and the opposite for the two horizontal dipoles. Then the
(m}) (m)
i i
solution of (4.32) for r ¢ Vma

tangential compcnent of G vanishes at z = Zor and G is a

{m}

Hence, if Vm is a uniform half-space, Ei ism constructed from the

whole~gspace formula (4‘15)3 Eg. (4.35) then reads:

'Eax(zo) = fzo - zm[ f F(R)Eax(£)dA’ (4.36a)
. Sm .
ay(ﬁo) = |z - zm[ Jsr F(_R)an(_y,:)dza, ' (4.36b)
. m -
—_ — m - 1 - " . . R
B (x ) = (1) é FRMx~x }E__(x)+(y Yo)an(g)}dA, (4.3§c)
I
where R = |r -~ ¢ [, k? = jwp o
- "“O' o}
' __ 1.4 , -kRr B oy ~KR, .
F(R) = 7R 4R (e 77/R) = (1 + kR)e / (2mR*) -

Egs. (4.36a-~c) contain as important subcase the condition at the
2, = o, ko = 0}.

Because of the limited range of the kernels,in applications of the
surface integral only'a small portion of S, must be considered.
For Eax and an the contribution of the region nearest to Iy is
most important. Assuming Eax and an to be constant within®a small
disc of radius p centered perpendicularly over X, the weightlfrom
(4.36a,b) is

— w12 2
e #A—(R/¥K2+p2) e~k A 4o )

; = - . is a contri i to E only if B and
where A [zm zo[ There is a contribution to E_, y .

Eay have a gradient along x and y direction xespectively.
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Al the vertical boundaries the condition Ea = O is relaxed to the

impedance boundary condition

kE L T oX curl E, . n+E =0,

where Ea is the tangential component and n the outward normal.

t

. 5. Conversion formulae for a two-dimensional TE-field .

" 5.1. Separation formulae

In this subsection 5;1. it is assumed that the conductivity does
‘not change in x-direction and that the inducing magnetic field is
in the (y,2)~plane, i.e. the conditions for the E~polarization
case of Sec. 3.%1. Then from a knowledge of the H_and Hz component
along & profile from -« to +» at z = o it is possible to separate
the magnetic field into its parts of internal and external origin
without having an additional knowledge of the underlying conducti-~
vity structure. '

The pertinent differential equation is (3.5a), i.e.

AE = isu o E o (5.1)
which reducing in z £ O to

AE = O, { (5.2)
which has the general solution

RS -lk|= + +lklz, iky
Ely.2z) = S {B (x)e + A (k)e Y gk {5.3)

—c0

where A; describes the external and Ag the internal part of the fiel

The magnetic field.components at z = 0 are (cf. (3.2a) and (3.3a)}

4o .
-iwp H, = Ie[{-n + AZ}elKY dk (5.4a)

it

N1

o0 .
Hou i = S skla] + Ag}el“Y ak. (5.4b)

00

e
f

Let

e
It

H +H ., H = H__4H_. {(5.5a,!
ye yi e "z :

w4



&
et

1

where the subscripts "e" and "i" denote the parts of external and

internal origin at z = o.

Further, let the Fourier transform of any one of the above six

. quantities be

n o » | ‘
H{k) = %E f Hy,0)e Y ay. ‘ (5.6)
—0
Then (5.4a,b) yields
Hyefﬂze =-~i sgn(k), HYi/Hzi = +isgn (k) (5.7a,b)

A product between Fourier transforms in the x—-domain transforms to

a convolution integral in the y-domain:

~ b0

SR =1 fey -y ay = L
F=Ge H. - Fy) 2ﬂuiG(y‘)H(y y*)dy 5w G = H

Hence we obtain from (5.7a,b)

-~ ~

go =T KXH_ Hyi = -K % H, o (5.8a,b)

L4
H

1l
!
=
o4
)
s
i
+
P
b
e

H

ze ye 24 (5.8¢,4)

. +oo .
Ky} = %ﬁ- / —ngn(K)ele de =

Laed *]

sin{ky)d«

I
=
Q- §

[ee)
= 1im 1 S sin(Ky)e—EKdK =1 lim @ e = 1
g+to T o T esrto y2+e?2 1L

-

' ‘ ~€'c : :
Convergence was forced by a factor e . The resulting convolution
integral exists only in the sense of a Cauchy principal value, i.e.

(5.8a) for example reads explicitly
- ton :

,Hye(y) =_i K{y-n)E, (n)dn
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The four equations

Hye = i sgn(k) H o+ Hyi = + 1smgnsK} H .
HY = Hye -+ Hyi- P HZ = Hze + Hzi

~ ~ "~ Fa
can easily be solved for Hye’ H, o1 Hyir Hzi'

When transformed into the y-domain it results

-~ ~

o .
ye

~

. 1 o .1 - -
= 5 (HY + k % HZ) P H u.z(ﬁz K = Hy)

~

H .
yi

T

~ _ A s 1 ~ Rt d
— = e -+ ¥,
(Hy K Hz) ; Hzi 2(HZ K = Hy)

Two—dimensional separation formulae

For practical purpuses these separation formulae are not very con-
_venient, since the kernel decays rather slowly requiring a long
profile to determine the internal and external part at a given

surface point.

5.2, Conversion formulae for the field components of a two-

" dimensional TE~field at the surface of a one~dimensional structure

For the separation of the magnetic field components no knowledge
of the two~dimensional conductivity structure is required. However,
the conductivity enters if it is attempted to deduce for instance
the total vertical component of the magnetic field at the surface
from the corresponding tangential component. If the conductivity
structure is one~dimensional, the conversicn between two components
can be effected using a convolution integral, where the kernel is
derived from the one~dimensional structure via the transfer func-
tion Clw,|x|[). Sec. (2.5) yields |

R (0,K,0). Cf (o), | e
C(-[K['w)= < O,K,B _ . O,K 03) _ 1 . 1 - S(]KI_,UJ) (5.9;

iwuoﬂy(b,K,m) iKﬁy(o,K,w) [kl 1+ s{|x|,w)

'Yhere S([x{,w) is the ratio between internal and external part of

. \ - T .
Hy' il.e. Hyi/Hye' in the frequency wavenumber domain.

From (5.%a-c) the/Yarious conversion formulas for the durface COmM

nents can be derived. The following table gives the definition of
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the pertinent kermels and their form for two particularly simple
structures. Note that in the case of a vanishing conductor (i.e;
in the examples h -+ «, or k + 0} the kernels XK and M have to
agree with the kernels of (5.8a) and (5.8¢c), respectively. The
function Lz, occurring in the P-kernel of the uniform half-space
model is the modified Struve function of the second order (cf,.

Abramowitz and Stegun, p. 498).



e e

i,

Conversion

{K,w) domain

(v,0}) domain

Convolution kernels

Perfect conductor at depth h

C =Vtanh(Kh)/K
abbr.: u = y/{(2h)
Limiting wvalues

ful<<t |

" Uniform half-space with c=c§

C o= (k2 + x2)" /2

2bbr.: k = (iwuoco)
Limiting values
..]V[<<']. l""lleﬂ

V2 yexly|

"{2h tanhwul"'

K2+ 7 R (v lawdsgn (y)

......
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~ _ -1 ~ . ~ = — ~ v .
Hy = IeC Hz Hy K = HZ
. S 1/ (myy .. 4 1/ (2hysgnly) |  A/f(ay) ... ... (k/2). sgnly). ... ...
- Ko
A A . - © —(2h sinhmu) = S K, (V) ¢+ sgnly)
H, = 1kC H H, = M = H ‘ ol ‘ .
-Tiu -
oo =1/ (my) _ { -e "7 /hesgn(y) -1/ (my) -ke V}«zwv csgniy)
1 "
. ~ - . - r lOg coth (‘IY[L'L[/?.) 7[!;'- KQ (v)
= 1 =1 J
Ex .1wu0CHy E 1wuoth l l
2 =m|u 1 -\
- —loglyl [ Fe T - = logly| eV /yERT
{27h (14u2)} " L{n, (V) - I, (V) + 22 )
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6. Approaches to the inverse problem of electrowmagnetic induction

by linearization

6.1. The Backus-Gilbert methcd

6.1.1. Introduction

The method of Backus and Gilbert is in the first line a method to
estimate the information contents of a given data set; only in the
second line it is a method to solve a linear inverse problem. The
procedure takes into account that observational errors and incom-
plete data reduce the reliability of a solution of an inverse
problem. It is strictly applicable only to linear inverse problems.

Assume that we are going to investigate an "earth model" m(r),

where m is a scalar quantity which for simplicity depends only on
one coordinate. For the following examples it will be chosen as
the distance from the centre of the earth {to be as c¢lose as
possible to the original approach of Backus and Gilbert). Then in

a linear inverse problem there exist N linear functicnals ("rules"},

which ascribe to m(r) via data kernelsg Gi(r) numbers gi(m) in the

way a
g.m) = f m{x)G, {(xr)dr, i =1, ..., WN. (6.1)
i o i . ,
The measured values of gi(m) are the N data Yi' i=1, ..., N. The

"gross earth functionals® gi(m) are linear in m, since it is
assumed that the data kernels Gi(r) are independent of m. The in-
verse problem consists in choosing m(x») in such a way that the
calculated functionals g; agree with the data Yy The Backus-—-Gilbert
method shows how m(r) is constraint by the given data set. Before
going into details let us give an example. Assume that we are
interested in the density distribution of spherically symmetrical
earth, i.e. m(r) = p(r), and that our data consist in the mags M

~and moment of‘ineftia ®. Then

Y-l:Mr Y, =0

.
a gr 2 '
g, (p)=dn J p(x)r?dx, g,(p) == J p(xr)r'dr
) o
G1(r)~4ﬁr ' Gz(r)- 5 ¥



- GG -

6.1.2. The linear inverse problem

The data may have two defects:

a) insufficient

b} inaccurate
Certainly in the above problem the two data M and © are insufficient
to determine the continuous function p{r). Generally, the properties
a) and b) are inherent to all real data sets when a continuous func-
tion is sought. The lack of data smoothes out details and only
some average quantities are available, the observational error in-
troduces statistical uncertaintiés in the model. (If we were locking
for a descrete model with fewer parameters than data, then incon-
sistency can arise as a third defect.) Because of the lack of data,
instead of m at r, we can obtain only an averaged gquantity <m(ro)>,
which is still subject to statistical incextainties due to errors
in the data. Let :
<mr,) > = ? A(rolr)m(r)drr (6.2)

o
where a is gubiject to

il
—

a .
J A(ro[r)dr (6.3)

0
The latter condition ensures that <m> agrees with m, if m is a con-
stant. A(rolr) is the window, through which the real but unknown

function m{r) can be seen. It is the averaging or resclution functio

The more A at X resembles a §-~function the better is the reso-
lution at r,e Resolvable are only the projections of m{r) into the
space of the data kernels Gi.'The part of m, which is orthogonal
to the data kernels cannot be resclved. Hence, it is reasonable
to write A as a linear combination of the data kernels

N

A(;OlrJ =i£1 a, (r )G, (r), (6.4)

where the coefficients ai{ro) have to be determined in such a way
that A is as peaked as possible at L The most obvious choice

would be to minimize

a
g'{A(rO[r) - 8(r - r )}*ar, | (6.5)

subject to (6.3). For‘computational ease Backus and Gilbert prefer
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to minimize the gquantity
. a '
= 2 - 2
s =12 [ A (rolr)(r r, )*ar. _ (6.6)

Since (r-—ro)2 is small near ror A can be large there. The factor 12

is chosen for the fact that if A is a box—car function of width L

"1

., O, else

then s = L, i.e. if A is a peaked. function then s in the definition
of (6.6) glves approximately the width of the peak. s(ro) is called
the spread at r,

We have also taken into account that our measurements Yi have ob-

servational errors Ay, i.e.

Yy~ Ay 2 g ) <oy, oAy _ : (6.7)

i

Insertion of (6.4) into (6.2) using (6.1) yields

N a N
<m(ro)> = ‘E ai(ro)fm(r)Gi(r)ér ﬂ‘E ai(ro)gi(m) {6.8)
i=1 o] i=1
From (6.7) and (6.8)
N
A<m(ro)> = _E ai(ro)AYi,
i=1
and the mean variance is
— - .
£ = (&<m(ro)>) —.E _ ai(ro)ak(ro)Eik {6.9)
i, k=1
where _
= v b
E; = Ay Ay {6,103}

is the covariance matrix of the data errors, which in general is
assumed to be diagonal.

2

Of course, we would appreciate if the error of m(ro), i.e. € would
be wvery small. But also the spread (6.6) '
a ; ' Y N
s = 12 g A% (r_|x) (x~x ) ?idi=1ai(ro)ak(ro)sik(ro) (6.11)
with . )
S;p () =12 f Gi(r)Gk(r)(r—ro)zdr ' (6.12)

o



should be small., Hence it required to minimize simultaneocusly the

gquadratic forms

N .
s = I a, S... & g2 = I a.a, E. (6.13)
1, k=1 1ak ik i, k=1 ik Tik
subject to the condition (6.3), i.e.
N a
z a; i Gj(r)dr = 1 (6,14}
i=1 0 - '

There does not exist a set of a; which minimizes s and e? separately.

As a compromise only a combination

Q=1Ws + (1 - W) » ce? (6.15)

can be minimized. In (6.15), c is an arbitrary positive scaling
factor which accounts for the different dimensions of s and €? and

W is a parameter

0 < W< 1

-

which weighs the particular importance of s and €. For W = 1 the
spread is minimized without regarding the error of the spatially
averaged quant;ty <m(r0)>. Conversely -for W = O the spread s is

large and the error e? is a minimum. Hence, in general there is a

trade-off between resolution and accuracy, which for a particular

r, is shown in the following figure,
: 2

£
PN
2
€ g W=
max ¢
2
®min [777" p=0
i
[}
5 > S
max
Near s = Shin the trade-off curve is rather steep. Hence, a small

sacrifice of resolving power will largely reduce the error of the
‘average <m(ro)>. This uncertainty relation between resolution and

accuracy is the central point of the Backus-Gilbert procedure.



It remains to show a way to minimize Q, subject to (6.15). The way,

however, is well-known. One simply introduces as (N+1)-st unknown

a Lagrangian parameter A and minimizes the quantity
a

Q' =0+ A(Zaju, = 1), wu; = g G, (r)dr (6.16}

" The differentiation of (6.16) with respect to the (N+1) unknowns

yields the (N+1) linear equations

N
2 ke Qy

+ l,uk =0, k=1, ..., N {(6.17a)

N
% a, k, = 1 (6.17b}

where Qik =W S;y + (1-W)c Eik'
This system of equations is easily solved. The meaning of X is

revealed by multiplying (6.17a) by a adding and using (6.17b)

kr
and (6.15}). It results
A== 2 Qmin'
In the case W= 1, we have A = -2s. With a knowledge of ai(ro),

-<m(r0)> is obtained from (6.8) with g = Y and €2 from (6.9).

When <m(x}> is inserted in (6.1) instead of m(r), it will in
general not exactly reproduce the data.

The minimization (6.15)

, N N
— - 2 — 2_ a.a, m.,
Q=Ws+ (1 W)ce ¢ O<W<1, c>o0, = PEim1aiakSik, £ izk=1 1% ik
v g = -4

N

subject to the constraint I a,u; = 1 admits for two data (N=2)

a simple geometrical interﬁ?étation: For constant s and e? these
positive definite guantities are represented by ellipses, the con-
straint is a line in the (a1,a2)-plane. ¥or uncorrelated errors,

2

the principal axes of € are the ay and a, axis.

When W varies from O to 1 the combinationsof (a1,a2) on the fat
line are obtained. s and.e? are determined from the ellipses

through these points Since all s-(e?)-ellipses are similar, s ande?



S
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are proportional to the long axes of these ellipses.

"6.1.3. The nonlinear inverse problem

The Backus-Gilbert procedure applies only to linear inverse

problems,; where according to

a
gi(m} = f m(r)Gi(r)dr (6.18)
) = (6.1 )
the gross earth functionals g; have the property that
gi(m+m') = gi(m) + gi(m'), giﬁlm)‘= Agi(m).

This means for instance that the data are built up in an additive
way from different parts of the model, i.e., that there is no
coupling between these parts. This certainly does not hold for

electromaghetic inverse problem, where each part of the conductoxr

is coupled with all other parts.

In nonlinear problems the data kernel Gi(r) will depend on m. Here

it is in general possible to replace (6.18) by
' a
gi(m')"gi(m)=£(m‘(r)—m(rﬂ6i(r,m)dr + O{m'-m)?, (6.18a)

where m and m' are two earth models. The data kernel Gi(r;m) is

called the Fréchet derivative or functional derivative at

model m.



Again, from a finite erroneous data set we can extract only averaged

estimates with statistical uncertainties, i.e.

a
<m(r,)> = J A(ro[r)m(r)dr. (6.19)
0 = (6.2 }

As in the linear case A(rolr) is built up from a linear combination

0of the data kernels

afc_[r) = _21 a; (r_rm)G, (x ,m). (6.20)
i=

Introducing {(6.19) into (6.20) we obtain

N a
<m(r0)> =i§1 ai(ro;m)qi(m), qi(m) = g m(r)Gi(r,m)dr (6.21)

which for nonlinear kernels is different from (6.8), since in this

nonlinear case gi(m) + qi(m).

In the linear case, two models m and m' which both satisfy the’
data lead to the same average model <m(ro)>. In the nonlinear case,
the average models are different; the difference, however, is of

the second order in {(m'=-m), (Exercisel)

The Backus~Cilbert procedure in the nonlinear case reguires a model
which already nearly fits the data. Then it can give an appraisal

of the information contents of a given'data set.

" 6.2, Generalized matrix inversion

The generalized matrix inversion is an altermative procedure to

the Backus-Gilbert method. It is strictly applicable only to linear
problemns, whefe the model under considerationr consists of a set of
discrete unknown parameters. Nonlinear problems are generally
linearized to get in the range of this method. Assume that we want
to determine the.M component parameter vectoxr p with ET'= (p1,...,pMj
and that we have N functionals {rules) gy i=1, ..., N which

assign to any model p a number, which when measured has the average
value Yi and variance var(Yi):

Yj = gi(R), i=1,2, .., N.



_72...

Suppose that an approximation P, to p is known. Then neglecting
terms of order O(p - Eo)z, we have

g, () + (- EO)'gradp 9, = V3

or
M Bgi
o TPy (P = Py = ¥379; (R, 1= 142, o0y N (6.22)

. Bg. (6.22) constitutes a system of N equations for the M parameter

changes Pr ~ Proe The generalized matrix inversion provides a so-
lution to this system, irrespective of N = M, N < M, or N > M. If
the rank of the system matrix Bgi/Bpk is equal to Min (M, N), the
generalized matrix inversion provides in the case M = N (regulax
system): the ordinary solution,M < W (overconstrained system): the
least squares solution, M > N (underdetermined system): the

smallest correction vector p - Eo'

The generalized inverse exiéts also in the case when the rank of
Bgi/apk is smaller than Min (M, N). '.

After solving the system, the correction is applied to 2 and this
vector in the next step serves as a new approximation to p, thus

starting an iterative scheme.

It is convenient to give all data the same wariance Gé, thus

defining as new data and matrix elements

Y. = g.{(p.) Bg.’ o3 :
y. — 1 1 O . GO' Gik = 3 + * o (6.23&1;]3‘
Jvar(yi) Py %var(yi)

thus weighing in a least sguares solution the residuals according

to their accuracy which makes sense. Let

X =P~ B, (6.24)

. be the parameter correction vector. Then (6.22) reads

G x =Y. , ' (6.25)

(G corresponds to the data kernels Gi(r) in the Backus~Gilbert
theory). In the generalized matrix inversion first G is decomposed

into data eigenvectors Ej and parameter eigenvectors gj:

G=UAY | (6.26)

Dimensions: G(N,M), U(N,P), A(P,P), V(M,P)



Here U is a N x P matrix containing the P eigenvectors belonging
to non-zero eigenvalues of the problem
oo

and 'V is a M x P matrix with the P eigenvectors of the problem

gT

e

v = l§ Vir 3= o M (6.28)

associated with non-zero eigenvalues, P is the rank of G. Finally

A is a P x P diagonal matrix containing just the P nonzero eigen-

values Aj. Then the generalized inverse of G is

T, | (6.29)

fiemt
f
<
=
fia

~H always exists. In the cases mentioned above, H specializes as

follows
M=N---P:g=g"1
p=M<N: HE=(gg gt
P=N<M H=GI(gG)

For the proof one has to take into account that because of the

orthogonality and normalization of the eigenvectors one always has

ETZ = ;P (=P~component unit matrix) {6.30a)
T y
Uy=731I {6.30b)
- P
and in addition for
P=M:YV=Z1 =YV (6.31a)
P=N: UU=I, =03 (6.31b)

For P < Min(M,N)} H cannot be expressed in terms of G.

