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ABSTRACT

' The magnetotelluric (MT) method of sounding is
reviewed and.the interpretati&e techqiques‘including
both numerical modelling and tensér impedance cdncépts
are presented in a formulati@n suitable for the study
of the problem of noise in maghetotelluric signals, *

A statistical treatment of the noise problem
has resulted in the development of a cyclical process
which, produces a pronounggd enhancement 6f the signal
to noise ratio over the cbmplete spectral range in the
majority of proceésed data samples. In those cases
where the data was not éo improved a definite coéfidence
liﬁit could be placed on'that~portion of the spectral
range which was acceptable. | | |

This technique.was applied to méénetotelluric'
soﬁndingS‘made at l4.sites around the Black Hills of
South Dakota in the frequency band lO—3 to 10 Hz. The
soundiggsfcover an érea of approgimatel; 30,000 Square
Km and eOrrespond‘to a depth range of O;l to 50 Km,

A three dimensipnal earth model of.tﬂe estimated
resistiviﬁ?-distribution is derived from.the sound%?g
results, u51ng the generalized 1mpedance concepts. .An
anomaly of hlgh conduct1v1ty at depths of 3 .to 10 Km is
found in the central region‘of the Hi%ls, under the
cover df highly resistive granitic material;

iv
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CHAPTER 1

s

‘INTRODUCTIO} T '
N\ »
[ 4 X

N N

1-A. Historical Review

. (4
The process of determining the subsurface resis-

tivity structure of the earth, by measurements made at

&
the surface, using the naturally occurring electro-

magnetic fields as a soudrce, was originally proposed

-

by Tikhonov (1950). Measurements were carried out

both by Tikhongg (1950), Kato and Kikuchi (1950), and
Rikitake (1950, 1951). In a definitive work Cagniard
(1953) presented a‘graphical method for the interpre- .

"

tation of results in the case of a horizontally layered

earth and introddced\the'expression "Magnetotelluric
Method" & désignate the technique. ’
As driginally envisaged by Cagniard, the source

was infinitely extended and thus a. plane wave impinged

on the horizontally stratified éarth. Wait (1954),

~and later Price (1964), investigated the effect of

finite source dimensign on the measured impedances,’

v

and argued that if the source is finite in extent or
possesses horizontal gradients, compiex»angles of

. » ) ' v F |
incidence must be considered. However, Madden and

Nelson (1964) showed that for reasonable*éar%h con-

ductivity models, the plane wave assdmptibn appears to

-

N\



be valid in the frequency range of interest for the

M A

MT method.

w

A more important consideration than that of
source dimensions, may be that a }ne?dimensional
model 1s inadequate for a real earth where lateral

inhomogeneity and‘anisotropy in the conductivity

)

are present, and the electric %and magnetic fields

. may, in general, no longer be orthogonal. d'Erceville
anduxunetz (1962) and Rankin (1962) gave analytic
SOIugions for a vertical fault ang vertical dyke
respectively. Chetaev (1960), Cantwell (1960),
Bostick and Smith [(1962), Mann (1965), b'Brien and
Morrison (1967), Praus and Petr (1969), Raﬁkin and ‘
Reddy (1969, 1970), and others have stndied various

types of anléotropy in conducggv1ty by means of

-

1mpedance tensor technique, and have proposed methods
to f;nd the principal directi?ns of conductivity
anisotropy. Madden ﬁnd Nelson (1964), Swift (1967),
Morrison et al. (1968), Sims and Bestick (1969), Word
et al. (1970) “Vozoff (1972), and qthefs have presented
technique to cbmpute tensor impedance eleﬁgnts; this "’
 tensor matrix relates the electro—magnetic. fields
~for two and three‘dimensional’stgucturés. Analoé

L p

model studiés have been carried out by Rankin et al.

(1965), Dosso (1966), Takaes (1969), and others.

;o

ro



A considerable number of experimental results
. /
have been reported from various locations in rth
derica[ Europe, and Russia (Srivastava eg al. (1963,
Whitham and Anderson 1966, Berdichevsky 1966, Vozoff
1969, 1972, Peeples and Rankin~l97é, and othérs).
While the results have,beenisigniflcant, many of the.

questions and problems involwed, particularly with

respect to interpretive techniques, still remain.

I-B., Outline of the Thesis

° ’

Chapter two will pré%ent the theory of the MT

methods. N

Chapter three will aéscr;be the'rééo;ding systém
and the teéhniques of data analysis.