The generalized inverse provides a solution vector

cx>=HYy . - (6.32)

pu— =t

Its relation to the true solution x is given by

H

A

<X 2 == 7

I

vhere A is the (M x }) resolution matrix

éer; = o= FEr B s

=¥ A"1 ﬁT U A VT =y 7T, (6.33)

o x
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Only foxr P = M, A is the M component unit matrix, admitting an
exact determination of x. (A corresponds approximately to the re-
solution function A(ro[r) in the Backus-Gilbert theory. But there
are differences: A is symmetrical, A(Eo[r) not, the norm of A is

small if the resolution is poor, the norm of A(rolr) is always 1,)

In generalized matrix inversion exists the same trade-off as in the
Backus-Gilbert method. Cbnsider the covariance matrix of the changes

of < x > due to random changes of y:

(a <x) (6 <) " = w7 n ey oy T wT 'y = 02wy (6.34)
k—"‘/;"_‘/
UO
- In particular the variance of <x;> is
P . Vk- ° .
var(x ) = ¢? = ()2, - k= 1,2, 4 .0 M (6.35)
°3=1 73

showing that the variance of *) is largely due to the small eigen-
values Aj‘ By discarding small eigenvalues and the corresponding
eigenvectors, the accuracy of Xk can be increased at the expense
of the resolution, since A will deviate more from a (M x M) unit
matrix if instead of the required M eigenvectors a smaller number
is uvused. -

The model <x> will in general not reproduce the data. The repro-
duced data are

=L <x>=GHy=38Yy

with the information density matrix
B=GHE=UU. | (6.36)

Only in the case N = P, B is a unit matrix. In particular, B
" describes the linear dependence of the data in the overconstrained
case, High diagonal values will show that this date contains
specific information on the model which is not contained in other
data. On the other hand a 1arge'offwdiagonal value shows that this

information is also contained in another data.

Valuable insight in the particular inverse problem can be obtained

by considering the parameter eigenvectors corresponding to high and
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small eigenvalues. The parameter vector of a high eigenvalue shows
the parameter combination which can be resolved well, the parameter
eigenvector of a small eigenvalue gives the combination of para-

meters for which only a poor resolution can be obtained.

The generalized inverse is used both to invert a given data set and

to estimate the information contents of this data set when the

final solution is reached. '

ﬁaring the inversion procedure one has two tovols to stahilize the

notable unstable process of linearization:

a) application of only a fraction of the computed parameter correc-
tion, leading to a trade-off between convergence rate and sta-
bility; '

b} decrease of number of eigenvalues taken into account.

In the final estimation of the data contents one might prescribe
for each parameter a maximum variance. Then one has to determine
from (6.35) the number of eigenvalues leading to a value nearest
to the prescribed one. Finally the row of the resolution matrix

for this particular parxameter is calculated.

6.3. Derivation of the kernels for the linearized inverse problem

of electromagnetic induction

6.3.17. The one-dimensional case

Both for the Backus-Gilbexrt procedure and for the generalized lineax
inversion a knowledge of the change of the data due to a small
change in the conductivity structure is reguired.
In the one-dimensional case the pertinent differential equation and
datum are | ’

£"(z,w) = {k? + imuoc(z)}f(z,w),

Clw) = ~f{o,w)/f*(o,w).

Consider two conductivity profiiles S, and o, with corresponding

fields f, and f,- Multiplying the equation for £, with £, and the

equation for £, with fqs subtracting the resulting equations and
integrating the difference over z from zerc to infinity, we obtain

0 . oo
L] — LI - 4 -— 6.37
_£ (f1f2 £2£1)dz Loy L (a1 02)f1f2 dz ( )
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Now
£ (f;f2~f5f1)dz=£{(f{f2)'—(féf1)‘}dz= —f;(o)f2(0)+f§(o)f1(o).

Division by £3(0)-£} (o) yields

_— fq(z,w) fz(z,m)
Cz(w)—c1(w)= ~iwn i {02(2)-01(2)} - . dz .
0 £1 (0,w) £5(0rw)

If the difference §o = o, = 04 is small, f2 in the integral may

be replaced by f1, gsince the difference f2 - f1 is of the order

of v = Oy - 01, leading to a sécond order term in &C = C2 - C1.
Hence to a first order in 6o '
SC{w) = - iwp f 60(2){-55L9—~}2 dz (6.38)
° 5 £ (o,w)

Therefore in the Backus-Gilbert procedure the Fréchet derivative
of C is ~iwué{f(z)/f'(o)}2. In the generalized inversion the deri-
vatives of C with respect to layer conductivities and layer thick=-
nesses is regquired, if a structure with uniform layers is assumed.
Let there be L layers with conductivity Grn and thickness dm in

the m~th layer, hm <z < hm+1(hL+1 = o)}, Then (6.38).yields

h .. '
g g(m) - —iwuo.fm+1{£izigl~}2 az, m=1,..., L (6.39a)
m h £ (o, ,w) .
m -
...... L1 L f(hy )
'g g(w) = _iwuo 3 (Uk-;.*;"‘yk){"““”“"‘k:i‘:I }2: m= 1,...,L-1 (6.3
™ ' k=m ' (o,w)

since in the last case all layers belcw the m—-th layer are dis-
placed too.-

‘6}3.2;'?artial derivatives in two~ and three-dimensions

For two-dimensions only the E-polarization case is considered. The
pertinent equation is (cf. (3.5a))

AE = impoc E .

Consider again two conductivity structures o, and 0,.
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Then A(E2 - E1) = iwuod1(E2~E1) + 1wp0(02-01)E2 {6.40)
Let G1(£'[£) be Green's function for T i.e.
86, (x'[x) = dow o (x)6, (' [x) - & - r'). (6.41)

Multiply (6.41) by EZ(E') - E1(£') and (6.490) by Gi(gflg), integrate
the difference with respect to x* over the whole (y,z)}-plane. Then
Green's theorem (3.29) vields

E,(x)-E  (x) = -iwu, [ {o,{")-0, (\}_:n‘)}Ez(_{‘)Gi (x*lr)dar.  (6.42)

With the same arguments as in the one-~dimensional case we obtain

for small conductivity changes, neglecting second order terms,

SE(x) = —diwn, J So(r"E(x')G(z'[x)da" (6.43)

B

The kernel G(r'[r) must be determined from the solution of the

integral eguation

G(z'lx) =6 (x'|p)-iwn, J o (&6 (r'|r")G(z"[r)aa" (6.44)

Eq. (6.44) results from (6.42) by replacing

e

r'ox", 0,70, 0,70 , B, (x)+G(r'|r), E,(@)~6 (z'[x),

This substitution becomes possible, since the d-function in the
Green's, function equations drops out when the difference A(EZ-E1)

" is formed.
The changes of the magnetic field components are obtained from (6.43
and (6.44) by differentiation with respect to r. - Methods for the
computation of Gn(g‘lg) are given in Sec. 3.4.
In the three~dimensional case one obtains in analogy to (6.43) and
(6.44)

SE(x) = dwpy J 8o (z") g(g')-g’[(_g*l;)dr - (6.45)

WhEIE!%FiS competed by solving the tensor integral eguation

é?(£'1£)=§a(£'[£) - diwuy S Ua(g")éa(gflg")- (E“lg)dA“; (6.46)

Again the magnetic field kernels are obtained by taking the curl
of (6.45) and (6.46) with respect to r. Methods for calculating‘%;
are given in Sec. 4.2. At the moment, three-dimensional inversion
appears to be prohibitive!l
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6.4. Quasi-linearization of the one-dimensional inverse problem

of electromagnetic induction (Schmucker's PSI-algorithm)

P

In the one-dimensional prbblem it is possible to a certain extent
to linearize the inverse problem by introducing new suitable para-
meters and data instead of the old ones.

ductivities ¢

Assume a horizontally layered half-space with L layers having con-
o o. and thicknesses 4

1,— 2{ - e e L 1, dzf LR N 4 dL"'1
(dM = «), Let the upper edge of layer m be at z = hm and assume
that layer conductivities and thicknesses satisfy the condition

Jdm d = const., m = 1,2, «v., E-1. (6.47)

Let km = Jiwuocm. Then the perxtinent equation for a quasi-uniform

external field is

I —_ s .
fm(z) = km fm(z), h

< 2 < h
m — —

m+ 1
The transfer function is, as usual,

Clw) = - f1(o)/fi(o) .
Introduce instead of fm the new function

Y (z) = 2log{~k £ (2)/f;(z)}, h <z <h_ (6.48)

In the TE-case £ and f' are continuous across boundaries, i.e.

— ' =T
T (hm+‘l ) e (hm+‘1 ) e fn (hm-l-‘l ) fn1 (hm-!-'I ) (6.49)
As a conseguence of {6.48) and
(6.49) ¢ is discontinuous across
boundaries: ? __z=hy
A O’ Fnt ¥
b 25N 11
'¢m+1(hm+1)‘— wm(hm+1) = log{om+1/0m) . .. (6.50)

The variation of-fm in the m—-th layer is

- =~k _{z-h_) +k_{z-k_)
f (z) =A e W m o pt e m m
m T m



whence
1+ at/a
109( T 1+ay
lpm(hm) ) _ - A11'1/Am = 1o (1"aY) , (6.51)
¥ (h —7k.d T+a .
‘m m+1 | 1+(A¥/A ye WM \ lOg(T:g)
lOg m —Zk d o
+ o, - m mf
1~(Am/Am)e
b . 2kd -2k a
where  a = (Am[Am)e MR = MW

Because of the condition (6.47), ¥ is independent of m.

The quantity |a| is the ratio between the reflected and incident
wave at z = hm+1' Due to the conservation of energy the amplitude
of the reflected wave is never larger than the amplitude of the

incident wave. Hence,
fal] < 1.

}Equality applies to a perfect conductor or insulator. For lal << 1
(6.51) yields

2ay (1+ %a2y2+...)
) = =T{1 +O(a2)};

2a(i1+ az + ...)

v, ()

wm(hm+1

1
3
or apprOXiﬁately

_wm(hm).; Y.wm(hm+1) . (6.52)

Since the neglected term is of order a?, this is a good approxima-
tion for [al << 1. Egs. (6.50) and (6.52) combined yield

.wm(hm) = y{¢ )Y . : (6.53)

m+1(hm+1) + log(cm/c

m+1

The datum C{w) is connected with ¥, (b ,w) through

¢1(h1,w) = ¢1(O,M) = 2 log(k1c).
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Introducing the new transfer function

y(w) = 2 log{%iwuod0 C(w)} (6.54)

where UO is an arbitrary reference conductivity, we obtain by con-

tinued application of (6.53)
. g

. _ 9 L
y{s) = log 7, gy (hy)
. O, - Oy
= e —
}og 54 + vy log 5, Y ¢2(h2)
N v, ) G, \
= Jlog E:'+ Y log E; + v° log == + vy w3(h3)
3
L-1 o ¢
= 2 ¥ log crm
m=c -1
-1 o a
vy = (v=1) z v 1og - I 16g o (6.55)
ST S Fog T80

In the derivation of (6.55) it has been used that wL(hL) = 0. Bqg.
{(6.55) is the desired result: it expresses the new data y(w)
linearly in terms of the new model parameter log(c/co).

When (6.55) ig used for the solution of an inverse problem, one
chooses first an arbitrary 00, and prescribes the constants
{3;78; d and L. If the occuwing conductivity contrasts are not too
sharp, the inversion of (6.55) will already give good estimates
for the layer conductivities. For these estimates the correct
résponse values are calculated, and with the difference between
the data and these wvalues the inversion of (6,55) is répeated,
giving corregtion; Alog(am/GO) to the previous outcome. At the

end of the iteration procedure, the true thicknesses of the layers
are calculated using (6.47). The errors of o, are finally trans-
formed into the errors of dm'.
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7. Basic concepts of geomagnetic and magnetotelluric depth sounding

7.1. General characteristics of the method

Two types of geophysical surface data can be distinguished to in-
vestigate the distribution of some physical property m(r) of matter

beneath the Earth's surface. The first type is connected with

k X r = (x,y,2)
. /ac'—l“"-—,.?;?’l R = (x,y,2z = 0)

statlic or quasi-static phenomena (gravity and magnetic fields), the
second type with time-~dependent phenomena {(seismic wave propagation)
or with controlled experiments under variable experimental con-

ditions (DC-geoelectric soundings), Geomagnetic and magnetotelluric

soundings utilize the skin-effect of transient electromagnetic

fields. Their penetration into the Earth represents a time~depen-
dent diffusion process, thus the observation of these fields at

the surface produces data of the second type.

The interpretation of static data y = y(R) is non-unique and an
arbitrary choice can be made among an unlimited number of possible
distributions  m(r), explaining y(R) equally well, The interpre-
tation of transient data is with certain constraints unigue in the
sense that only one distribution m(xr) can explain the surface data
y = y(R,t), basically because ongadditional variable t (time,
variable parameter of controlled experiment) is involved, '

If the observation of the transient process or the performance of
the experiment is made at a single site, the data y = y(t) permit
a vertical sounding of the propefty m = m(z), assumed to be a sole
function of depth z beneath that site, If the observations or ex-
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periments are done with profiles or arrays, the data y = y{(R,t)
permit a structural sounding of the property m = miz) + am(xr)

with particular emphasis on lateral variations Am(r).

Here m(z) represents either a global or regional mean distribution.
It may also be the result of vertical soundings at "normal sites"
whentthe surface data show no indications for lateral variations
of m. Since the dependence of y(R,t) on m(r) will be non-linear,
ancmalies Ay(R,t) = y(R,t) =~ yn(t) will be dependent on Am &and
T™(z), i.e. the interpretation of second-type-data must proceed on
the basis of a known mean or normal distribution m(z) consistent
with data yn(t) at a normal site. It should be noted that in the
case of static data of the first type usually no interdependence
between Ay and m will exist, i.e. the interpretation of their
anomalies is independent of global or regional mean distributions
of the relevant property m,

Suppose that for data of the seccend type the lateral variations
Am(r) are small in relation to m(z). Then the results of vertical
soundings at many different single sites may be combined to
approximate a structural distribution m = W + Am., For geomagnetic
induction data the relevant property, namely the electrical re-
sistivity has usually substantial lateral variations and a one~
dimensional interpretation as in the case of vertical soundings
will not be adequate. Instead =~ & truly multi~dimensional inter-
pretation of the data is required which is to be based on "normal
data" at selected sites (cf. 8.2), Such normal sites are here rather
the exception than the rule.

7.2 The data and physical properties of internal matter which
are involved

The Earth's magnetic field is subject to small fluctuations H{r,t).
They arise from primary sources in the high atmosphere and from
secondary sources within the Earth, At the Earth's surface their ®

% amplitude is
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orders of magnitude - smaller than the quasi-static main field,
Their depth of penetration into the Earth is limited by the “skin-
effect", i.e. byﬂﬁpposing action of electromagnetically induced
eddy currents in conducting matter below the surface , These
currents produce the already mentioned secondary component of H,
They are driven by the electric field E(r,t? generated by the
changing magnetic flux accoréing to Farad y's inducticn law (cf,
~7.3). The time-fluctuations in L are referred to“geomagnetic’ varia-

tions, those in E as geo-electric-or Ytelluric" variations.

. The connection between K and E is established by three physical
properties of internal matter: the conductivity ¢ (or its recipro-
cal the resistivity pl), the ﬁermeability 1 amd the dielectric cone-
stant e¢. The permeability of ordinary roéks ig very close to unity
and the approximation u =1 is-adequatg. The magnetic effect of

- displacemnent durrents which is proportional to € can be neglected
within the earth (cf., Sec. 7.3), leaving the conductivity ¢ as

"~ the sole propa:%§ﬂ¢pnnecting E and H. Both fields tend to zero at
.sufficiently great depth, the skin~depth

P="%§'—
o

" being a characteristic scale length for the depth of penetration

of an oscillatory field exp(iwt) into a medium of resistivity p.

- Geomagnetic induction data are usually pfesented in terms of trans-
fer functions which connect as functions of frequency and locations
certain components of E and H. Examples are the imagneto-telluric
transfer functionsbetween the tangential components & el

and the magnetic transfer functions between the vertical and hori-
zontal components of H only, These transfer functions form input
data for magneto~telluric and geomagnetic depth soundings,

-abbreviated MTS and GDS. -
: . . N

Notations and units. Rectangular coordinates (x,y,z) are used with

2 positive down. If x is towards local nmagnetic north and y towards
local magnetic east, the following notations of the magnetic and
electric field components are common: o



The vertical magnetlc component H is usually simply denoted as Z,
All equations are SI -units, but for H the tradional geomagnetic

unit 1y = 107°

Gauk may be quoted. A convenient unit for the
telluric field is (mV/km), The magneto-telluric transfer function
between (Ex’Ey) and (Hx’Hy) will have in these units the dimension

"{mV/km}/y with the conversion

mV/km _ 47 10*3 Q
1 y 10

to SI-units. Measuring the period 1 = 2w/w of time-harmonic field
variations in seconds,

= % vpT km,

~if t is measured in hours,
p =: 3‘002 I’pT km’

-7

the unit of p being in either case (Om); By = MEoe 10 ° volt sec/

: Anpin.

- 7.3 Electromagnetic wave propagatlon and diffusion through
uniform domains

Consider a volume V for which the physical properties ﬁ;s,c are
constants. Then E and H are non~divergent within V and connected
by Maxwell's field equations (+ = 3/93t)

rot H = ok +’€eo E

—

rot E ."ﬁﬁo H .
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Elimination of E or H yields a second order partial differential

equation

L R

2 _ L]
V°F = uuo(q£ + eeag )

where F denotes either the electric or the magnetic field vector
(div F = 0). This equation can be interpreted as a wave eguation
or as a diffusion equation, depending on the fastness of the field

variations in relation to the decay time
Ty T eeO/ o
of free electric charges within V,
Let w be the angular frequency of harmonic field variations, i,e,

F = iwF and F = -w?F, Then the basic differential equation is
conveniently written as a wave equation

2p = _(By2 2 -1
VEE = () {1 + (et ) } F
for wr >> 1 and as a diffusion equation

V2F

—

n

%—%—‘ {1+ (wt DIE

for Wt << 1, In the first case the field truly propagates through

V with the speed 1

e = (uuoeeo)
and (iw"ro)—1 as absorption factor.

In the second case the field diffuses into V with
1
p = (2p/wu )7

as skin-depth, The diffusion can be regarded as "quasi-stationary”

in the sense that the propagation term (iwto) is sufficiently small

‘against unity, . ‘
For p = 1/¢ in Om v 2107 5 e (see),

&

Since p will be 1§ss thah'105 om within the Earth, fields for fre-

quencies up to 10 cps possess a quasi-stationary diffusion below
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the surface. Only near certain sulfidic one veins the "effective"
decay time T, may be in the order of fractions of seconds due to
induced polarisation and the propagation term may not be necessarily

small against unity.

The air just above the ground has a resistivity in the order of
ib
10

fast fluctuations "propagate"thile slow variations "diffuse®

Gm, yielding a time constant T, of about 10 minutes, Hence,

" from their ionospheric sources to the Earth's surface,

For geomagnetic soundings only the field at and below the Earth's
surface matters, regardless how the primary field reaches the

surface, It is necessary, however, to make one definite assumption

about the nature of the primary field in the following sense:

Non~-divergent vector fields such as E and H in uniform domains
can be decomposed into two parts

= + = - -~ O Aw
E=Fr + Eiqg rot(rT) + rot rot(rs)

where i denotes a unit vector in some specified direction, here
the z-direction. T and S are scalar functions of position., It is
~readily seen that the so-called "toroidal® part EI is orthogonal
to i, i.e. in the here considered case £I is tangential fo planes
z = const, The remaining so-called "poloidal® part F;; of F has

three components;: =
I
\J’ \ /’ //r 2= conshs
1Aé/~ . / v
2/ /*
-/ z \ *

v

Let now Py and P;; be a "toroidal' and a Ypoloidal" diffusion
vector, both satisfying

VP = iwu o(1+ T )P,

from which the toroidal and poloidal parts of H are derived by
definition as follows:



T

""‘uug"m-m * ﬁm«.‘gﬂm
Hy = iy cot Ers ﬂii wuﬁ(l%i)

rot rot P
Observing that
vot rot rot P = ~ vot{V?*P-grad divp) = ~iwp o rotP, the electric

vectors follow then from Maxwell's field equations as

- 21 rot rot Py E SR S rot P

L .
=1 pz S TEC S B

Since the field which is derived from PI has a tangential megnelic
field, it is termed the "TM-mode" of the total field, The field
derived from Py; s on the other hand, has a tangential eglectric
field and represents the "JTE-mode" of the total field,

Suppoge that the conductivity is a sole function of depth, ¢ = clz),
and therefore the diffusion vector vertical downward: P = (0,0,P ),
Let Pz be in‘planes z = const, a harmonic cscillating function

of ® and y with the "wave numbers® k, and ky in ¥ and y-direction:

Pl) = P (=) £R with k= Gouk), R= (3,

Then

i

rot P (lky, -ik 0 P

£

rot rot P = (ik /C, iky/C, |k|?) P,

q “_BPofaz

where = = —3 and  [kf? = xZ'+ k;. It can be shown that C is
o

a scale length for the depth of penetration of the field into the

uniform domain, Insert now rot P and rot rot P into the equations
as given abova'and obtain the following relations between field

components setting wTO:O:

TH~-mode TE~mode
= =gl T BT T =u o ¢
Hy GCIEX Hx gciay By 1waCIzHY Ey lquCIIBX
£lekaIEX EzslkyCIBx E Hlekxcilﬂx Hz: ?kyciiﬁy

A A

i,
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Since C; and C.. cannot be zero for a finite wave number [k|, TM-
modes will have in the here considered quasi-stationary approxima-
tion zero magnetic fields in nonconducting matter as in air above
the ground. Hence, the existence of TM-modes within the primary
field cannot be ruled out by magnetic observations since it will
be seen above the ground only in. the vertical electric field Ez’
provided that this vertical electric field is not due to local
anomalies of the secondary induced field (s, below). In reality,
the detection of a primary EZ will be nearly impossible because
changes of the vertical electric field due to changing atmospheric
conditions appear to be orders of magnitude greater than those

connected with ionospheric sources, Therefore it is an assumption

that the primary fields in geomagnetic induction studies are TE-
fields.

In that case the secondary induced field abdve and within a layered
substructure ¢ = Gn(z) is likewise a TE—field, The sum of both

fields will be referred to as the "normal" field ﬂﬂ and En for the
" considered substructure, Its depth of penetration is characterized

by the response function C = Cn whieh according to the basic re-

11
lations given above can be derived from the magneto-telluric "im-

pedance' of the field

r
EBE = - EHX = iquCn (MTS=magneto telluric sounding)
ny nx :

or from the geomagnetic ratios

H _
—22 = ik C s e iknd— (GDS=geomagnetic depth

Hox Hny . ~ sounding)

Suppose the internal resistivity is within a limited range also
dependent on one horizontal coordinate, say x:

¢ =0 (2)+ 0o (y,z).

Now a local anomaly Ha(y,z) and Ea(y,z) will appear within the

secondary field,



Two special types of such anomalies can be distinguished. If the
electric vector of the primary fields 1s linearly polarized in

X-direction, i.e,

"

(Enx’ 0, 0)

and consequently

4]
[
<
o
as
~r

w

H
—n ny

the anomaly has an electric vector likewise only in x-direction,
because the flow of eddy currents will not be changed in direction.

Hence, the anomalous field is a TE-field -

Ea = (Eax’ 0, 0)
B’a = (O s Hay) Haz )'-

This polarisation of the primary field vector is termed E-polarisati

If the electric vector of the primary field is linearly polarised
in y~direction, the normal field is
E = (0, Eny’ 0)

and consequently

H = (H__, 0, 0)
-n nx

provided that its depth of penetration is small in comparison to
its reciprgﬁgl wave number, yieldingrﬁnz = 0. Only with this con-
straint is flow of eddy currents confined to vertical planes

x = const. and the resulting anomalous field will be a TM-field
with zero magnetic field above the ground:

(0, an, Eaz)

H = (H_, 0, 0).

1t

E
~a

This polarisation of the primary field is termed "H-polarisation®.

‘For three-dimensional structures
0 = 0{X,¥+2) = cn(z) + ca(x,y,z)

the anomaly of the induced field will be composed of TE-and TM-
fields which cannot be separated by a special choice of coordinates.
There is, however, the following possibility to suppfess in model

calculation the TM-mode of the anomalous field:



Suppose the lateral variations o, are confined to a “thin sheet®.
This sheet may be imbedded into a layered conductor from which it
must be separated by thin non-conducting layers. Then no currents
can leave or enter the non-uniform sheet and the TM-mode of the

induced field is suppressed. Such models are used to describe the

induction in oceans, assumed to be separated from zones of high
mantle conductivity by a non-conducting crust.

Schematic summary:

i

éi/ﬂy Source field Induced field
YT : normal anomalous
SO T3 » TE TE 0
SO\ A— T™ ™™ 0
S
N | TE(H _ = 0)
I N\ NS TE TE { nx
' TM(E = 0)
4 S S s ety Ry nx
@, (Y S “a (x\'a7 ) '
s 17 i_ 7 - TE+TM(general)
AN /1 -, /) TE TE {
r——— ___f_'_'_—_::’-’ £ TE {(thin sheet)
/' A | A ,““—-\ . .

*Appénﬁik—fo‘v;gt Recurrence formula for the calculation of the

depth of penetration C for a 1ayefed substratum (cf. chapter 2)

. B
e en o o
Definition: C = 3@;755
: %P
Differential equation to be solved: —439 = {iwuod + [k‘z)Po
' 9z
which satisfies VP = iwp o P .

Continuity condictions:

1., TE-field: H and E must be continuous which implies
that C is continuocus

2. TM-field: H and (Ex,Ey,cEz) are continucus which implies

that oC is c¢ontinuous.



Mcdel:
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G, l b, fan = hn#iwuggg + |x|?
EA e I

¢, ‘i h,

"Z‘e,: :ZL
=€)
il i - : = = ] 2

Solgtlon for uniform half-space: CI CII lwp o+ | x|

(o = 02 .

Recurrence formula for layered halfuspace'{cn = C(zn)}:

- = 7 2
Cyp, = Cpyp, = Yiwp oy + [K|

o]
n
CIn+1 Kn = tanh(an)
C - n+1
In .. 9
K { + CI K +tanh(a )1}
N 041 ntl D n
. Cyypeq K, * tanhla )
Cop o=
IIn - ]
Kn{i + CIIn+1 Kn tanh(an)

The TE-field within the n'th layer at the depth z = z, * €,

7z < zn + g < . can be calculated from its surface value

n
according to:

+1?

Ex(zn+e)${g(zi,zz)-g(zz,zg) - glz_,z_+e)} + E (0)

By (z +e)={h(z,,2,)h(z,,2,) - h(zn;zn+e>} « H_(0)

I}

with g(?r,zs) cosh B, ~ sinh Brs/(KrCr)

1]

h(zr,zs)

cosh B - sinh B « K C
rs rs r

for s < n

1

and glz_, z_+e) cosh(K _e)-sinh(K €)/K C
n’ “n n n nn

t

) o - .
h(zn,zn+e, couh(Kne) Slnh(Knﬁ) K C

nn
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Brs =.Kr(zs - Zr)
K; = Viwp o + [x[?

The formula for Ex applies also to Ey and HZ, the formula for

H
X

also to H .
y

7.4 Penetration depth of various types of geomagnetic variations

and the overall distribution of conductivity within the Earth

Three types of conduction which vary by orders of magnitude have

to
1.

be distinguished:

Conduction through rock forming minerals

Conduction through fluids in pores and cracks between rockfor-
ming minerals

Metallic conduction

: Since the minerals of crustal and mantle material are expected

to be silicates, the conduction through these minerals will
be that of semi-conductors. Their fesistivity is in the order
of'105 m at room temperature but decreases with temperature
according to :
e—A/kT

o(T) = o,

T is the absolute temperate, k Boltzmann's constant; c, and A
are pressure-dependent and composition~dependent constants
within a limited temperature range, for which one specific
-mechanism of semi-conduction is predominant. Hence, in plots
of 1n ¢ versus T—1 the ¢0-T dependence should be represented
by joining segments of straight lines. Laboratory experiments
with rocks and minerals at high temperature and varying
pressure have confirmed this piece-wise linear dependence of
Ing from T_i. Furthermore, they showed that the composition-

dependence of o is mainly contained in the pre-exponential
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parameter o, and that the pressure dependence of 00 and A should
not be the determining factor for the conductivity down the depth

of several hundred kilometers.

T i % The ¢-T dependence of Olivin (Mg,
lioo ?oo foo , FeII)? SiOu has been extensively-
= % investigated by various authors
2y hﬂ f;J:F;dﬁ&h for temperaturs up to 1400°C and
’&3 § pressures up to 30 kbar. This
S‘“‘Qh) bl 1 N - ‘ mineral is thought to be the main
70 ' constituent of the upper mantile
E Sa with a Mg : Fe ratio of 9 : 1
¢ L ) - (Mg, 4 Fey ), 8i0,. The diagram
‘ l Dube 787 shows the range of o(T)-curves

as obtained for 0livin with 90%

Forsterite (MgQSiOu). It is believed that the discrepancies among -
-the curves over orders of magnitude are mainly due to different
degrees of oxydation of FeII to FeIII within the olivin samples
used for the measurement. In fact,.the samples may have been oxy-
dized in some cases during the heating experiment as evidenced by
the irreproducibility of the o(T)~curves. However, the range of

- possible conductivities for olivin with 10% forsterite is greatly
narrowed in at the high temperature end, where we may expect a
‘resistivity of 10 to 100 Qm for 1HOOOC, corresponding to a depth
of 100 to 200 km within the mantle.

2.:Electrolytic conduction through salty solutions, filling pores and
cracks of unconsolidated rocks, gives clastic sediments resistivi-
ties from 1 to 50 @m. The resistivity of sea water with 3.5 gr
NaCl/liter is 0.25 @m. There should be an increase of resistivity
by one or two orders of magnitude at the top of the crystalline

basement beneath sedimentary basins.

Near to the surface the conduction in erystalline rocks 1s also
‘electrolytic. Their resistivity may be here as low as 500 fm, but
it increases rapidly with depth, when the cracks and pores close
under increasing pressure. Below the Mohorovicic-discontinuity

the conduction through grains can be expected to be more effective

than the conduction through pore fluids. I1If, however, partial
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melting occurs, the conduction through even a minor molten
fraction of crystalline rocks could Lower the resistivity by,

say, one order of magnitude.

3.: Metallic conduction is expected to give the material in the oute
core a resistivity of 10"5 Qm. This low value is required by

dynamo theories for the explanation of the main field of the
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The frequency spectrum of‘geomagne{ic variations which can be
utilized for induction studies extends from frequencies of
fractions of a cycle per day to frequencies of 10 to 100 cycles
per second. At the low frequency end an overlap with the
spectrum of secular variations occurs which diffuse upwards

- from primary sources in the Earth's core.

Schematic spectrum of geomagnetic variations:
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(=disturbed)-variations: After magnetic storms the horizontal
H-component of the Earth's magnetic field shows a worldwide de-
crease. Within a week after stormbeginn H returns asymptotically
to its pre-storm level., This so~called D_.~phase of storms shows
negligible longitudinal dependence, while its latitude dependence
is well described in geomagnetic coordinates by

H., (@) = -~ H_ cosd;
Dst o} |
¢ is the geomagnetic latitude of the location considered. The

gsource of the Dst—phase may be visualized as an gquatorial ring
current (ERC) which encircles the Earth in the equatorial plane

in geomagnetic coordinates:

P ¥5°

If the interior of the Earth were a perfect insulator and no eddy

currents were induced, the vertical DS —~component would be Z =

t bst
Ho sin 9. In reality, only one fourth to one fifth of this value

is observed due to the field of eddy currents which oppose in Z
the primary field of the ERC. Let LDst denote the inductive scale
length of D a be the Farth's radius, then for & = y5°

2CDst

Dst - - a HDst‘

st?

7

(cf. sec. 8.2)

Hence, with_ZDSt[HDSt ~ 0.2 the depth of penetration will be 600
km.



8Q (solar quiet) variations: On the day-1it side of the Earth thermal
convection in combination with tidal motions generate large-scale
wind-systems in the high atmosphere. In the ionosphere these winds
produce electric currents which -~ for an observer fixed to the
Earth - move with the sun around the Earth. During equinoxes there
will be two current vortices of equal strength in the northern and
southern hemisphere, their centers being at roughly 30°N and 30°s.
Due. to these currents 1océl—time dependent geomagnetic variations
will be observed at a fixed site at the Earth's surface. They are
repeated from day to day in similar form and are called "diurnal"

or Sq-variations:

Sq erc.ﬂ‘) f‘} J}a“«r
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Again the ZSQ*Amplitude is much smaller than to be expected from

- . o (m) (m3 o -
DSQ for an insulaiting Earth. If ZSQ and DSQ denote the amplitudes

of the m'th subharmonic of the diurnal variations (m=1,2,3,4
corresponding to the periods 1 = 24, 12, 8, & hours) and Cég) the

inductive scale length of this subharmonic,

Z(m) _ CSQ (m+ﬂ)(m+2) H(m)

SQ a m sing SQ (cf. 8.2)
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with ¢ as geographic latitude. From the ZSQ : HSQ ratio of continental
stations a depth of penetiration between 300 and 500 km is inferred.

The penetration depth of 5§ in the ocean basins is still uncertain.

Bays and Polar Substorms: Dupring the night hours "bay-shaped" de-

flections of the Earth's magnetic field from the normal level are

observed from time to time, lasting about one hour. Their amplitude
increases steadily from south to north, reaching its highest value
in the auroral zone. Similar variations, but much more intense and
rapid, occur during the main phase of magnetic storms, until about

one day after stormbegin.

The source of these sc-called "polar substorms™ is a shifting and
oscillating current lineament in the ionosphere of the aurocora zone.
The current will be partly closed through field alligned currents

in the magnetosphere, partly by wide-spread ionospheric return '
currents in mid latitudes:
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Lf the Earth. were non-conducting, we would observe south of the
polar electrojet PEJ stréng Z-variations during polar substorms.
They would represent the field of a line current and be comparable
+in amplitude to H- and D-variations, arising from overhead "return

currents® in mid-latitudes. In reality, the Z-amplitude during
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polar substorms is in mid-latitudes (e.g. Denmark, Germany) much
smaller than the ampli{udes of H and D because the vertical field

of induction currents nearly cancels the vertical field of the

polar jet. Under "normal condi.tions" the Z:H ratio is about 1:10.
Assuming for the mid-latitude substorm field an effective wave
number of 10- 20 000 km, yielding kx T 3-6.107 " as wavenumber, depth
of penetration is

“pay _1
lc = =287 = T 150 to 300 km.

| =
bay | Hbay %

There are indications that the penetration depth of bays into the
oceanic substructure is substantially smaller. The ocean itself
produces an attenuation of the H-amplitude of about 75% at the
ocean bottem, deep basins filled with unconsolidated sediments can

yield a comparable attenuation (e.g. North German basin).

‘Pulsations and VLF-emissions: Rapid oscillations of the Earth's fiel

with periods between 5 minutes and 1 second are called pulsations.
Their amplitude increases like the amplitude of substorms strongly
when apprecaching the auroral zone. Their typical midlatitude
amplitude is 1 gamma. The souprce fileld structure of bays and pul-
sations is similar, the depth of penetration of puisations being
largely dependent on the near~surfacé conductivity. It may rénge
from many kilometers in exposed shield areas to a few hundred

meters and less in sedimentary basins,

The "normal" %:H ratio of pulsations is too small to be determined
with any reliability outside of the auroral zone. However, '"anomasloi
Z-pulsations. are frequent and usuvally of very local charakter. If
pulsations occur in the form of lasting harmonic oscillations, ortel
with a beat-frequency, they are called "pulsation trains" pt, single
pulsation events are called "pi", pulsations which mark the be-
ginning of a bay.disturbance are called "pc™. All three types have

a clear local time dependence, occuring almost daily: ST
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Very rapid oscillations with fregquencies between 1 and, say, 100 cps
(=Hz) are called - from the radio enginieers point of view -

"very low frequency emissions: VLF. Thelr amplitudes lie well below
1y. They occur usually intermittendly in "bursts" and are contrclled
in their intensity by the general magnetic activity. In exposed
shield areas they may peﬁetrate downward a few kilometers, but
everywhere else they will be totally attenuated within the very

surface layers.

Sudden storm commencements and sclar flare effects: The begin of a

magnetic storm is usually marked by strong deflections in H and Z
up to 100y within one or two minutes. This so-called "sudden storm
commencement' SSC, signals the inward motion of the magnetopause
(separating the magnetosphere from the interplanetary space) under
the impact of a suddenly increased solar wind intensity. SSC's

are a world wide, simultaneously occuring phenomenon. They are,
however, too rarely occuring events (i per month) for induction
studies.

© The momentarily increased solar wave radiation, caused by sun spot
eruptions, produces a shortlived (5 minutes) intensification of the
- Sg-system, its magnetic effect is called a “solar flare event". It
measures a few gammas and like the ssc is a rarely observed varia-
tion type.
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. Overall depth distribution
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8. Data Collection and Analysis

8.3 Instruments

Magnetic sensors for geomagnetic induction work on land should meet

as many as possible of the following requirements: |

(1) Sufficient sensitivity and time resolution

(2) ﬁirectional characteristics which allow observation of the
magnetic variation vector in well—defined, preferably ortho-
gonal components. -

(3) Stable compensation of the Earth's permanent field, if re-

. guired. The sensors should not show "drift" on a time scale
comparable to the slowest variations to be analysed.

(4) Compensation of temperature effects or linear temperature de-
pendence with well defined temperature coefficients for subse-
quent corrections.

(5) Low power consumption to allow field operations on wet or dry-
cell batteries (less than 100 mA at 10 to 20 Volts DC con-
tinuous power drain).

(6) Minimum maintenance, allowing unattended operations over days,
weeks or months, depending on the period range to be investi~
gated.

(7) Electric ouﬁZput signal, adaptable for digital recording

No single sensor system can possibly meet all requirements over the
full frequency range of natural geomagnetic variations and the
cholce of instruments will depend on the type of variations under
investigation. They record cither the total field H :EHO + &H as
sum of the steady field HO and the variation field GHfby compensa-
Fion of Ho’ the tiEe~derivative i = 68 or a combination of &H and

§H. In geomagnetic latitudes the spectral amplitude distribution of
§H and Gﬁ, averagedover extended periods of moderate magnetic acti-
vity,’is the following:

* the variation field &H only
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The next diagram shows the resulting spectral range of adeguate

sensitivity and stability for various magnetic sensors, suitable for

geomagnetic studies: ) Performance on
: : point (2) to (7}
Dst' Sq Bays. Puls. VLF Obsv. 2 3 4 §5 8§
Torsion fibre :
magnetometer : 29
(Askania vario= e §H + o+ o+ o+ F

graph, Gough-
Reitzel vario-
graph 1.)

Fluxgate magne- ; :
tometer (Toer- v ‘ ‘ ‘ §H + - - & o+
ster Sonde) 3.) ; i

Grenet-vario- : SH,6H 4 - 4 4
meter 1.) ;
Induction coilsj _ i : N - 3 4

Proton precé- | . :
ssion magneto- HO+5H o r g e -
meter 3.)

|
-
+

1

!

Rb-vapor magne—r - HO+6H
tometer 3.) :

‘1.) Compensation of H3, by mechanical torque

2.) Bobrov-quarts variometersJ Jovilet variometers

3.) Compensation of Ho with bias fields

The horiZOntal components of the surface electric field E which is
connected to &H and §H can be estimated either from the knowledge
of the depth of penetration C at the period T or from the knowledge
of the resistivity p of the upper layers, assumed to be uniform.

Measuring H in (y), C in (km), T in (sec¢) and p in (fm) gives

s . . ) v mv
E = W CH_:QQCH :’V é% H (Eﬁ . '
‘ fh,

Using the spectral amplitudes as given above and C from' previous
section, the following spectral amplitudes of E/H and E are obtained

for mid-latitudes during moderate magnetic activity:
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A horizontal electric field component in the direction s is observed

as the fluctuating voltage Es*d between two electrodes in a distance
d parallel to s. Due to possible self-polarisation of the electrodes
a quasi-steady voltage of considerable size may be superimposed

upon the fluctuating voltage, truly connected to geomagnetic varia-

tions. This self-potential amounts for electrodes in a salt solu-

tion comparable to ocean water to:

> 1 volt Tor unprotacted iron rodes
100 mV Cu—CuSOn electrodes .