Chaptéf‘four will aiscuss the noise effect, . and
present a Lechnique for.improving the signal to noise+

E 4

ratio.
~

\

Chapter five will present the sounding results;
geological background; and model interpretation for

the Black Hills in South Dakota. .



‘CHAPTER II

THEORETICAL DISCUSSION :

II-A. Maxwell's Equation for'Plane Waves in a Uniform

(homogeneous and isotropic) Medium

4

Consider the model in the cartesian codrdinate

system represented by xyz—axeé as shown in.Fig. (2-1).
. , . :

The z-axis is verticallydownward®and the earth of

conductivity J(x,y,z) occupies the half sﬁace z 20
with the surface at z = 0. . The source is in free "

,spéce z <0. Maxwell's Equations in the MKS SYStem

»

t . o
for ™" time depefidence are ‘ - : .

’ S
LN .
: s _ ¢B Lo ‘ 4 _
V x B = B_E = JU)UH ‘ (2 la)
VxH=3= (0+ jue)E © (2-1b)
vV . E =.q/¢ ’ _ (2=1c)
> V. H=0
: . - s
where w = 2nf is the angularfrequency; q is free charge

o

density;.andvo;u,g are the conductivity, permeability,
and dielectric constant respectively, of the media.
Except,fér anomalies which will not be discussed in

this thesis, p = Mo and € = €y For a uniform half

g : . : »
‘'space, the wave equation can bg obtained fromr(2—la,b)
' . .

\

by taking the Curil.

PAR
L\.':

3 .

N
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>

VX U ox A = —Jup(o + ju )R (2-2)

> ¢

wRere X represents a field vector E or H. Egn. {(2-2)
describes the field for all regions. v

a Excep£ at discontinuities or in the source
region, the free charge density is zero and hencc[
ithin ébe med;um V-E'= 0 and Eq. (2-2) becomes the

' \)
Helmholtz bquation

2> >

VA = jop(o + Jwe)A . (2-3)

. » .
In a homogeneous region WEere 0 1s constant, Eqn.(2-3)

/

is satisfied by a p{?Q3/wave solution of the form

D B
A= a eik.r
0
where
ro= ix + Sy + kz is the position vector, and
K = ka+ 3ky+—£kz 1s the propagation vector, and
K = IE] = /jwﬁ(o + Jwe) . (2-4)

The frequency of interest in this work will

3 10 Hz, and'the conductivity of

range from 10
the earth from 10—4 — 1 mhos. Thus 0>> we within
the earth, and henceforth the propagation constant

< : N

in the earth becomes approximately



}\’l C VJwpa = (1+3)Vopno/2 . - (2-5a)

~

e

In the air where o = 0, the propagation constantniéﬁ'
KU = Juw/pes . : ‘ (2-5b)
It is obvious that K << K .
> 0 1
*

II-B. Consideration of Skin Depth Effect

When the field propagates in the earth, the real

cbmponent of Kl produces an attenuation effect on the

I
1Y

field. The attenuation factor for a given wave in a
medium with conductivity o is
' Re[Kl] = Vwpo/2 or. T pI™

The propagatiort distance or penetration depth §, within

which the strength‘%? the field is attenuated by a

factor of e 1, is defined as the skin depth, .where
§ = l/Re[Kl] = wHo . (2-6)

The wave length of the field iﬁ this conductive medium
is related to the skin depth by
A= 218,

The field measured at the surface due to reflect-
\ . »
ing surfaces at -a depth equivalent to approximately ore

‘half-wave .length for example, will be attenuated by a

o



factédr e_6'28. In addition the secondary fields are

reduced by the finite reflective chefficient of the

énomaly and possibly out of phase relations.

The velocity of phase propagation of the wave

within a mediumapf conductivity &, is fA. Thus for p

a conductivity & = 10—1 mhos and { = 10_1 Hz, theé

-

velocity is

e
v o= 4af = 3 x 103 m/sec
VIS

@]

As a consequence a plane wave incident at an oblique
angle will propagate perpendicular to the surface as

though it were at normal incidence.