10 mV Kalomel (= biophysical) eleciro
0.1 mV Ag~AgC1?(zcceanographic)electro

It may vary slowly under changing conditions in the waterbearing sol
Hence, it should be as smalil as possible in comparison to the voltag
truly connected to §H and §H. This applies in particular to periods
of one hour and more. There are two options to aveid these unwanted
electrode effects: Large electrode spacing (d > 10 km), high-quality
electrodes. Preference should be given to the second option, using
electrode spacings of, say, 100 m. The use of a large electrcde
spacing does not imply necessarily that a mean electric field,
averaged over lecal near-surface nen-uniformities, will be observed,
since the observed voltage may still be largely determined by local
conditions near to either one of the electrodes. In any case, the
site of the electrode installation should be surveyed with .dipol-
soundings or DC-geoelectrics to ensure layered conditions at and

between electrodes.
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8.2 Organisation and objectives of field operations

Geomagnetic induction work can be carried out PY (i) single-site
soundings, (ii) simultaneous observations along profiles, (iii)
simultaneous observations in arrays covering extended areas. It may
be possible to replace simultaneous by non-simultaneous observations,
provided that the variation field can be "normalized" with respect
to the mean regional variation field. This "normal" field may be

the field at one fixed site with no indications for the presence of
lateral non~uniformities, or it may be the averaged field obtained
frem distant permanent observatories. Usually the normalisation is
performed in the frequency domalin, introducing sets of transfer

functions.

Single site vertical sounding:

The resistivity structure within the depth-distance range of penetra-
tion is regarded a sole function depth: p = p(z). Its extent is
given by the modulus of the inductive scale length C(w) at the con-

o ey v, IF, - tP . . .
@ “”‘ﬂ“ﬁ'rﬁd'm*‘dkm“¢ o~ sidered frequency, which increases with

twomaly +4T:T333H' the increasing period. If a vertical

Wil me /\E“““7 g geomagnetic sounding is to be carried
Hast o :m_ume“ww;;"-h¥“ g out, the source field wave-number struc-
*“???% ) - o e ture as function of frequency, k = klw),
o

must be known (c¢f, Sect. 7.3 ). _

For diurnal Sg-variations, for instance, wave-numbers are derivable
from the fact that the Sq-field of the equinoxes is symmetric to
the equator and moving with local time from east to west. Hence,
the east-west wave-number of the m'th subhawvmonic of Sq will be

m/a with a denoting the Earth's radius.

Magneto-telluric soundings are independent of the wave number, pro-

vided that the depth of penetration is sufficiently small in com~
1, o

parison to k [kC| << 1. Taking the general dependence of C on k
into account,it is preferable to s%ay with vertical soundings in

the range in which C(w) is independent of k.
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8.3) the
of transfer or response functions will be defined:

For a data reduction in the fregquency domain (cf. Sec,
following set

an 5 8y an Enx = Xy Hny
H = B H E = 7 B
ne n ny ny YX Tnx

Fer a frequency-space factor of the socurce field
exF{iimt + k R}

the response Ffunction C(w) Cn which characterises the downward

depth of penetration is connected to these transferfunctions accor-

ding to
A 7
(SR T LR,
n ik lwy
x o)
B -2 )
C o= oD = 2
n mky ion,
The Cagniard apparent resistivity if given by
v g 2
paim} = 6y {Cn(w)[ i

the phase of the impedance by

£
arg(cn} + f§‘>

${w) a?gizxy) =

the modified apparent resistivity by

= } I 2
p {w) = 2 wua{lmicn)} :

which can be used a2s an estimator of the itrue resistivity at the
depth '

2 () ﬁé{Cn}‘ {cf. Sec. 2.5 and 9,4)

A comparison of the various equivalent response functicns for a
given substruetur%gives the following display:
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Tests for the assumption of a layered distribution and the source

field wavenumber are given by
A
I L
ny h ny B

AT

In addition there are certain constraints with regard to modulus,
phase and frequency dependence of the transfer functions. (cf. Sec.
2.6). | _ |
The compatability of MTS and GDS vertical sounding results can be
tested by the requirement that

th - wuo{kx Bny B ky Enx}

asreadily seen form the second field equation rotgn z —iwnoﬁn.

If the wave-number structure of the source field is not known, a

Horizontal Gradiént GDS can be formed: Observing that

. : aEny BEDX
Bl N TR T Jy
the differentation of Enx = Cn 1oy Hny with respect to vy and of
E = —iwuy CH with respect to x yields
ny o n nx
_'BHnX aﬂny
B, ® Glox ot oy }

Since the electric surface field may be distorted by lateral non-
uniformities even when their scale length and depth is small in
comparison to the depth of penetration, the E-field observations
may be replaced by observing the tangenfial-magnetic field &glso
at some depth.d below the surface, i.e. by conducting a Yéﬂiiﬁii

Gradient GDS. No knowledge of the wave-number structure cf the

source field will be required, but the resiétivity Py between the

“surface and the subsurface points of observations will be reguired.

Assume that the lateral gradients of Hn7 are small in comparisocon

il

to the vertical gradients of Hny and Hn in view of the condition
[kC| << 1. Then it follows readily from the Ffirst field%quation
wd
= : ; < 1t
rot En S, K for d z < 0 that

oH oH -oH : aH

ny _ . _ nz -~ ny _ ) nx . _
0z 9y T 2z pr/po and 9% Bny/po’
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Let q be the tranfer function between an(Hny) at the surface and
H _(H__) at the depth z = d:
nx ny

an(d) = q an(o) ‘ where [ql| < 1.
Then oH ‘ .
N nx - -1 and c = Szl
92 d n 1mu000d

Single site geomagnetic structural sounding: The source field is re-
garded as quasi-uniform (k = 0) and the vertical magnetic component
therefore as anomalous, arising solely from lateral changes of the
resistivity within the depth-distance range of penetration, where

p = pn(z) + pa(x,y,z)\

In this special case the resulting anomalous magnetic vector

’ ﬁa = (Hax’ Hay’ Haz = Hz) 1s linearly dependent on ‘the qguasi-uniform
normal magnetic vector H = (H_ _, H__, 0) in the frequency-distance
. -1 nx ny
domain: '
=WH
~a “n
I‘{e re W W
XX Xy
W o=[W W
yx vy
wzx zy

denotes a matrix of linear transfer functions as functions of fre-
gquency and surface location. This implies that also linear relations
exlst beltween HZ and the total (=observed) horizontal variations:

H =AHBH + BH

az x y
with
H. = B + B B =H + H
e nx ax Ty ny ay

W, _=A(d+W_ )+BW W =B(i+W__)+AW
ZX XX VX : ! zy yy xy

These alternative transfer functions A and B can be derived now from
observations at a single site. Their graphical display in the form
of Parkinson-Wiese induction arrows indicates the trend of the sub-
surface resistivity structure which is responsible for the appearance

of anomalous Z-variations:



anfalcu-n L“c{mc}ivn arc oW
t——-;) -P
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The in-phase induction arrow is defined by {(in Parkinson's sense of
orientation) by

. LA
"p s - Re{x A + § B}
and the out of-phase arrow by

q " + Tmag{X A + § B}

where x and § are unit vectors in x- and y-direction. Generally
speaking, the in-phase arrows point towards internal concentrations
of induced currents, i.e. to zones of lower than “"normal" re-
sistivity at one particular depth.¥P€¥may point also away from high

~resistivity zones around which the induced currents are diverted.

Vertical soundings with station arrays:

The resistivity structure is regarded as layered, p = p(z) but the
inducing source field as non-uniform. Inducing and induced fields
will have matching wave-number spectren with well defined ratios
between spectral components in accordance to the subsurface re-
sistivity structure. Beneath -the—staltion—array—under—eonsi-derations,,
even-though-this—lateral-uniformity—nay-beprequired only—for—a
limi$eé~dep%h~@angeﬂéﬂ~whiehm%heéindueed—e&yyen$9mmaiﬂ%y—£}ew-

. Cgeonmagnetie—sounding—magnetotelluric—sounding-in—E~polarisation
with~respect~to-gurface-ostruetured-

Let U and V be Ffield components of the surface field in the frequency

~distance domain: U = U{w,R), V = V(w,R). They are decompcsed into

the wave-number spectren G(w,ﬁ}, ﬁ(w,ﬁ) according to

e ikR
Ulw,R) = S Ulw,k)e dk_ dk
- ® . Yy X
Viw,R) = ...
with “
ﬁ(m,k) = Eﬁﬁiﬁi

V (w5, k)
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as transfer function between A and B in the wave number domain, which
contains the information about the internal resistivity distribution.
A vertical sounding of this distribution is made by considering

R as a function of freguency, k being fixed, or vice versa.

If the array covers the whole globe, the spheficity of the Earth re-

quires the veplacement of the ftrigonometric functions by spherical

harmonics in spherical coordinates (r,8,A):

. . @ n .
Ulw,0,A,r=a) = & I U™ (w) Pm(eose)elmk
n=1 m=o n -

a: Earth's radius; Pg(cose}: Associated spherical function. The trans-

fer functions have then the form
' U (w)
Rg(w) = -2 ]

v w) -
T}

The first and still basic investigations of the Earth's deep conduc-
tivity structure have been carried out by this approach (SCHUSTER,
CHAPMAN and PRICE). |

1f the array of stations covers only a region of limited extent, it
may be impracticable to decompose the observed field into wave-
spectral components or it may be even impossible because only a small
section of the source field structure has been observed. In that

case vertical array soundings are carried out preferably with response

functions in the frequency-distance domain.

Suppose the source field is guasi-uniform 4in one horizontal direc-
tion, say, '

U = Ulw,y) and V = V{w,y). Let
cq T oA iky
. Rcw,y)‘z Eg-mi R(m,ky)e dky

o~

be the inverse Fourier transform of R. Then, if V is given by the
“product of R with U in the (w,k) domain, V will be given by a

“convolution of R with U in the (w,y) domain:

V(w,ky) = R(w,ky)vU(w,ky) + V(w,y) = Rlw,y) = Ulw,y)

oo
with Rz U= [ RWw,y-n) Uln)dn.
00
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If, for instance Ex = V and Hy = U, the magnetotelluric relation

Ek = Wy C Hy of the k-u domain will transformé into

Ex(m;y) = iwuo[N(m,y) xiHy(m,y)]

with N(w,y) as Fourier transform of C(w,k). Observe that reversely

40 ik
Clw,k) = f Nlw,y)e ¥ ay

-0
and therefore

-+ 0

Clw,0) = J Nw,y)dy.

- OO

Hence, if Hy is quasi-uniform within the range of the kernel W,
Ex(w,y) = iwuo Clw,0) Hy(m,y)

which is the CAGNIARD-TIKHONOV relaticn commonly used for single
site soupding:

In a similar way the magnetic ratio of vertical to horjvontal va-
rlatlons can bhe genorallzed to
Hy(w,y) = Mw,y) = Hy(w,y)

with M(w,y) as Fourier transform of iky Clw,k ).
The response functions N and M have their highest values close to

y = 0 and approach zero for distances y which are larpe in comDarl—

son to the modulus of C(w,k=0): diviaves domei,
) W o< T bt den i, Lo Q";T:“ ’ y Ny
‘ Colw oy} .
> A 2l {w, 0)) h
1‘ A "ﬁ.)k‘ \ e w.) ‘ %
(Ci el INT > I M)

]
— " A -
Ao A 7

- Hence, as to be expected, only the field within a certain distance

from the point or area of interest influences the relations between
field components used for geomagnetic or magnetotelluric vertical
soundings. Consequently, the requirement of a layered structure
applies only to this limited depth-distance range as characterized
y |Clw,0)].
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Structural soundings with station arrays: If not only the source

field but also the resistivity structure are laterally non-uniform,
no generally valid linear relations between normal and anomalous
field components exist. In the following it will be assumed that
the source field is either quasi-uniform or for a given frequenc§
well represented by a single set of wave numbers, Then the rela-
tions between the various field components can be expressed by
linear transfer functions in the frequency-distance (w,R) domain.
They can be formulated either for the "normal" horizontal field of
the whole array or, if necessary, also for the local horizontal
field only. In either case it is necessary to remove from the ob-
served vertical magnetic component its normal part in accordance
to the normal resistivity distribution and the source field struc-
ture. It is assumed that the normal depth of penetration is small
in comparison to the scale ISEEFE“?Esggﬁ uniformity of the source
field, i.e. an << Hny’ H gam@ 1he internal distribution of eddy

currents will be independent of the source field structure.

Under these constraints the following linear relations can be for-

mulated:
H W W
ax XX Xy H
H = H -— H = - w w ® nx
—a = —n ay ¥yXx ¥y
H- W W Hhy
az zZX Y
E yA Z H
( X i} ( %X Xy . nx
E Z 7 H
y yx Yy ny
or alternatively ‘
"H = AH +BH
az X y
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These sets of transfeﬂ}unctlons represent the input for the model
calculations to explain the anomalous fields H_ or E_ in terms of

a resistivity anomaly

pa(XaY5Z) = p - pn(z)a
pn(z) being known.
There exist various constraints about acceptable sets of transfer
functions, for examples the functions in either one column of W
must describe a magnetic field of solely internal origin as dis-

cussed below.

The basic complication in the presence of 3-dimensional structures
is due to the fact that the TE and TM mode of the anomalous field
cannot be separated. This separation is possible, however, if the

resistivity structure is 2-dimensional, say

1
>

K'A x1q=
b, = op lytsz). - S \\
If then the normal E-field is linearly | | r{ix'/”‘y
polarised in x'-direction, the anomaly ﬁ'“f”}“'étﬁ%hnﬂlb
contains only TE modes with Ea parallel ' 111;;%; - le

to x' and Ea in planes x'=-constant:

E-polarisation, If the normal magnetic field is paralleltto x', the

anomalous field is in the TM mode with zero magnetic fields above
the ground. Hence, Ea = 0 for =z = 0 and Ea lies in planes x'-

const.: H-polarisation (ecf. Sect. 7. 3). The new sets of transfer

functions in (x',y',z) coordinates are given by

0 0
0 Woigr =y \
H - - | - .
w - O wyyl - wn” Z - /
0 wzyt - Wzd Wy‘x‘ = Z_L 0

where the subscript (i ) refers to E-polarisation and the subscripi
(L) to H-polarisation. The resulting symmetry relations for W and

Z in general (x.y,z) coordinates can be derived as follows: Let
o, e s c s 0
T:( . LT :(—s e o)
) H o o 1

be rotation matrices, transforming E and H from (x,y,z) to (x',y',z)

coordinates, ¢ = cosa and s = sing:
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E'=TE H =TH  HL=TyH .

A}

Since

[np|
1

t T = 1 - ‘
= Z'H! = Z'TH = TZH ,

it follows that

In a similar way it is readily verified that

- -1 T
W = TH WrT,
Hence,
2
+ 87U - scWW
hif hil N 2, .2,
cs |2+, | c2,-s°2, |
=1 - ‘ 7 = '
! *Uny czwhn ( 2 2 '
c A - 877 CS[ZJ'FZ,I
-8 @ W L it PR OL
‘ Yzl € Yo
which implies that.
_ . e
wxx + wyy = Wh“ and ny Zyx Z” ?L

- are invariant against rotations and that

W - W _ =0, Z.. + 7 = O.
xy yx XX vy

"Skew" parameters which characterise the deriation from trus 2-

dimensionality are the moduli of the expressions

W -W L, +7
XY YX g CXXTYY
W +W 4. -7

XX vy xy v

If a geomagnetic sounding at a single site has been performed near

such a 2-dimensional structure, the relations which connect A and

B with W ' '
. ZX

-

and W reduce to
2y

1

| 2
: —Wzns A+ Wh”(As - B s)

W ,cC B + W (B02

z i hil

it

- A sc).
If the first relation is multiplied by ¢ and the second relation by
s and then the sum of both 1s taken, it follows that

Ac + Bs = O or B/A = - tgo.

This implies that the in-phase and out-of-phase induction arrows
will be everywhere perpendicular to the trend of the structure,

whiéh can thus been found.
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In magnetotellurie soundings information about the trend comes from
the fact that
—QZxx _ Z'L
+Z4. L, *2Z
¥X Xy Tyx

ny = tg 2a.
However, after Z has been rotated into Z' for the thus found angle «o,
no distinction is possible which one of the off-diagonal elements of
Z' refers to E- and H-polarisation. If in addition the direction of
the geomagnetic induction arrow is known, such a distinction becomes
possible. Furthermore .[Zm[:> [ZLlﬁif the structure is better conduc-
ting than its environment and vice versa. Henece, it can be decided
whether the induction arrow podints toward a well conducting zone or

away from a poorly conducting zone.

The distinction between the impedances of E- and H-polarisation is
';mportant> if for a first estimate a 1-dimensional interpretation of
2 by a layered substratum is made. Such an interpretation may give
meaningful results for Zy, but in general no¥ for Z,. A test for the
proper choice of the impedance element for a i-dimensional interpre-
tation comes from the fact that within a given area 7, varies less
from place to place than Z;.

A test for self-consistency of the transfer functions W

h
a profile y' perpendicular to the strike of a 2~dimensional struc-

and W_ alony
2

ture arises from the purely internal origin of the anomaly:

ot 2 I - e
WZ K = Wh and dh K = WZ

where
+

1 ® '
Kx =2 i £ )/ (y'-nt)an’

denctes a convolution of wh (or wy) with the kernel function 1/7y.

8.3 Spectral Analysis of Geomagnetic Induction Data

The objective of the data reduction in the frequency domain 1s the
calculation of transfer functions. They linearly relate functions
of frequencyka field component 7 to one or more other fiel@ﬁbmpo—
nents X, Y, ... . Let 2(t), X{(t) and Y(t) be the observed time va-

riations of %, X, Y during a time intervall of length T either from
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the same or from different sites. Let Z(w), X(w), Y(w) be the Fourier
transforms of Z(t), X{(t) and Y{(t). Then a linear relation of the
form 5 5 5 N N "

Z(w) = A(w) X(w) + Blw) Y(w) + §Z(w)

-~ ~

is established in which A and B represent the desired transfer func-
tions between 7Z on the one side and X and Y on the other side; 8§72 is

the uncorrelated "noise" in Z, assuming X and Y to be noise-free.

As the best fitting transfer functions will be considered those whict
ﬁroduce minimum noise < [§%Z[? > in the statistical average. Here the
average’is to be taken either over a number of records or within
extended frequency bands of the width Af which is L times greater
than the ultimate spacing 1/T of individual spectral estimates. The

"noise: signal ratio defines the regidual e(w),w?atio of related to

observed signeal the coherence R(w):

<I |2> .

e? = QZ R = 1 - ¢?
<{z[?> ' :

The coherence in conjunection with the degree of freedom of the

averaging procedure establishes confidence limits for the transfer

functions A and B.

The averaged products of Fourier transforms are denoted as

>: power spectrum of Z.

=< ZY >: ¢ross spectrum between Z and Y
with S = 8 .
zy vz
In summary, the data reduction involves the following steps
- (a) Fourier transformation of time records

(b) Calculations of power and cross-spectra

(¢) Calculation of transfer functions

(d) )Calculation of confidence limits for the trans-

ferfunctions. ;

Steps (a) and (b) can be substituted by the following alternatives:

(a®): Calculate auto-correlation functions RZZCT), ... and cross-
correlation functions R?y(T), .. With T being a time lag,
T << T:

max
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Let 2 be the Fourier transform of Z(t) for the frequency f =

R (1) = J Z(t-t) Z(+t)dt
ZZ T
R (t) = f Z{t-t) Y(t)dat
zy T
wlth 0 <1 < Tmax.
(b7): Take the Fourier transforms of the correlation functions

and obtain as in (b) power—- and cross-spectral estimates,
if the averaging is done within frequency bands of the

width Af. There is a formal correspondence between the
ot —= —1
maximum lag T nax and Af .

The actual performance of the steps (a) to (d) with one or more

~sets of records is now described in detail.

a., Fourier transformation. The time series and their spectra are

given, respectively to be found, at discrete values of t and w,

which are equally spaced in time and frequency. Let Zn etc. be an

"instantenuous value of Z{(t) for t = tos D = 0,1,2, ... N with

At = tn+1

Z2{(t)_is assumed to be zero.

-t OQutside of the record, extending from t, to tg,

Because of the finite length T of the record the lowest resolvaﬁle
ffequency and thereby the frequency spacing will be given by

Th1 = Af = f1 and fm has te be a multiple of Af., Because Z(t) is
given at discrete instances of time, At apart, the highest resol-

vable frequency, called the Ny quist frequency, will be the reci-

procal of (At-2), i.e.

M with fm+1 - fm = AT
and
-
- >
Af = '-F-"L
% —y -
|7
?@ I
B AN ! l |




The Fourier integral
- +o ~iw_t
Z(w ) = S Z(tle P at =

-

-iw t
Z(t)e T gt

O g

will be evaluated numerically according to the trapezoidal formula

of approximation. Setting

- 1 1
z, = Fl2Ct) + 2]

and observing that _ el {Lﬁ\]L ’\\J/
2 7mn 2 <
w .t = 2m f t_ =
mn o
.

mn N
the discrete ourier transform of 2(t) is
- N-1

- 2mnm . s 2Tnm '
Z, = At {n§1 z (cos === - i sin—y 3} m=0,1, ... M

A linesar trend of the record within the chosen interval may be
written as '
T,
2

- d
] — —_ = -
ZT{t) = T(t 1 )' to < t < t

with . da = Z(tN) - Z(to).

A correction for this trend in the fregquency domain implies that

the imaginary Fourier transform of Z'(t),

20(f ) = (-0 128 mos g, L

o~

is substracted from Zm

A second correction arises from the fact that Z(t) does not vanish
necessarily outside of the chosen intervall. In that case the
original time function can be multiplied in the time domain with a

weight function W(t) which is zero for t < t, and t > Ty The

Fourier transform of the product
wit) o Z2(t)

is given by a convolution of Z with the Fourier transform of W:
1

~

~ ~ .
- Zm

m
A frequently used weight function is
2

Wit) :'%[1 + cos w%(t“tom %j]
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which has the TFourier ﬁransform % for m = O
We=E ) = { & for m = 1
wW{t) it 0
Tl 0 for m > 1
~ \\\ )
\
VV”’ \
N
N~ e
- {7 .
The convolution of W with descrete values of Z reduces then to
f%('é + 21T m= 0
- 1 g - i 4,0 .
> = J At A oz feud = = e
<Zm 7 = hm—m Zm 5 Zm+ u( e m-i)} m 1, 2, ... M-1
Lleo - _
f(ZM—iizM) m= M

where ~ 2 > is the discr®te Fourier transform of W(t) « Z(t). This
smoothing procedure of the original spectrum is called "hanning"

after Julius wvon Hann.

In certain cases it will be necessary to apply a numerical filter

to the time series to be analysed before the Fourier transformation.
This filtering process consists in a convolution of Z(t) with a
filter function W(E) in the time domain and thus corresponds to a
multiplication of Z with W in the frequency domain. But because

the fiitering procedure is intended to prepare the time series for
the Fourier transformation it must be carried out in the time domain

Ir Wn denotes the filter weight for t = t the discrete form of

n?
the convolution is
' Thax
W 2= n W * In
- n-n
Max
Usually even filters are employed, W(t) = W(-t), to preserve the

correct phase of the Fourier components. The transform of W is chose
in such a way that it acts as a heigh-, low- or bandpass filter for

frequency-independent (="white") spectra:

l\;fi, p s

- o
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The weight function W 1s then found by calculating in Fourier trans-
Form of W: ‘
+eo .

S W e+lwt

W = dw -

1
2

—o

The purpose of filtering the time series befokre making a Fourier

transformation is

(a) a prewhitening of the spectrum, levelling off pezks and compen-
sating spectral trends

(b) a reduction of unwanted larger spectral values close to zero
freguency, arising from a background trend in the time series

(¢) a suppression of spectral power beyond the Nyquist frequency

to avoid "aliasing". Spectral values for the frequencies

f o Mep? -fr a;d foper: Thppe e etc.
are undistinguishableh(r = 0,152, ..y M-1):

<= At > — At-m___:} -
. ) ‘
2 (&) \ f=dn /\ /\ f
| A \_ ! ‘.

‘ !

é...:., — -—'> \;f i

'4 B 3‘4i4.

"b. Calculation of power and cross spectra: Let Pm denote a product

T ooR 5 on .
Z 7 Z ete. Y : = oW MO T 1le '
Lm m’ mYm etc. for a frequency fm, m 1,2 M. The calculation
of power and cross spectral estimates from real data requires that
such products are averaged with ® certain degreesof freedom, ¥«

Suppose that the available record length just gives the desired re-

solution AFf = Tni for the transfer functions to be determined. In
this case spectral products Pm have to be derived for a number of

individual records and then to be averaged. Average the spectral

products and not the spectral values! The resulting mean value
g =< P >
m m
is the desired power or cross spectral estimate, If L reccords have

been usad, ¥ = 2L bedause the sine- and cosine transforms of the Time

series contribute independently to the calculations of S
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If the record length T allows a freqgueney resolution Af = T"i which
is much smaller than a'méaningful resolution Af for the transfer
functions under consideration, then Pm can be averayed over

L = Af/Af spectral values within (M/L-1) freguency bands of width
AT between £, = 0 and f, = MAf. .

Taking the average of Pm within frequency bands implies that & nu-
merical filter Q(f) is applied to P(f), yielding the desired power-

cross spectrum by convolution:

+M
S, ~ Q=P ~ Af —ﬁ QU-f Fr
(P*m :fPE). The filters to be used are even functions of f, bel-

shaped and with zero values outside a range which is smaller then
M Af. Setting Q(f) = 0 for f > fQ,

m
- i Q Fas ~ ~
S Af{ LT QP & 4 P o) 4 QP b

3
B

| . —]
l
1
|

il

© { — | {M- ' { — in

|

o,

The'resulting smoothed spectral estimates S& have been derived with
roughly L = AT/Af degrees of freedom. The effective degrees of free-
dom Y may be somewhat smaller, depending on the frequency dependence
of the filter. They are defined as

2 var(u)
var (uq)

where var(u) denotes the variance (=dispersion) of a random variable
u{f) and var(uq) the variance of Q % u, hence
. - |
Wes— :
S QTear

~—tt
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Two convenient filters are .
the Parzen filter  Q(£) (220X u

]

N Sl
—

S3inx
(S30Xy2

the Bartlett filter Q(f}

with x = % f 1. The bandwidth is given by Wnl (Parzen filter),
respectivity by 2/t (Bartlett filter). For the Pargzen filter the

degrees of freedom are v = 1.84 L and fQ = 2/,
0.75 = - FPQ,‘--'LC‘“ ff 6{'4-‘ Gag ._-__—.‘\ -‘BG—(%,&/ﬁ f'e‘,{.“
N . . NN
Q) L N\ Q{y - s
N . - W
AR U - Sl
-\ N 3 . ‘5 ~
. -~ ™ S
N ! \1: T~ e \ - .;._
o i A O - “

e, Calculation of transfer functions

The non~correlated part of Zn 1s

§2 =7 —~-A X -B ¥
m m ™m In m Imw
for the frequency qm' In the average over L adjacent frequencies

or L individual records the power-spectrum of the non-correlated
part in Z shall be . a minimum:

_ o Y M
86262 = < (Ganx 6Zn3 > = Min!

Hence, the derivatives of Ssz8m with respect to the real and ima-

ginary parts of the transfer functions Aniamd anhave to be zero:

38,52 . .%%628%

+1m :<(z—AnX - B ¥Yix oy o 4 etc,
dRe(A ) 3Tm(A ) n :
n n-
Sxx Syx N A Szx
g S B S
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using the notations as introduced above. The subscripts m are ommitted
Elimination of either A or B yields the basic formulaks for the de-

termination of transfer functions in geomagnetic and magnetotelluric

soundings:
-~ S .S - 5_ 8
A = BXVY 2y yX
S..S. . - |s_|*
xx"yy Xy
. o~ S - S5 8
> B 2y XX 2y Xy

s.s - |s_|?
XX VY Xy

The coherence can be derived from

2::~ +~
R (ASXZ BSyZ)/SZZ

as it is readily seen from

= 8 - AS - BS .

Sézdz A X2 VZ

If only a relation between 7 and X or Y-is sought or if ¥ and Yy
are linearly independent (Sxy = 0), then the above derived relations

reduce to

N Sax " Szg
A = 3 B = g

XX yy

18, 1* Is, 1
R2 - X . R2 - Zn)f____

Sxxszz ‘ Syyszz /

: S. . Is__I*+s__ {s_|*?
RZ o YY . 2X xx ' zy
S S
XX yy zz

d, Calculation of confidence l1imits for the transfer functions

‘Zn order to establish confidence limits for the transfer functions
A, B of the previous section it is necessary to find the probability
densitwaungtion ("pd £") of their deviations from their "true"
values Ao’ Bo' We assume that estimates of R and é according to the
least~square method of the previous section are without bias, i.e.
without systematic ervors (E = expected value):

~

E = : ~, =
(A) AO, E(B) B0

Henceforth, random variables will be written with capital letters
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(e.g. X), their realizations by observation with lower case letters

(e.g. %), and their true values with the subscript "0" (e.g. xo)°

Let f(X) be the pdf of a variable X. Then the probability that a

realisation x exceeds a value G is

o = é F{X)ax. ' 4(”) | F;\l - .
Hence, there is a "confidence" of \\\ x{'kg\;
B = (1-ga) + 100% that x does not " G
exceed G. N

The following pdf{s will be needed in this section:
(1) The "Gaussian Normal Distribution" of a normalized variable

with the dispersion 1 and zero mean value:

) w2
£ (0,12) = —+ X /2
N .
27

(2) The y?-distribution for v degrees of freedom:
2

- X
- 2N .
f (r) = S (% )2 1 e 2
X (% - 1)1
2
" (3) The Fisher-distribution for 21 and Vz‘degrees of freedom:
v v \Y
v, +V A 2 dgy
i "2 2 2 2
( R D B! v .
F 1’72 Vi v2 (v1+v2)/2
— = 1 (= . !
A« 5 11 ¢ 5 i).(v2 + viP)

1
These distributions are encountered in the following problems:'
Consider a random variable X which is normally distributed with

a dispersion

&)
it

EC[X - x [*) = var(X).

Let
p
g 1t

B =

X =

n o3

i
be the realized sample mean value of n realizations of X. These

mean values are also normally distributed with the dispersion

: - . g?
EC(|X - x_|%) = i ¥ ovap(X) = ~=
(e} I 2 i n

according to the "central limit theorem".
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Let
2 1

- 332
s = =3 ? (xi x)

be the realized dispersion within a sample of n observations.
Then the normalized dispersion

_ (n-1)8?

SZ

o]

u

will be & random variable with a ¥? distribution for U = n-1
degrees of freedom. Let Si and S; be the dispersions within

samples of n, and n, observations of two different variables

Xl and X2. Then the ratioc of their normalized dispersions
2 2

F = 517551

2.2

S2/802

will have a Fisher-probability density distribution fF(n—l,n-Q).

We regard now the Fourier transforms %, X, ¥ as random variables
Z, ¥, Y and denote their realization for a single record or a
single frequency component as X, y, 2. In a similar way, a and b
shall be the realized transfer functions for a limited number of
records or a limited frequency band Af, their true values being
a, and bo' We assume now that Z depends linearly only on X and

that X is observed error-free:
E(X) = X

Then

z = a_ =x_ + &z
o (o] (e}

Gzo is the "realized" not correlated part of z for a single
record. The variable Z shall be normally distributed with the
dispersion

var (Z) = sg,

which will be also the dispersion of §Z:
E(32%) = E(8z 8z2%) = sl

By minimizing the uncorrelated power <8%Z6z%> = SGZGZ for a number
of records or for a number of frequency lines within a frequency
band of the width Af a realization of the transfer function A is

obtained:
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Observe that the residual, of which the power has been brought to
a minimum, 1s '

dz = ax_ - =
o

in contrast to the "“true" residual

620 = agX, %
The random variable
n <{sz_|* >
U =
2
.0

has a y*-distribution with n degrees of freedom, where n is the
number of records or the number of lines used to obtain the

average.

If a variable U with a X’-distribution of V degrees of freedom is
decomnosed into two components U1 and U2,
U = U1 + UQ,

i 2 )
degrees of freedom will be V:

Vo=V + v
1

U, and U, will be likewise Xz—distributed and the sum of their

.

This decomposition will be carried out now with U as defined

above: Clearly,
<[z %> = <|2 - ax_[*> = <[Z -~ Ax_+ (A - a))x_|?>.

The power of the averaged residual has been minimised by setting

ﬁf —
<{(z - Axo)xo > = 0.

{ence,
<|82 |%> = <|62]|%> + |A - a [? <|x |2 >+ 0
o o] o _ 3

implying that
. slsz]z>

Ui 52
)
has a y%-distribution of n - 2 degrees of freedom because
- _n - 2 2
u, = _[A a |? <fx [|*>

8

0
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must be a Xz—distribution of 2 degrees of freedom in view of the

real and imaginary part of (A - ao). The ratio

s 12 2
F = U2/2 - A doI flxol > , h-2
T U/ (n-2) <|87]2> 2
has a Fisher-distribution fF(Q; n-2). Using the notations from
above,
gl2y . - o2
<lez|*> = S§262 Syz
' 2 _ N
<[XOI 7T Sxx?
and observing that
s, 1* S
lAlz =m__zi~__: R2 . ZZ
ﬁ (s_.)? XX
: XX
with R? = [S__|%/(S__ +» S__), Tthe Fisher-distributed ratio becomes
ZX- %7 XX
- 2
F = D=2 A aoI R?
2 IA[z 2

We have found now the pdf of the deviation of A from its true value

to be in terms of its modulus

_ é 2
iA*aO[—lAl'R‘\/mF.
Let a
B = / £.(2, n-2)dF
O

be the probability that F does not exceed the value T = §, observing

that fF is a one-sided pdf. Then there will be the probability B

that the modulus of A lies within the confidence limits’

- - £ 2 R
[8Ag] = Al gV 555 © o AAp
e . 3 ¢ l\‘. _}——-"‘"\'
“‘Lm ‘]{: A j ‘] “‘. vﬂ "
in the complex plane. A
| K
The threshold Value G for a desired value ///
of B can be obtained in closed form because
| e A
- PSR TR 150 _ h-7?
Tpl2, n-2) = () with m = ==,
Hence,‘ c :
. . i ~ N - m
B é fF(Z, n-2)dF = 1 (m+G)
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or 2 1

2 ¥]
—— G = 207 - 1 = 0.82
n-2
or - . £
[AAB| = |Al z * 0.91
—5 1
n =12 and B = 99%: ¥ =5 G = V1005 - 1 = /15 = 1.22
. 1
- 7 > jy—
n=12and8=50% r/H:Q'GS&/Q—j.: .15 = 0.39
For large n and m >> 1lny (y = E%EJ; the following approximations are
valid:
2 ~ Z
n-z 6~ 5 Y
{aa, | = |a] == -« /Iny? .
B RvVn |

This approximation: exemplifies the general propagation-of-error law,
namely that the errors are reduced proportional to the square root

of the number of observations.

In the more general case that Z depends on X and Y with a non-zero
coherence between X and Y confidencé_limits can be obtained in a
similar way: Let

Z = ax_ + b + &z
oyo i ?

o o o
assuming that now X-and Y are realized error free. Then the Fisher-
distributed ratio, involving the deviation of A and B from a, and
bo; turns out Lo be

- 2 - 2 : —a b 1 .
. |a-a | S, + (B bo[ Syy * Rc{QSxy(A a )(B-b )7} -,
- 4

2
€ Szz

which has a fF(u° n-4) distribution. The confidence limits for A and

B cannot be calculated individually, unless of course Sy' is taken

to be zero. On the other hand, if we assume that tAmaOI and [B—bol

are equal, then

o _ P

v 8t Ro{zsxy} -
i

3
F = |a-a |2 -2
o .

AZ



which allows the determination of combined confidence limits for
A and B. The threshold value of F for a given probability B8 can

be derived from

26y (—™y with m = ot

2 ... In 2
(1 + EG) 1 + EG m+26

8.4. Data analysis 1n the time domain, pilot studies

'Suppose the time functions to be related linearly to each other are
not oscillatory but more like a one-sided asymtotic return to the

undisturbed normal level after a step~wise deflection from it:

-

It may then be preferable to avoid a Fourier transformation and to

derive inductive response functions in the time domain.

If 7 depends linearly only on X, i.e.
Z(w) = Alw) « X(w) + 87(w)

in the frequency domain, then Z(t) will be derived from X(t) in
the time domain by a convolution of X{(t) with the Fourier trans-

form of A, ¥

A(t) = ‘:17?{ ;OA(w) e

1wt dw.

Since Z(t) cannot depend on ¥{t) at some future time T > T, the

response function A(t) must be zero for t < 0, yilelding

Gl -62(t) = Alt)xX(e) = ; ACt=1) »X()dTe [ ACEIX(E-t )dE

-0
o)



As a consequence, the real and imaginary part of Alw) will be related

as functions of frequency by a dispersion relation:

Re(A) = K = Im(A)

. .3
with K(w) = el

The time-domain response A(t) is now determined from a given record
of Z(t) between t = 0 and t = T by minimizing {§2(t)}? within this

intervall:

T I : .
F {2¢t)y -~ f ACEY) X(t=t')dt'}?dt = Mint
0 o

It is assumed that X(t) is known also for t < 0. Differentation with

respect to Alt=1) gives

o T ~ T ~
FACEY L f X(E=t")yXCt-t)dt}dat' = f Z2(1) X(t-t)dt.
0 O 0

Let again Zn = Z2{t = n+At) denote the value of 7 at equally spaced
instances and let An’ be the value of A(t') for t' = n'lAt. Then the
replacement of the integrals by sums yields a system of linear

equations for the determination of the An" n' = 0,1, ... N:

Z_X_ 7

N
z
- n ‘n-n

O

forn = 0,1,2, ... N.

Al

Chosing N < N, the response values can be determined by a least-
square fit. Otherwise a generalized inversion of the system of

egyuations can be performed.

Consider the limiting cases that

(1) the frequency response is real and independent of
frequency,
(2) the frequency response is imaginary and proportional
to w
. . X

A = . __0O
Ay =ag &, = 35

The first case is realized by the inductive scale length Cn above

a perfect conductor at the depth z* or by the impedance for a thin
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sheet of the conductance 1 above a non-conducting substratum:

oo, .
C, =25 2, = 1/1. The second case can be realized by the same

models, interchanging Cn and Z (cf. Sec. 9.13:

- 1 7 = h
- ry 4 - T s
n ERCITIR n 1wy
The Fourier transforms of Ai énd A2 are
- - 'y = g Sinwt
Ai(t) : a, §(t-0) ' Az(i) = boui = = sgn(t)wbo
or A (L) = Lrp [1 + sgn(ey]
2 2 "o A
~ ] _____ — \
« {43 = Im {A.:} N
. \"H-.,
ir') Lo = r....,.: jm ———
\
AA I‘\ A.ﬁ }
IR AN h
- d N —_—— e P
@] & —y ¢ t _—

Hence, in the first case 72 depends on X at the same instance of
time only, in the second case on X with equal weight during the
entire past:
A t

2,0t) = a B, () | L T, 0E) = nbomi XCtr)dte!
These simple relations are very useful to conduct a pilot reduction
of sounding data. Case (1) applies to magnetotelluric soundings in
sedimentary basins, underlain by a crystalline basement, to ver-
tical geomagnetic soundings with very long periods, reaching the
conductive pért of the mantle, and to structural geomagnetic soun-
" dings where the perturbed flow of induction currents is in-phase

with the normal magnetic field.

The basic linear relation for structural geomagnetic soundings can

be written then simply by products in the time. domain:

th(t) = A+ Hx(t) + B o Hy{t).



This relation implies that the local geomagnetic disturbance vector
H = (Hx, Hy, Haz) lies at all instances of time in a plane which

is fixed in space. The intersecting line g of this plane with the
(x,yJ)-plane gives that polarisation of the normal field vector, for
which no anomalous vertical variations are produced. In the case

of 2-dimensional structures, this would be the direction of their

trends (cf. Sect. 8.7).

Vapiéus graphical methods have been developed to find the orienta-
tion of this "preferréd plane' for the local geomagnetic distur-
bance vector. In a "Parkinson-plot"™ the corientation of this veotor
is displayed for individual events on a unit sphere. They tend

to fall onto a plane intersecting the sphere. The projection of the
unit vector normal to this plane defines the length and direction

of the "Parkinson induction arrow" at the considered site. The
orientation is chosen in such a manner that a horizontal disturbance
in the direction of the induction arrow is connected with a posi-

tive {=downward) ancmalous H

az’
N
. e

az : “az

are plotted in (x,yl)-coordinates for individual events,u in x-
~direction and v and y-direction. The points (u,v} tend to fall

onto a straight line, having the equation y ?
1 =A+u+t Bw,
from which the coefficents A and B J

can be calculated. The "Wiese-induc-

tion" arrow with A as x-component and

B as y-component is opposite to the Parkinson arrow.
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In an "Untiedt diagram" the endpoints of the horizontal distuvrbance
vector (Hxﬂy) are drawn as a curve in (x,y)-coordinates during a
single event. Lines which connect time instances of equal vertical
disturbance Haz will then be parallel to the.intersecting line of
the preferred plane with the (x,y)-plane. The "induction arrows”
are normal to these lines and their length is given by the ratio

of B, to the simultaneous horizontal disturbance vecitor, projected

21

onto the direction normal to the connecting lines.

¥ A >’
Pt

CO‘nmc"-‘“g} /_».nf.._,,_“___'mwu- - \.w-—& \ R
Lioe “1 . : Hx

eng + . S \\

 Parkinson and Wiese diagrams which utilize the Haz’ Hx’ Hy relation:
of numercus individual events can be employed also in the case of
2-dimensional structures with an anomalous field which is not
exactly in-phase with the normal field. Then more or less sinusoida
variations are chosen with readings at well defired times, e.g. at

the time of maximum deviation of Haz from the undisturbed level.
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8. Data interpretation on the basis of selected models

9.1 Layered Half-space

The interpretation of geomagnetic sounding data by a layered re-
sistivity distribution p = pn(z) is appropiate at those single
sites or for these arrays which do not show anomalous magnetic
Z~-Variations and which have a polarisation—independent magneto-

telluric impedance:

, ' I’o Zﬂl
W= 0 : 2 = ( .

The transfer funections to be used for the interpretation are

the inductive scale length C_(w,0)

for zero wavenumber n '

the impedance Z = iwﬁ C
n 0 n

the ratio of internal to 1 - kCn

external parts in the
wavenumber domain

w2
!

n 1 + kC
n

The transfer function of the ¥-algorithm to be used for the lineari=-

sation of the inverse problem is

Y, = 2 ln(#lwn07po Cn)

where Py is arbitrary reference resistivity (cf. chap. 6.4).

Considering these transfer functions at one particular frequency)
the parameters of the following models can be derived direcily
from them. These parameters may then be used to resemble as funec-
tions of frequency certain characteristics of the true resistivity
distribution. All formulas are readily derivéd from the formulss

for TE-fields at zero wavenumber in chap. 7.3, annex.

(a) Single frequency interpretation of the modulus of transfer-
functions (Cagniard-Tikhonov): the model consists. of a uniform

half-space. Its resistivity is

: - P ) ]anz Ex P
(28N Py = WGy l" = = = 0-2 gl *Cam,
SN L | - PP y
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if the period t is measured in seconds, E in mV/km and H_ in 7.
P is the "Cagniard apparent resistivity" of the substratum at
the considered frequency.

(b) Single frequency interpretation of the real part of Cn:

The model consists of a perfect conductor at

BANEEEY

h \'\*" the depth 2z = 2" beneath a non-conducting top
g-oo 2 layer.

Y " _ Im(z )
S}.:‘O \\\\\\\\; ‘-_\ 7z = Re{cn} = *:J—u

is the depth of the "perfect substitute conductor" at the con-
sidered frequency, indicating the depth of penetration into

the substratum at that frequency.

(c) Single frequency interpretation of the imaginary part of Cn:
. e .

T The model consists of a thin conductive top
,Lﬁ,Za ______. layer of the conductance 1’ = o{z)dz,
< . 0
\ , covering a non-conducting half-space. This
= O B Y
u.f o \\\\ apparent conductance is given by
5 v \ % . v A
L fIm(Cn) _ —Im(C ) _ Re(Zn)
2 2
ou [c_| P, (2, |

(d) Single frequency interpretation of amplitude and phase of response
functions; ¢ = arg{Zn}; 1: 0 < ¢ < 7/4: The model consists of

. x . o
a thin top layer of the conductance 17 above a uniform substra-
>

tum of resistivity px

~Im(C ) - Real(C_ ) Re(Z_ ).~ Im(Z )
n n o_ n i8]

2 7 2
wuy 1| 12|

i+ cot?d
Pa” T2 T

2! w/% < ¢ < w/2: the model consists of a non-conducting top -

layer of thickness h above a uniform substratum of the re-

o« e % v :
sistavity p': Im(z )
m(Z_) - Re(Zn)

L N A N h = REal(Cn) 4 I]nccn) - o
0

f = oo b

T r2 z
— \ p 2 wuo{lm(cn); RN S,

Ny, 1+tan2$
NN
\\ \‘\\ \K‘ ,\“\ \\ \\
N SRERNN

¥

)

ad
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The "modified apparent resistivity" px can be used as an estimator

of the resistivity at the depth z = Re{Cn} = h + % * with
%
pK = :a%“ as apparent skin-depth of the substratum. The representation

of the tPue resistivity distribution p(a) by the modified apparent
resistivity distribution pk(zx)ﬁis usually adequate, if p decreases
with increasing depth. It is-less satisfactory, if p increases with
depth.

(e) Multiple frequency interpretation with a three~layer model:

This interpretation combines the single
T

| frequency interpretations (b) ‘and (¢), i.e.
)w S the model consists of a thin top layer with
T oo l h _ the conductance 1, a non-conducting inter-
\b‘\\\Qix 5 \f mediate layer of the thickness h above a
\ \\K \\e"\\\\x‘ perfectly conducting substratum. Then
Cn * T_?Eiﬁ; 3
2hdy . . .
n, = quTh.= — is the induction parameter of the model with dl
' Py —
as thickness of the top layer and Py = J/E%Qf'as its skin-depth

: 0
with the requirement that p, << d,.

If Ng >> 1, implying that h >>> Py> the induction is predominantly
in the surface sheet, the response functions

Cn = iquT ? Zn -

1 1
T

are independent of h, thus allowing a unique determination of T.

In particular,

a 2

Hence, if y = log pa/p0 and x = log T/To (T = period; oo and TO
are reference values), then

p o ~
y = x - logl2my 5= ),
o

T.e. the 04 vs, period curve in log-log presentation is a straight

¥ with w as curve parameter

s g o BT 5 s o A o A e e e Sy Y Fend LN

T e T T T
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line ascending under 457, its intersection point on the x-axis

given hy :
¥.. = log(2n o %)
T ORI, T
0
or — :
T T
fz/.é?i——u?,s?fm;«(szi}
HoPo Po
X
with TI = To »+ 10T in seconds and Py in Qm.

If, on the other hand, g << 1, there will be effectively no induction

in the thin sheet and

C = h, p. = wﬁo hZ.

The log~log plot of p. vs. T is again a straight line, now descen-
a & descen-

ding under y5°:

2mu h?
¥y = =X + log( T oo 3
The depth h is determined by the intersecting point X3 with the
X-axis: v .
/T.op .
- Jo _ o
h =V 2w, 0. 357 /1390 (ki)

T 7
y-z,fégégg/fpg‘ \§\ /jg

(g7 2 %)
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Exercise

Geomagnetic variations. in H (north component), D (east component)
and 7 (vertical component) have been fecorded at Goettingen from
September b5, 17 h to September 6, Zh GMT 1957. During the same time
intervall records have been obtained also of the telluric field in

its northcomponent E, and its eastcomponent EE' Scale values and

N
divections of positive change are indicated.

(1) Determine the magneto-telluric impedances EN/D and Ep/H for
fast (period I 10 min) and slow (period < 1 hour) variations,
evaluating peak value readings of pronounced deflections from
the smoothed undisturbed level.

Calculate the apparent resistivity P and estimate the phase ¢
of the impedance (OO, i'uso, * 900).Interpret P, and ¢ with
one or two layer models for the tﬁo period groups separately.
Then search for a model which could explain both period groups
by calculating the response function y and solving a system

of two to four linear equations.

(2) The magnetogram shows pronounced variations in Z which in view
of the low latitude of Goettingen can be interpreted as being
due to a reéistivity anomaly. Check the correlation of Z with
H and D by wvisual inspection. Then choose effects with
distinctly different H : D ratios and determine the coefficient
A and B for the anomalous vertical field 72 = AH + BD,

Interpret the result. '
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§.2 Layered Sphere

The sphericity oﬁ the real Earth has to be taken into account,
if for the considered ffequency the depth of penetration is
‘comparable to the Earth's radius a divided by N. Here N is the
highest value of the degree n of spherical surface harmonics
which describe the surface field as functions of latitude and
longitude. There is a formal correspondence between the wave

number k and n/a or better vn(n+l)/a (5. below).

Only the long-period variations Sq and Dst penetrate deeply enough
to make a spherical correction of their plane-earth response

functions necessary. The DS source field is effectively of the

degree n = 1, while the Sq zource field contains spherical har-
monics up to N = 5, In fact, the surface field of the m'th Sq
subharmonic is well described by a spherical harmonic of the

degree n = m + 1 when m ranges from one to four. The ratiocs a/N

" and 3000 to 1200 km for Sg.
These values have to be set in relation to the depth of penetration
of Dst from 600 to 1000 km and to the depth of penetration of Sq
from 300 to 500 km.

Hence, in either case there will be the need of a spherical correc-

are therefore roughly 6000 km for DS

tion, but it should be noted that it will be bigger for'Sq because
the greater spatial non-uniformity of Sq outweights the effect
of deeper peqetration of D -
The theory of electromagnetic induction in conductors of spherical
- symmetry surrounded by non;conducting matter can be summarized
as follows. Let

H = (H H) O E-=(E

r

E,, O)

e) H}\’ 85 }\J

be the magnetié and electric field vectors of time-harmonic TE-
mode fields in spherical geocentric coordinates; I is the geo-
centric distancg, A the angle of longitude and 6 the angle of

co-latitude (= 90° minus latitude) on a spherical surface. The
diffusion véctor'from Sec. '7.3 points from external sources

radially inwards toward r = 0O:
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with

| P }
DN
LA

| rotf = & (- Sing 0 9 S g
» - . i V'P-X
and : e | )
. e B
2%Pp 82pP 52p 8P T
1 T 1 r 1 .13 r. o r.as r
rot rotb= r(aear * gin® 3Adr?* »r sine{sine 3AZ +88L81ne 38 ]})

'Pr-is expressed on a surface r = const. by a series of spherical

surface harmonics. The diffusion equation V?P = iwp o, P within
the v'the shell is -then solvable by & separation of variables
(K2 = dwp o J):

v 07V

N T :
P = ik )X I r £ Pg(cosﬁ)e
r n=i m=o n

im\

where the characteristic radial function fg satisfies the ordinary
second order differential equation
a*e™ ar? ‘

2 Tl_ n.,,. .' z m:
r - +2r o {{n+1dn + Kv} fn 0.

Its general solution are spherical Besselfunctions jn and n, of

the first and second kind,
m _om . m .
fn(r) = An jn(ler) + Bn nn(ler)

with AE and Bﬂ as complex-valued constants of integration. They
decribe the in-~going (Bﬁ) and out-going (Ag) solution, The latter
being zero helow the ultimate shells, surrounding an uniform
inner core, pecause n, has a siﬁgularity at » = o while jn + 0
for » + 0. ’

The characteristic scale length of penetration is defined as £

¢™ = p g™

n n n
with dlp fm)

gl & ——0pu B .

no dr
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The field within the conducting sphere, r < a, is derived from P
as described in Sec. ‘7.3. Observing that the radial component of
rot rot P reduces by the use of spherical harmonics to

~

iKv m ﬁ imA
~— L I nn+l) £ P e 5
nn

nm

the field components of the spherical harmonic of degree n and

order m are:

_m m
H, = g, dP1/de
m n éiml
ﬁl = g im Pn181n8 iwuor
H = £ n(n+1) 7
r n n
and
Ee = - f% im P™*/sind
n n imi
e
E. = + £ dP"/sin®
A n n
E =0 .
r

The impedance of the field at spherical surfaces, expressed in
terms of Cg, is then as in the case of plane conductors given by
m _ o _ow m
Zn = EA/HG = EG/H>L LwH Cn
For the field outside of the conducting sphere, r > a, the solu-
tion of the radial function is (in quasi-stationary approximation)
m Am(g)n+1 . mcz)n

fD::I'lI" Bna

L]

Hence, the surface value of the characteristic scale length for

r = a is found to be

e CA+BYa o a 1+ A/B

“n AtB~-(n+1J)A+nB n+l 1 - B __ A/B
n+l

The ratio of internal to external parts of the magnetic surface

field is by definition
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s™ = - n A" / (n+1)B7,
n n n
yielding
1 - n+1 g
o _ _a n no
n n+1 1+ Sm
n

The ratio of internal to external parts is therefore derived from

Cﬁ according to

n+l _m

g _ 1 1 a Cn
n ntl .4 , 0 o0
- a n

which demonstrates the role of n/a, respectively (n+l)/a, as equi-
valent wavenumber of the source field in spherical coordinates
(cf. Sec. 9.1).

The spherical version of the input function for the inverse problem,
based on a linearisation according to the Y-algorithm, is con-

veniently defined as

m _ m
Y, = 2 1n{KO cn}

-with Ké = iwuo/po. It will be shown that the spherical ccprpection
is of the order (n[C|[/a)?, if the conductivity is more or less
uniform.

If degree and order of the spherical harmonic representation of
the source field are independent of frequency (this is true for Dst
but not for Sq), the inverse problem can be solved by deriv;ng

from spherical response functions a preliminary plane-earth model

p(Z). This model is subsequently transformed into a spherical Earth

model p(x) with WEIDELT's transformation formula:

p(r) = f9(r/a) - p(2)

with
a.n r.nd+l
(n+1)(;) + n(g)

fir/a) =

2n 4+ 1
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and al(H" - <-§>“”;

N2>

f(r/a)-(2n+1)

An algorithm for the direct problem for spherical conductors can
be formulated as follows. It is designed not to give the transfer
function Ci for a given model itself but an auxilary transfer

function

]

. m

om 1 Ay ¥ Bn 1

Cn(r) S ™ m ) ’
v l(An n~-1 Bn nn—-i

=
o

as a direct equivalent to the tranfer function C of plane con-
ductors. To see its connection to-Ci, differentiate the characteristic
depth function fg with respect to r, observing that the differen-
tiation of spherical Besselfunctions with respect to their argu-

ment u is

and the same for n,- Then

m .
2o iK (A" 3 + B ) - LA™ sy ™ g )
dr - ™ 'n dn-1 n ‘n-1 r n ‘n n p'e
Hence, 4 "
g™ = e p D = fMp/c™ - n)
n n d n n
or ~m
L A . I’IC
=™ (1 - —y7h
n n

-~
. m . .
with nCn/r as "spherical correction Y.

Continuity of the tangential components of the electric and
magnetic field reguires that Ci and thereby 62 as well are con-
tinuous functions of depth. Let ry be the radius of the inner
czie of conductivity oy surrounded by (L-1) uniform shells, the

Y Shell.between r, and » (v = 1f2° e LD
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Then .
~m TR R
S R S N ey
L n-1""L
with U F iKL ry because the in-going solutions are zero within
the core. But Cn for r = r; can be expressed also in terms of

the general solution of the (L-1)fth shell:

. ' m 1
~ 1 AT ] (uL) + Bn N, (uL)

n
(ui}}

a4k . . m
-1 a{a 3 4 Cu) + B n_,

' ~
with u! = iK r . As a consequence, Cg forr = r is now ex-
R .

pressigle inLtirmé of CE(PL) and thus an algorithTLcin be esta-
blished for the calculation of the surface value C?(r1 = a). In
numerical evaluation it 1s preferable not to derive the spherical
Besselfunctions for the arguments u,, and uL themseives, but to
reformulate the algorithm by expressing jn and nn‘in terms of
hyperbolic functions (cf. Dover Handbook of Mathematical Functien,

Formula 10.2.12):

jn(u)- in{gn(z) sinh(z) f g;n_in) cosh(z)}

:'Lm{i{g_.n__i sinh(z) + g (z) cosh(z)}

~

=
lan’
-
S
n

with u = iz and the following recurrence formula for the

gn(n = o, £ 1, £ 2 ,..):
_ Z—j . _Z-Q - _ 2ntil
Bo T2 > B » Bny1 T Enen T T By
If |z| »> 1, the approximations gn 2271 forn = 2, + 4, ... and
£, T -z* ¢« (n+1)en/2 forn = & 3, £ 5, ... are valid; g4 ° 0.

By making use of the addition theorems of hyperbolic functions
the algorithm can be given a form simular to the recurrence for-

mula of plane conductors (cf. Appendix to Sec.7.3)

e AL i B £ A 00 e 9P
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B, a; * £, + tanh(a ){a, + Bvez}

m 21
Cn(rv) = E—
v ag ¥ BvEB + tanh(ar){suau+eq}

with

o, = (v, =1y K,

- = 1 - 1

and ai gn g—n & _n-1 gn—i X

a2 = gn g; B g~n—1 g'

-n—-1

A
~
- t 1
ey T 8. BT &nog Bpg o
= LI ! W =z
€4 g~n~1 gn gn &_n-1 f%r ! G=o
€, = g 'o- g gf '%:Q ‘5§;¢q¢f AR
2 -n-1 &-n n ®n-1 :
- 1 - !
€3 7 Bn-g &5 7 B Bnog
- r 1
Ey gn—i gn €-n g—n—i

11

iK r the argument of g' is uv'=iK r .
v v’ & En vV

If [uv] and [uél are large compared to unity, i.e. if the mean

The argument of = is u

radius is much larger than the skin-depth of the v'th shell, the

-1, the spherical correc-

-1 -1 -2
1 1
or uv uv .

coefficients a, are of the order *{(u u;)
tion coefficients € of the order u; u
" Consider for example the case of a uniform sphere of the radius a,

the conductivity o, K = iwuoc and u = iKa. Then

~ = .+ g+ tanh(u)
Cﬁ(r:a) = % - 2o .
g .4 * &, v tanh(uw)
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Assuming the skin-depth to be small in comparison to a,
({u] »> 1), tanh(u) Z'1 and with z = u/i = Ka

. n{n+1)
4 - npindl)

m ~ 1 2z ~ 1 _n
Cn(a) “ K 4 - n(n-1) 7 K.(i z) :
2z

The resulting approximate spherical transfer function

1 -~ nfz
1 n‘n/z(i—n/z)

S PR ~ 1
Cn(a) = o

Rf

has its plane-halfspace value except for a spherical correction
of the order (n/z)?*.

9.3. Non-uniform thin sheets above a layered substructure

The thin-sheet approximation has been introduced by

PRICE to geomagnetic induction problems. It applies to those
variation anomalies for which there is reason to believe that
they arise from lateral changes of fesistivity close to the
surface. For instance, highly resistive basement rocks may be
covered by well conducting sediments of fairly uniform re-

sistivity o, but variable thickness d.

Two conditions have to be satisfied, if this surface cover is
to be treated as a "thin sheet" of variable conductance

T = d/psf

(1) Its skin-depth /zpslwuo at the considered frequency must

exceed the maximum thickness dm % by at Jeast a factor of 2.

a
(ii) The inductive scala-length Cn(w,O) for the matter below the
surface cover, assumed to be a layered half-space, must be

i arison to d .
large in compar > dpax

Under these conditions the electric field within the "thin sheet!
may: be regarded as constant for 0 < z < d, reducing the first

field equation to its thin-sheet approximation
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with

+
tg

H is the tangential magnetic field
above the sheet at z = 0, ﬂ;g the tangential magnetic field
z

as sheet current density;

below the sheet at z = 43 is the unit vector downward.

‘)C’/;\
S 7
2 3
z
Y
, G,
Consider for example a sedimentary cover with p, = 20 m, novhere

excéeding 4 ¥m in thickness. Then condition (1) wlll be satis-
fied for periods up to 2 minutes and condition (ii) for deep

resistivities in excess of, say, 50 Qm.

The response functions for the normal field abowe the sheet at
z = 0 are readily found fron

+ —
+ ...Zn Cn

cn T oiw
Ho

1+ iquTnC_

whefe Tn is the constant normal part of 1, while C; has to be
derived from the given substructure resistivity profile. The
field equations, to be considered for the evaluation of the va-
riation anomaly are

R - _ 0 .

ﬂatg Ea'tg B g * da
with

i, = E, T, ¢ Ea (t + 1)
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The second field equation implies that the vertical magnetic
field is also to be regarded as a constant between z = 0 and

z = d.

In addition there are boundary conditions for the anomalous field,
arising from the fact that its primary sourced lie within the
sheet.

Pilot interpretation: In many cases the anomalous field has no

inductive coupling with the substructure because its half-width
is small in comparison- to [C;[. In that case no currents are in-
duced by Ea in the substructure and the anomalous magnetic field
is solely due to the anomalous sheet current ja within the sheet.
For reasons of symmetry

-!. . - -—
Hatg - Hatg
or
LIRS Y
Hogg =75 (2 x (B, 1, + E, D

Observe that the inductive coupling of the normal field has not
been neglected, i.e. its internal sources lie within the sheet

as well as within the substructure. Assuming that T 1s known

and that it is possible to identify the normal part of the total
electric field E = E, ¢t Ea either by‘calculation or by observations
outside of the anomaly, the anomalous part of ‘the conductance T,

is readily found from observations of H;tg and Ea. In this way,
using the example from above,the variable depth of the basement
below the sediments,

d = dn'+ a, = pS(Tn T ),
can be estimated.

If an elongated structure is in H~polarisation with respect to

the normal field, the magnetic variation anomaly will disappear
(cf. Sec.7.3). The pilot investigation of the conductance is done n
even more simply because the sheet current density must be a

constant in the direection normal to the trend:
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E; T = 3= const.

~148-

or E 1_+E v =3 = 0.

This approach has beén used by HAACK to obtain a fairly reliable

conductance cross-section through the Rhinegraben.

In the case of E-polari

ion a different kind of simplification

may be in order: Suppose tHe half-width of the anomaly is

sufficiently small in comparison to (wuo'r)—i everwhere. Then no

significant local self-induction due to H_, which produces E,

takes places, i.e. the electric field driving the anomalous

current will be the large-scale induced normal field only:

o+

H -~

a A

uming F
Ass gLk,

(z xE ., D).
n#

Iagain to be known, the conductance anomaly is now

derived from the observation of the tangential magnetic variation

anomaly normal to the trend,

In the actual performance with real data all field components

may be expressed in terms of their transfer functions W and Z

and thus be normalised with regard to H;
) 1

tg"

" Direct problem for 2-dimensional structures

Let 7 be variable only in one horizontal direction, say, in y-

direction which implies that the anomalous field is also variable

only in that direction,

(E-polarisation)

BEaxlay = dwpg Haz

obeying the field equations

(H-polarisation)

H - H‘[‘ = j
ax ax ay
with
3 = E 1 4+ E 1
ay ny a ay
and

H /3y = ~o E_ .
dax (o] azd
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Here o denotes the conductivity at the top of the substratum
and E;z the anomalous vertical field at z = d which is responsible
for driving currents upwards from the substructure to the sheet

and vice versa.,

The boundary conditions, reflecting the "thin-sheet Originﬁ of the

~variation anomaly, are

(E-polarisation) (H-polarisation)
for z = 0: H' = -XK = H H' = o,
} ay az . ax
for z = d: Hay = LII * Haz an = LI % Laz'
The kernel function of the convolution integrals are ' £y
. H: = T K“i’-‘ I‘iCL'Z‘ * +
K(y) = T Tl LT 7 Ay
(1A% Y.\: 'ir\z::..n—.mn.__:.t..-:,x_.\.rz._): Lo s >
B - = L% H . i
, *°  sin(y k) G(L)? Hoy® 72 ™ Max y
Lo (w,y) = = f u dk | HY
11 T . - N o+ Y Sy
o ik CnII(w,k ) Fo.orxE . HooO 7
y Sy T+ F;(]}_\ r ay G2 { \;’
> e Noopnex e T B SO .
. sin(y k_ ) it
L (w,y) = = }o ~ Y d k “ LE T Lo WE] H,.
Pp sy =y = Cogmd By TR Fax MR
L T oo ik C _(w,k ) Y 6(%) - i
y nI Ty | { ¥
Here C;II is the response function of the substructure for the

ancmalous TE-field in the case of E-polarisation and C;I the
response function of the substructure for the anomalous TM-field

in the case of H-polarisation.

The kernel K is the separation kernel, introduced in Sec.5.1. It
connects H;y and Haz in such a manner that the source of the
ariomaly is "internal" yhen seen from above the sheet. The kernels
L are the Fourier transforms of the response fuﬁctions, intro-
~duced in Sec.7.3, which connect the tangential and horizontal
field components above a layered half-space. Their application
 to the anomalous field at z = @& implies that Ea and E, diffuse
downward into the substructure anddisappear for z + «. They re-
present the inductive coupling of the anomalous field with the

substructure,’
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Field equaticons and boundary condition together constitute a set
of four linear equations for an equal number of unknown field

components. They are uniquely determined in this way. A solution
toward the anomalous tangential electric field in E~polarisation

h]
for instance, gives

o

ax . = -
(LII+K) % 5y = lqu(EnXTa + EaXT).

A similar solution toward the anomalous current density. in H-

polarisation gives

For a given model~distribution these equations are solved numeri-
cally by setting up a system of linear equations for the unknown
field components at a finite number of grid points along y. The
convolution integrals, involving derivatives of the unknown field
components:with respect to y, are preferably treated by partial
integration which in effect leads to a convoluticn of the unknown
field components themselves with the derivatives of the kernels.
It should be noted that the kernels L approach for y + « finite

limiting values, given by'{QCQ(w,O)}_i.

Inverse pricblen for two-dimensional structures

It dis also possible to consider the anomalous conductance T, @s

the unknown quantity to be determined from an observed elongated
variation anomaly, in the actual calculations to be represented by a
set of respective transfer functions. The normal sheet conductance
T, and the resistivity of the substructure, for which the kernels

L have to be determined, enter into the calculations as free model
parameters. They can be varied to get the best agreement in Ta(y)

when using more than one frequency of the variation anomaly.
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Another point of concern is the reality of the resulting numeri-
cal values of T, Usually empirical data will gjvye complex values
and the free parameters should be adjusted also to minimize the

imaginary part of the calculsated conductance.
In E~polarisation the elimination of H;y gives

+ 8
< . Tay B LII * Haz B E‘ax "n

a E + E *
o nx ax .

2 if T, is to be determined

from anomalous electric field)or we can derive T, from the anoma-

We can then eliminate either H;& and Ha

lous magnetic field by observing that

19, +? H (y—g) . sgn(§)d§
5 : Vaz .

Eax(Y) =

by integration
of the second field equation. The normal electric field is

derived from the normal magnetic field by setting

E = oy CF (w,0) Y
- X ¢ n ny

when the source field is quasi-uniform and

: +
E z iw N * H -
nx T
when the source field is non-uniform; NII(w,y) is the Fourier

transform of quI(w’k)‘ Cf. Sec.8.2, "Vertical soundings with

station arrays".

In H-polarisation only the anomalous electric field is observable
at the surface. For the elimination of the anomalous magnetic
field at the lower face of the sheet from the field equations

we use the generalized impedance boundary condition for the ano-
malous TM-field at the surface of the substructure (cf. Sec.7.3
und 8.2):



Hax = jay = - GO(NI % an)

with NI(w,y) being the Fourier transform of C;I(w,ky). Insertion.

above gives

.o (N, = E_ ) + E T
o I ay ay _n

9.4 Non-uniform layers:aBOVe and within a layered structure

The source of the surface variation anomaly is assumed to be an
anomalous slab between z :'zo and z = Zq + D in which the re-
sistivity changes in vertical gggrhorizontal direction:'p:pn+pa
. The region above and helow the slab are taken to be layered,

o= by being here a sole function of depth (cf. Sec.3).
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The response functions for the normal variation field are defined
for the normal structure as given by P If {the anomaly liesg at
the transition between two extended normal regions, 1two normal
solutions have to be formulated It should be noted that in that
case the anomalous field will not disappear but converge outside

of the anomaly toward the difference of the two normal solutions.

Henceforth, the normal structure , the normal response functionsJ
and the normal fields En and En will be assumed to be known
_throughout the lower conducting half-space. The source~field will

 be regarded as quasi-uniform except for source fields in E-polari-
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sation in the case of longated anomalies when a non-uniform

" source can be permitted (cf. Sec. 8.3, calculation of B from
H

1
ny.).

‘The principal problem in basing the interpretation of actual
field data on this type of model consists in a proper choice
of the upper and lower bounds of the anomalous slab. The following

arguments may be useful for a sensible choice:

The anomalous region must be reached by the normal variation
fieldJ'i.e. Z should not be made larger than the depth of pene-
tration of the normal field as given by [Cn(w,O)] at the highest
frequency of an anomalous response. A lower bound for the depth
of the slab is not as readly formulated'becausg the anomalous
response does not disappear necessarily when the depth of pene~
tration is much larger than z, + D, i.e. when no significant
normal induction takes places within the anomalous slab. Only

if the anomaly is elongated and the source field in E-pclarisa-
tion, can it be said that the depth z, + D must be at least com-
parable to the normal depth of penetration at the lowest fre-

quency of an anomalous response.

Pilol studies: In section 8.2 the general properties of the im-

padance tensor Z above a non-layered structure have been discussed
and the following rule for elongated anomalies was established:
The impedance for E-~polarisation does not diverge markedly from
the impedance of a hjpothetical one-dimensjional response for the
local resistivity-depth profile, while the impedance for H-pola-
risation will do so unless the depth of penetration is small in
comparison to the depth of the internal resistivity anomaly and

the inductive response nearly normal anyway.

Suppose then that an impedance tensor has been obtained at a lo-
cation v on a profile across a.quasi—tWOdimensional anomaly which
by rotation of coordinates has zero or almost zero diagonal ele-
ments and that a distinction of the offdiagonal elements for E- and
H-polarisation can be made (c¢f.Sec.8.2). Regarding the E-polari-
satidn response for a first approximation as quasi-normal, a local
inductive scale length

Cp (@sy) = o By (usy)/H, (0,y)

lap,



- 154 -~

is calculated as function of frequency and location. It is

converted into an apparent CAGNIARD resistivity and phase:
- 2 - :
p“(w,y) = muOICH\ , ¢"(m,y) = arg{C”}

or alternatively into the depth of a perfect substitute conductor

and a modified apparent resistivity :

* . * _ - 2
ZH(w,y) = Re{G} , pﬂ(w,y) = 2wuo(Im{C“})

which can be combined into a local depth versus apparent resisti-

vity profile pﬁ(zﬁ s YD

If the magnetic variation anomaly rather than the geoelectric

field has been observed, the anomalous part of Ep can be derived

by integration over the anomaly cof the vertical magnetic variations,
while the normal part of Ey is calculated from the normal impeédance
outside of the anomaly or derived theoretically for a hypothetical
normal resistivity model: |

+co
: ] : A ~
Eylw,y) = iwu {CH + I sgn(y-y) H_,(9) dy}
or in terms of transfer functions with respect to HnJ. s
N . +°3 -~ . ~ o~
Cu(w,y) = 1qu{Cn L sgn(yfy) qu(y) dy} ,

‘using for the transfer function of H_, the notations of page 113,
Magnetotelluric and geomagnetic depth sounding data along a
profile are in this way readily converted either into CAGNIARD
resistivity ‘and phase-contours in frequency-distance coordinates,
into lines of depth~of-penetration 2* at a given fréquency,
or into modified apparent-resistivity-contours in a 2 ~distance
cross-section Either one of these plots will outline the freguency
range, respectively the depth range, in which the source of the
anomaly can be expected to lie, and provide a rcugh idea about the

resistivities likely to occur within the anomalous zone.



Single frequency interpretation by perfect conductors at

variable depth

Geomagnetic variations anomalies showW frequently nearly zero
phase with respect to the normal field, the transfer functions
which connect the components of Ea and gn being real functions
of frequency and locations, This applies in particular to two-
types of anomalies., Firstly to those which arise from a non-
uniform surface layer, thin enough to allow the "thin-sheet”
approximation of the previous section with predominant induction
within the sheet (ns>>1). Secondly, it applies to anomalies
.above a highly conductive subsurfiace layer at variable depth

beneath an effectively non-conducting cover,

In the first case E_ will be in-phase with Ho» in the second
case out-of-phase (cf,Sec.9.1). But it is important to note that

the anomalous variation field Ha will be in elther case roughly

in-phase with Hn.
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Both types of anomaly can be explained at a given frequency by
the undulating surface S.of'a perfect conductor below non-con-
ducting matter, Its variable depth below the surface point (x,y)
will be denoted as h¥(x,y). Outside of the anomaly h¥ shall be
constant and equal to the real part of Cn at the considered fre-
quency.

This kind of interpretation is intended to demonstrate the effect
of lateral changes of internal resistivity on the depth of penetra-
tion as a function of frequency and location. It does not provide,
however, quantitative information about the resistivities involved
nor does it allow a distinction of the two types of anomalies

mentioned above.,

H .
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Clearly, the magnetlc field below 8 must be zero and the magnetic

field vector on S tangential with respect to S because the con-
S . . norpal . .

tinuity condition for the filield component tgvgareqU1res that this

component vanishes just above S,

" Direct model problem: For a given shape of 8 the anomalous surface

field can be found with the methods of potential field theory,
since ", will be irrotational and of internal origin above S, If

in partlcular S has a simple shape 1ndepenaont of =, the field

" lines for E- polarlsatlon in the (y,z)-plane for z < n (j) can be

found by conformal mapping as follows

Let wly,z) = y(y',z') + i+z2(y',z') be an analytic function which

maps the line z'=20 of rectangular (y',z') coordinates into the line
zzhﬁiy) of rectangular (y,z) coordinates. Lines z' = const, are in-
terpreted as magnetic field lines of a uniform field above a perfect
conductor at constant depth, their image in the (y,z)-plane as field

lines of a distorted field above a perfect conductor at the variable



depth h (y), the image of the ultimate field line z'=0 being tangen-

tial to the surface of the conductor as required,

If B o= (B

point in the original (y',z') cocordinates, the components of the

,0) denotes the uniform horizontal field vector at a

field vector L= (Hy,Hz) at the image point in the (y,z) coordinates

can be shown to be given by

) 1
R :M.H’ H ::_@%./..?_XLH
y r? n z »? n
with . )
r? = (8y/3y‘)2 + (Bz/ay‘)2 e

The difference H - H represents the anomalous field to be

detefmined.
. ’ : TR
) =z
1 zy)
JRU— = .. i, e e > - ...(.,...._2..__._:.._
e - S T, S,
R >
= oD
s =
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Inverse problem: The shape of the surface S can be found inversely

from a given surface anomaly by constructing the internal field
lines of the field H +H_. Field lines which have at scme distance of
the ap@maly the required normal depth Re(Cn).define the surface S,
provided of course that the surface thus found does not intersect

the Earth's surface anywhere.

The actual calculation of internal field lines requires a downward

extension of the anomaly through the non-conducting matter above

" the perfect conductor, using the well developed methods of potential

,field continuation towards its sources, In order to obtain sufficiem:
stability of the numerical process, the anomaly has to be low-pass
filtered prior to the downward continuation with a cut-off at a
reciprocal spatial wave number comparable to the maximum depth of

intended downward extrapolation,



A field line segment with the horizontal increments dx and dy has
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and the entire field line is thepconstructed by numerical integras
tion.

An analytically solvable inverse problem: Suppose the observed

anomaly is 2-~dimensional and sinusoidal,

Hay(y,z:O) = ¢ sin(k.y) Hny-'
Because of the internal origin of the anomaly
haz(y,z) = ~C cos(k.y)hny ,
the internal field increasing exponentially with depth,
e v o . . k‘z
H, (y,z) =H, (y,0) * e .
Hence, the slope of field lines at the depth z is

dz -c cos(k-y)-ek'Z

. 3
dy i+c sin(k-y)‘ek %

yielding by integration

z(y) = 2z, - cfke 51n(k vy X zly)

as the implicit solution with z as the constant of integration.
Here it will be chosen in such a way that the highest point of the

field line is still below the Earth's surface z=0.

We infer from the field line eguation z(y) that field lines above
sinusoidal anomalies oscillate non-symmetrically around the depth
252 with L=21/k as spatial wave length, Their deepest points z=z
are at y=L/4,-3L/%,%.... ..., their highest points z=z at

y= -L/u,SL/w, %0 L
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Suppose the spatial wave length of the anomaly is large in' com-
parison to the deepest point of penetration z%. Then the approxi-

mate field line equation

Z ~c/kesin(k y)

z(y) =
1+ crsin(key)

can be used with the requirement that Z is equal to or larger
than ¢/k. The mean amplitude of the field line oscillations is
readily expressed now in terms of. the amplitude of the observed
surface anomaly as given by the factor ¢, namely
% (z'-27) = ~—3-§ (z -+ k
: 1-c

1.

If, for example, a moderate anomaly has the amplitude é=Q.25 and

a wave length of 628 km, the mean amplitude of the field line
oscillations are given by (zo+100)/4"km, e 25 km, Using zO:8O km
gives a mean amplitude of 33 km and the field line oscillates -
between 4 km and 70 km. This numerical example demongtrates that
even minor anomalies require rather large undulations in the depth

of a perfect substitute conductor.

‘Multi-frequency interpretation by local induction in isolated

bodies

Most geomagnetic induction anomalies arise from a local rearrange-
ment of large-scale induced currents, In some cases, however, it
may be justified to assume that the source of the anomaly is a
conducting body which is isclated by non-conducting matter Ffrom
the large-scale current systems, Such a body can be, for instance,
a crustal lense of high conductivity within the normally highly

resistive crust,

The direct problem: Consider a body of (variable) conductivity

between 2224 and Z=q The surrounding matter at the same depth is
effectively non-conducting at the considered frequency, i.e, large-

~scale induced currents which flow in the normal structure above and
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below can neither enter nor leave this body,

Han
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The inducing field is the normal field Hé between 4 and 2y,
regarded as- uniform. For simplicity it is assumed that the nor-
ma; structure between z=0 and z, represents a "thin sheet" of the
conductance Ty Then the attenuation of Hﬁ with respect to the

normal field Hn at the surface z=0 is given by

It

(H_ - Hﬂ)/Hn

n 1n5/(1 + 1ns)

1

Ng wuoCnTn

as thin-sheet induction parameter (Sect.9.3 and Appendix to 7.3),

Three aspects of the arising induction problem have to be con-
sidered: (i) the local induction by Hg within the body, (ii) the
electromagnetic coupling of this body with the normal substructure

below z (iii) the coupling of the body with the surface coversghove

?
In ordeg‘to make problem (i) solvable in a straightforward manner
uniform bodies of simple shape such as spheres and horizontal
oylinders of infinite length have To be selected, The anomalous
field due to the induction in these bodies is of frequeﬁcywindepen—
dent geometry. This fact permits simple solutions of the inverse

problem as seen below.

Consider the case of a horizontal cylinder of infinite length,  the
radius R and the conductivity U3 its axis is parallel to x and
intersects the (y,z)~-plane at the point (O,zo). The normal horizon-
tal field is parallel to y and produces by induction currents which
flow parallel to x in the upper halve and anti-parallel to x in the
lower halve of the cylinder. Their magnetic field outside the cy-=

- linder is the field of a central 2-dimensional dipole of the mouent
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m antiparallel to y. It has the components

-2 . : -2
Hay(j,z) = m cos{20)er 7, Haz(y,z) = ~m 8in(20)«r

with r? = y? + (zosz2 and cos® = z_/r, sind = y/r,

The dependence of the dipole moment on the inducing field will
be expressed in terms of a response function. Let m_ be the
dipol moment of 'a perfectly conducting cylinder which shields
the external fieldcomplétely from its interior. Hence, the in-
duced field at the point (0, zO—R) just above the cylinder
must be equal to Hﬁ, i.e.

_ .p2 1
m =R H
oo n’

which implies that it cancels Hﬁ within the cylinder as required.

The response function of the cylinder with respect to a uniform
inducing field perpendicular to the axis is now defined as the

'complex“valued ratio
f(nz) = m/m_

which can be shown to be a sole function of the dimensionless

induction parameter

- 2
Ny = wuocz R,

. The modulus of f(nz) will approach zero for Ny, << 1 and unity for
Ny >> 1, its argument changing from 30° for ng, * 0 to 0° for

Ny * . Hence, at sufficiently high fregquencies the anomalous
field from the cylinder will be in-phase with Hﬂ and not in-
crease beyond a certain "inductive 1imit", while at sufficiently
low frequencies the anomalous field will be cut-of-phase and

small in comparison to the field at the inductive limit.
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The transfer function between the anomalous and normal field
are now readily expressed in terms of a frequency-dependent
. response function, a frequency-independent geometric factor,
and a frequency-dependent attenuation factor Q' for the normal
field:

it

Hay f(nzj cos(?@)f(R/r)th' Hn'

H

H

az = ~E(ny) sin(28)(R/r)2+Q' N

n B

with
1

Q' = (4 + ing) T,
An approximate sclution of problem (ii) can be obtained by re-
presenting the conductive substructure below the surfacelsheet
by a perfect conductor at the (frequency—dependent) depth Re(C;)
and by adding to the anomalous dipole field the field of an
image dipole of the moment RzHﬁ at the depth 2°Re(C;)~zO.

"T’\)\\\u ~—1

R fCy

-l
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Problem (i1ii) involves mainly the attenuation of the upward
diffusing anomaly Ea by uniform surface layers. This attenuation
is, however, a second order effect and can be neglected, if

at the considered frequency the widespread normal fieid pene-
trates the surface layers to any extent, i.e. if the modulus

of Q' is sufficiently close to unity.

The inverse problem: Assuming the anomalous body to be & uniform
cylinder, the model paramelers zo,‘R, Op can be uniquely in-
ferred from surface observations, providing the transfer func-
tions for Hay and HaZ arerknown for at least two locations and
frequencies., Forming here the ratios

HaZ/Hay = tan(26)

the angles 6 and thereby the positicn of the cylinder can be
found, The depth of the cylinder axis being kncown, the dipole
moment R%f£(n) can be calculated. Its argument fixes the size

of the induction parameter Ny and two detefminations of Ny at ‘
different frequencies the radius R and the conductivity .+ Now
R and Z being known, the field of the image dipole can be cal-
culated. The inverse procedure is repeated now with the observed
surface anomaly minus the field of the image dipole until con-

vergence of the model parameters has been reached.

Interpretation with BIOTfSAVART'S law

Let i_be the current density vector within a volume dV at the
point ﬁ = (%, §, z). Then according to BIOT-SAVART's law in SI
units the magnetic field vector at the point r =(x, y, z) due

Fad
to the line-current element idV is

H
LR SRR RN AT :1 i x (r‘ - r’)
‘\\3\ H = T e av,
N N EE
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This law can be used to interpret an observed surface anomaly
of geomagnetic variations in terms of a subsurface distribution
of anomalous induction currents, which in turn are related to
an internal conductivity anomaly SN i,e. to local deviations

of ¢ from a normal layered distribution Un(z).

It has been pointed out in Sec.8.3 that the anomalous part of
the geomagnetic and geoelectric variation field can be split
into TE and TM modes (= tangential electric and tangential
magnetic modes) and that only the TE modes produce an observable
magnetic variation anomaly at the Earth's surface. Consequently,
only a TE anomalous current density distribution iaII can be
related to the anomalous magnetic surface field Ho» the sub-
script "II" refering to the solution ITI of the diffusion
‘equation,
iaII

Fal
iay’ the components of the anomalous surface field are given

Denoting the tangential components of simply with Eax and

> ~
” H_ _(x Q) = 1_ f ) lax;f_dv
ax Y by 2 '
- Il
1 i, 2
Hay(x,y,O) = 5 f mmiz_ ay
- V i
iy ~ 1 (x=5
1 ax ay
H LO) = e av
az(x'}YJ ‘) LHT é rz
with r? = (x~X)% + (y-y)? + 22, The inverse problem, namely to

find from a given surface anomaly the internal anomalous current
distribution, has no unique solution. Within certain consiraints,
however, it can be made unique, at least in principle. For in-
stance, it is assumed that the anomalous current flow is limited
to a certain depth range which implies that the matter between
this depth range and the syrface is regarded as non-conducting

at the considered frequency.

The surface anomaly can be extended now downward to the top of

the anomalous depth range with standard methods which require
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only adequate smoothing of the observed anomalous surface field.
Then a certain well defined depth dependence of the anomalous
current density is adopted as discussed below and the anomalous

current distribution can be derived in a straightforward manner.

Suppose an observed anomaly Eﬂ at a given frequency has been ex-
plained in this way by a distribution of anomalous internal
currents. Its connection to the internal conductivity is esta-
blished by the normal and anomalous electric field vector accor-

ding to

larr 7 95 Ep (o v 0g) t Egpp e

Assuming the normal conductivity distribution Un(z) to be known,
E as a function of depth is readily calculated. There is no
simple way, however, to derive the anomalous electric field of
the TE mode except by numerical models as discussed below. There
is in particular no justification to regard it as small in com-
parison to the normal electric field and thus to drop the second
term in the above relation. Instead the fellowing argumentation

has to be used:

The anomalous electric field in the TE mode can be thought to

- contain two distinct components. The first component may be re-
garded as the result of local self-induction due to ﬂaII' I<

can. be neglected at sufficiently low freguencies, when the half-
width of the anomaly is small in comparison to the minimum skin-

depth value within the anomalous zone.

The second component arises from electric charges alt boundaries
and in zones of gradually changing conductivity. These charges
produce a quasi-static electric field normal to boundaries and
parallel to internal conductivity gradients which ensures the
continuity of the current across boundaries and internal gradient
zones. Hence, this second component of the anomalous electric

field does not disappear, when the frequency becomes small.

It vanishes, however, if anomalous internal currents do not cross
boundaries of gradient zones, i.e. when the normal field is in

E-polarisation with respect to the trend of elongated sitructures.
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Only in this special case will be justification to neglect the
term oE_ at low freagquencies and to use the approximation

ta1r T %4 En
to calculate the internal conductivity anomaly o, from the ano-

malous current density and the normal electric field, It will

be advisable to regard here o, as a sole function of x and y

and thus to postulate the same depth dependence for the anomalous

current and the normal electric field.

Interpretation with numerical models

So far idealized models for a laterally non—uniform ;ubstructure
have been considered. They allowed a simplified treatment of
the induction problem and had in common that only few free para-
meters were involved. Once numerical values were attached to

them, the observed surface anomaly of the variation field could

be converted rather easily into variable model parameters to

characterize the internal change of subsurface conductivity at

‘some given depth from site to site.

The introduction of more realistic models leads to a substantial
increase of the numerical work involved and should be considered
only, if transfer functicns for the anomalous surface field are
known with high accuracy. The inverse problem to derive a set

of variable model parameters directly from observations can be
solved by linearisation, i.e. by the introduction of a linear
data kernel, connecting changes of the surface response to

changes in the subsurface conductivity structure (cf. Sec.8).

As before a normal structure o, outside of the anomaly is given,
the variable model parameters representing only lateral changes

of ¢ with respect to o, within the range of the anomaly. Unless



stated otherwise, source fields of lateral homogeneity are
assumed, yielding in conjunction with o the normal fields g

and E, as known functions of depth.

Conductivity anomalies O, = 0= 0 are restricted to an anoma-
lous slab above or within a laterally uniform structure, exten-
ding in depth from z, to z,. Within this slab two basic types
of conductivity anomalies may be distinguished:

(1) slabs with gradually changing conductivities in horizontal
direction or (ii) slabs which consist of uniform blocs or re-

~gions, separated by plane or curved boundaries,

In the first case electric changes are distributed within the
slab, yielding closed current circuits divi = 0 as required in
-quasi-stationary approximation. Consequently, divi = -~(E-grado)/o
will not be zero. In the second case only bloc boundaries carry
free surface changes and the electric field will be non-divergent
within the bloes. In either case a solution of the diffusion
equation for H_ or E_ has to be found under the condition that
the anomalous field approaches zero with increasing distance

from the anomalous slab.

Numerical methods for the actual solution of the direct problem,

when G is given and A, or E_ are to be found, have been dis-
cussed in Sec. 2 and 3. Here some additional comments: Models
should be set up in such a way that either the shape of the ano-
malous body or the anomalous conductivity is the variable to
be described by a set of model parameters. After fixing the free

parameters, in particular z, and z the model parameters for

1 2?
~the description of the anomaly are varied until agreement is

reached between the observed and calculated transfer functions.

Suppose that models of type (ii) are used, that only vertical
and horizontal boundaries are permitted, and that the anomalous
slab is subdivided by equally spaced horizontal boundaries into
layers, Then the'variable model parameters are either the po-

sitions of vertical boundaries, enclosing a body of constant
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anomalous conductivity O o OF the anomalous conductivity values

S am of the bloes m = 1,2, ... M, separated by equally spaced
vertical boundaries: s ’
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If the search for a best fitting set of model parameters is to

be done by an iterative inverse method rather than by trial-and-

errorfhlinear data kernel matrix G :(gnm) has to be found for

an initial model. In this matrix the element &,m represents the

(=3

change Yn of the anomalous transfer function at a certain surface
point and frequency R which arises in linear approximation
from a change X of the model parameter in the m'th bloc of the
starting model. The resulting system of linear equations

y, = i Eom *n is solved with the methods of Sec.6. Its solution
represents the improvement of the initial model, if Yn is the
misfit between observed and calculated transfer functions for
‘the initial model. The process is repeated with the improved

- models until the necessary improvements X, are small enough to

justify a linear approximatiocn.

Which complications arise in the general case that not only the
internal conductivity structure but also the inducing source
field are laterally non-uniform? First of all, in addition to 9,

(e) of the external

as a function of depth the magnetic field H
source must be a known function of surface location. In the

special case of the equatorial jet field this source field con-
figuration will be more or less the same for all day-time variations

and thus a normalisation of the cbserved surface field by the
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field at some distinguished surface point will be possible, for

instance by the horizontal field at the dip equator,

The conversion formulas of Sec., 5.2 and Tthe methods described

in Sec., 8.2 ("VWertical soundings with station arrays") are now
(1)
n

-and the normal electric field En as functions of the surface

used to find the internal part H of the normal magnetic field

location and freq%ingy. Finally, the normal surface field is ex-
conss b,
tended downwardvwith the spatial Fourier transforms of the down-

ward extension factors as given in the Appendix to Sec. 7.3.

Now the normal field within the anomalous slab is known and the
diffusion equation for the anomaloué field can be solved numeri-
cally in the same way as before, when the slab or the anomalous
region themselves are chosen as basic domains for the numerical
calculations. Here a final schematic summary of the various steps
of the calculations, when the source is the combined field of the

equatorial jet and the low-latitude Sq:
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Interpretation with scale model experiments

Numerical model caleculations may be too elaborate, if the induc-
tion by a non-uniform source in a three~dimensional anomalous
structure has to be considered. An example is the coast effect
of the equatorial jet, when the dip equator crosses the coast-.
line under an angle. — No complications arise at those places,
when the dip equator is parallel to the coast and the jet field

in E-polarisation (s. above). -

In situation of great complexity the qualitative and even quan-
titative understanding of surface observations may be furthered
by laboratory scale model experiments, simulating the natural

induction process on a reduced scale. Invariance of the electro-
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the product wolL? constant with L denoting the length scale,

The primary inducing field is produced by an oscillating dipole
source or by extended current loops, situated as "ionospheric
sources"" above an arrangement of conductors which represent

the conducting material below the Earth's surface. Alternatively;
the conductors as a whole can be placed into the interior of
coils, say Helmholtz coils, and thus be exposed to a uniform

soﬁrce field. ‘

s /S
\6‘-’.@? ) . . '
1 - . E ! 'Uw_’z'_-'ccv(-
~ ) ',;’/ . R %._} et
— | | Loops @ © .
A i i a T N
d.’ra{: i i
P | T e !—-‘“‘-\_ ~ P
U b e
7 \ // . (_{x) Py T —
. / : - / ® @3 \\ — 1\;\\\;\:\“\‘ -
petetel N . . . s L
: v - e N - } T e
R i NS -
. P
: -
& &

The magnetic source field at the surfaée of the conductors is
exactly known. Hence, by substrating it from the observed field;
measured with small triaxial pick-up coils, the induced field
from the conductors can be investigated. The electric field can

be measured also by submerging, for instance, an arrangement

.of metalic conductors into a much less conducting electrolyte

(s. below),

A basic difficﬁlty in conducting a scale model expebiment,'which
is truly equivalent to the induction process in nature, arises
from the necessarily finite dimensions of the conductors in the
scale model, If the conductors are placed below the source of
the inducing field, their finite downward extent represents no
problem because the ultimate conductor can be dimensioned in
such a way that the electromagnetic field is completely shielded

from the space beneath the gcale moedel. Their finite length and
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width, however, forces the induced currents to flow in loops
which in strength and phase may be totally controlled by the
edges of the conductor. In order to avoid this unwanted effect
the source field at the level of the conductors should die away
before reaching the edges of the scale model. For instance, if ‘
a line current source is used, the half-width of the line current
field on the surface of the scale model should be considerably
smaller then the width of the model.
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These complications do not arise of course, when no attempt is
made to simulate local anomalies of a large-scale induced current
system, i.e. when the scale model is placed into the interior
of coils in order to simulate local induction in isolated bodies

(cf. subsection on this topic in Sec. 9.4).

Here are to mention the scale model experiments by GRENET and
LAUNAY who showed how a large-scale induction can be simulated
also by the induction in the interior of coils. Their objective
was to make a scale model of the coast effect at complicated
coastlines. They noted that the inductive coupling between the
ocean and highly conducting material at some depth within the
Earth is well represented by a system of image currents at the
level 2.h™ below the ocean. Here h¥ is again the depth of a
perfect substitute conductor for the oceanic substructure at the

considered frequency.

GRENET and LAUNAY use as model conductors two thin metallic plates

which are connected along two edges by vertical conducting strips.
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One of the thin plates represents the occean and one of its
edges is given the shape of a certain coastline to be studied.
The second plate represents the level of the image currents.

The whole arrangement of conductors is ﬁlaced into a Helmholtsz
céil in such a way that the vertical strips are parallel to

the magnetic field. Plates and strips now form a loop normal

to the magnetic flux within the Helmholtz coil and thus currents

are induced which flow in the "oceanic" plate parallel to the

"ecoastline'.
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In SPITTA's arrangement for the study of the coast effect the con-
ductors are plaéed below a horizontal band-current closed by

a large vertical loop. The oceanic and continental substructure
is represented by a thick metalic plate, the oceans by a thin
metalic sheet which ﬁartially covers the plate. The thickness
of the plate is large in comparison to the skin depth and its
width about twice the half-width of the field 6f the band-
current at the level of the plate. The induced current systems
form closed loops within plate and sheet and can be assumed
to be largely horizontal. By placing one edge of the covering
sheet below the center of the band-current the coast effect of

an ionospheric jet can be studied for any angle between coast
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The ratio of the length-scales model: nature should be in the
order 1 : 10% or 1 : 107
1000 km in nature can be reproduced. In SPITTA's experiment the

ratio of length-~scales is 1 : 4+10%. A 4 km thick ocean is re-

. In this Way current loops of some

presented by an aluminium sheet of 1 mm thickness, a highly con-
ducting layer il the mantle at 360 km depth by an aluminum plate
9 cm below the sheet, The width of this plate is 2 m and is

equivalent to 8000 km in nature,

Model conductors may be chosen from the following materials:

Cu <~ AL - Pb ' . 7 e 0.5'107 (Qm)ml
Graphite - ) 3.10t "
(saturated) : .
NaCl solution 20 ) "
H,80,, HNO,, HCL-solution 60 < | , o
{concentration of maximum

conductivity)

In SPITTA's experiment the conductivity-ratio model: nature is

2-107:4. Hence, with a ratio of length scales of 1/4<107% a

frequency of 1 kHz in the model corresponds to 1/32+107% Hz ~1eph

- in nature.

' DOSSO uses graphite to represent the oceans and highly conduc=
ting material in the deeper mantle, saturated NaCl-solution to

represent the continental surface layers and the poorly conduc-

ting portions of crust and uppermost mantle. Since his model
frequencies are only slightly higher (1 to 60 kHz),.a one order
of magnitude greater ratiO'of length-scales (1:105) has to be
used to simulate natural frequencies between 1 c¢ph and 1 c¢pm.
S

The lists of available model conductors shows that it is 4iffi-
cult to simulate conductivity contrasts of 1:10 or 1:100 which
are of particular importance in the natural induction process.
Only salt solutions of variable concentration could provide a

sufficient range in model conductivity, but their relatively
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low conductivity requires the use of very high frequencies

(103 kHz) and extremely large model dimensions (10 m).

In conclusion it should be pointed out that even those scale
model experiments which do not reproduce the natural induction

in a strict quantitative sense may be useful for a descriptive

interpretation of complicated variation fields. In those cases
only the impedance or the relative changes of the magnetic
field with respect to the field at one distinguished point above

the model will be considered and compared with actual data.

310, Geophysical and geological relevance of geomagnetic

induction studies

In exploiation geophysics the magnetotelluric method, preferably
in combination with geomagnetic depth sounding, has been applied
with some success to investigate the conductivity structure of
sedimentary basins. Electromagnetic soundings with artificial
sources as well as DC soundings which truly penetrate through

a sedimentary cover of even moderate thickness are difficult

to conduct on a routine basis. Hence, it seems that electro-
magnetic soundings with natural fields are more efficient than
-any other geoelectric methods in exploring the overall distri-

bution of conductivity in deep basins.

In ﬁartiéular the integrated conductivity t of sediments above
a crystalline basement is well definad by the inductive surface
response to natural EM fields and can be mapped by a survey
with magnetic and geoelectric recording statlons. If in addi-
tion some estimate about the mean conductivity of the sediments
can te made from high frequency soundings, the depth of the
crystalline follows directly from T.

If structural details of sedimentary basins are the main interest
of the exploration, a mapping of the electric field only accor-
ding to strength and direction for a given polarisation of the

regional horizontal magnetic field will be adequate. The inter-
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pretation is handled like a direct current problem in a thin
conducting plate of variable conductivity. This so-called
"telluric method" represents a very simple kind of inductive
soundingy, but the preferential directien of the superficial
currents thus found usually gives a surprisingly clear im-
pressioh about the trend of structural elements like grabens,
anticlines etc. The usefulness of this method arises from the
fact that these structural elements can be detected even when
they are buried beneath an undisturbed cover of younger sedi-

ments.

Cu.fvtmi chf;'o—r-};W ’ 69 :‘(‘L“W—f‘ '}'Q.(e
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Geomagnetic and magnetotelluric soundings are less useful for
exploration in areas of high surface resistivity, in particular
in crystalline regions. Even pulsations penetrate here too
deeply to yield encugh resolution in the shallow depth range of
interest for mining. Audio—frequency soundings with artificial
or even natural sources will be better adapted and are widely

used in mineral exploration.

The probing of deeper parts of crust and mantle with natural
electromagnetic fields will eventually lead to a detailed
knowledge of the internal conductivity distribution down to
about 1000 km depth. Its relation to the downward rise in
temperature is obvious, in fact electromagnetic soundings pro-
vide the only, even though indirect method to derive ?resent—

day temperatures in the upper mantle.

st e it R
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Other derivable properties of mantle material like density and
elastic parameters are. largely determined by the downward in-
-grease in pressure with only a second-order dependence on
temperature, which is hardly of any use for estimates of mantle

temperatures.

The remarkable rise of conductivity between 600 and 800 km depth,
however, should not be understood as temperature-related but

as indication for a gradual phase change of the mantle minerals,
possibly with a minor change in chemical composition, this is
with a slight increase of the Fe:Mg ratio of the olivine-

spinell mineral assembly.

The conductivity beneath the continental upper mantle from 100 km

down to about 600 km is suprisingly uniform and seems to indi-
cate that in this -aepth range ‘the temperature gradient cannot
be far away from its adiabatic value of roughly 0.5° C/km. The
aysterious appearance of highly conducting layers in the upper-
most mantle may be connected to magma chambers of partially
molten material and to regional mantle zones of higher than
normal temperatures in general. The expected correlation of high
mantle conductivity, high terrestrial heatflow and magmatic

activity clearly exists in the -Rocky Mountains of North America.

There are also some indication for high conductivities beneath
" local thermal areas. The Geysers in California, Owens Valley in
Nevada, possibly Yellowstone and the Hungarian plains are
examples. It should be pointed out, however, that there exist
also regions of high subcrustal conductivity with absolutely no
correlation to high heatflow or recent magmatic activity. The
most prominent-inland anomaly of geomagnetic variations, which
has been found so far, namely the Great Plains or Black Hills
anomaly in North America,lécks still any reasonable explanation

Oor correlation to other geophysical observations.

One - _great unsolved problem in geomagnetic inductions
studies is the depth of penetration of slow variations into the

mantle below ocean basins. There are definite reasons to believe
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that the upper mantle beneath oceans is hoiter than the mantle
beneath continents down to a depth of a few hundred kilometers.
If this is so, a correspéndingly higher conductivity should exist
beneath oceans which could be recognised from a reduced depth

of penetration in comparison to continents. Once a characteristic
conductivity difference between an oceanic and a continental
substructure has been established, this could be used td recog-
nize former oceanic mantle material beneath present-day con-

tinents and vice versa,

First soundings with reéording instruments at the bottom of the
sea have been carried out. They confirmed to some extent the
expectation of high conductivities at extremely shallow depth,
but these punctual soundings may not be representative for the
oceans as a whole. Here the development of new experimental
techniques for expedient seafloor operations of magnetic and

geolectric instruments has to be awaited.

Observations. on, mid-oceanic islands provide a less expelsive
way-to study the induction in the oceans which in the case of
substorms and Sq is strongly.coupled to the crustal and sub-
.erustal conductivities beneatﬁh? Oceaﬁﬁf again oceanic jislands
are usually volcanic and their substructure may differ from that
of ordinary parts of ocean basins. ‘

The island-effect itself is no obstacle for soundings into the
deep structure. In fact, this effect represents a powerful tool
to investigate the inductilive response in the surrounding open
‘ocean, since the-theoretical distortion of the variation fields
due to the islands can be regarded at sufficiently low frequency
as a direct curvent problem for a given pattern of oceanic in-
duction currents at sbme distance from the island. Setting the
-”deﬁsity of these currents in relation to the observed magnetic
field on the island gives the impedance of the variation field
for the surrounding ocean of known integrated conductivity. To a
first approximation induced currents in the ocean do not contri-
bute to the horizontal magnetic field on the island. Hence, by
knowing their density the horizontal magnetic f£field on the sea
floor can be calculated from which the inductive response function

for the oceanic substructure follows.
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