IT-C. Plane Wave Incident on a Uniform Earth

In the case of a uniform earth where ¢ is cons-

tént, the E and H-fields are related in Egn. (2-1la)

‘ > : >
VxE =‘—]wuH . 7

¢

Considering the E~field polarized in the x-direction
and the H-field in the y-direction, the above relation

can be rewritten as

BEX
Juply = - == KBy
~and
E = V]wpp;Hy : (2-7)

’



A
Wi

where p = 1/0 is the resistivity of the medium,
The impedance 42 is defined
— — Jn/4 .
v 2 2= VIWUp = Ywup ej /4 . (2-8)
. N 1

o
Thus the' phasce angle betwéen the E and H-fields for

a gniform half space is ¢ = n/4. The resistivity in
this case of the uniform earth obtained from, Egn. (2-7)

of (2-8) 1is

(2-9)

AN

II-D. Apparent Resistivity of Layere;>Earth

For & uniform earth as discussed in the previous

section, the true resistivity of the medium can be

“directly deduced from the measured fields. For a

more general case, however, the true resistivity of

[

“the medium is a more complex function of the measured

-

fields.

(1) Single layered earth: This model consists of a -~

uniform layer of thickness h and resistivity pyr over-
lying a half space with fesistivity P,s @S shown in ‘

Fig. (2-2a). Choosing the source E-field polarized in

‘the x-direction, the plane wave eqﬁation‘can be written

, ~ v ‘ |
(from Eqn. (2-3)) as



A solution has the form

r
N
I
=
i)
>
®
|
o
o

in each layer. The coefficient a, is associated with
a positive going {(downward) transmitted wave, and B,
with the upward reflected wave, Z: 4 is the depth

to the upper surface of the i—th{léyer. Thus 1in

medium 1, where z. =z =0
i-1 o ,
-K,z +K. z
_ 1 1
Hy(z) = Ale + Ble -
. .
L -K,z +K.z =
. L 1= 1. ~
LX(Z) = I\lp}‘[Ale gle ]

while in medium 2.where zi—l = Zl = h (the thickness of
the first layer)
—Kz(z—h)

Hy(Z)' Aze

—K2(Z—h)
Ek(z).=.K2p2A2e
where B, = 0:.since there is no upward reflected wave.
From 'the boundary condition that the tangential com-
: .

ponenté of the field are equal at z = h,

10



) K.pl . K,h R
1 22 1
Al = -2-(1 + Ko )Aze C
171
K,p -K.h
1 22 1
By = 5(1 - =2 %A
1 2 hlol 2

Thus, the surface impedance is obtained

E.(0) A, - B
Z z X - o) }\' [__ J
o HY(O)~ ~l 1 Al + Bl
Vo, (1+a) + /o] (1-q) |
RS RYY . (2-10)
’ /EZ(l-a) + /BI(l+a)
—2th
where o = e
The apparent resistivity is defined by
o A, -B )2 :
= 1 2 _ 1 1 ) _
...... Pa ~ aﬂlzo] = OlLA ¥ B ] . (2-11)

1 1

This is the apparent resistivity of a.singleelayer
earth, which dlffers from the true resistivity py by
- a factor kA BfAAl+B)] This factor is a function’
of the earth parameters, i;e.,,the resietivities of

“the ‘two differently conductive regions and the thick-

ness of the OVerlylng layer. .

(2) n- layered earth A typical n- layered earth

model is as shown in Flg (2- 2b - The solutions for

the m-th layer have the form



“(qz-z) *b1a

G

|
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_3) -
B (z)=a e M m-lt e m el
y,m m . m
K _(z-z__ ) ¢ K (z-z )
Eonta) =k (ae M ML m Tment
X,m mm m

Applying the boundaty conditions at z = z 9 the trans-

mission and reflection coefficients can be expressed

by
K h
1 _ m m
Agt= 3[(1+Y)Am+l + Y)Bm+l]e
-K h
1 _ : _ m'm
B, = 50(1 VIR T Y)Bml]e
where Y = (Km+lpm+l)/(K o ), and hm =z - Zm—l is the

thickness of the m-th layer. The impedance of this

m—th layer 1s defined

e Ex,m _ K‘o /Kmpm tanb(Kmpm) * zm+l (2-12)
’33 Hy,m m m Kmom + Zm+l tanh(kmpm) :
‘The surface impedance is b
-
/Jz =’EX(O)=K . Al_— Bl : Ylpl tanh(I\ l ) + 42-
o AHyZOS‘ 171 Al'+Bl K194 K, 0y +22\janh K, 0q)
' (2-13a)
and the appérent reéistivity is. -
¢ A.-B
_ 1 2 _ 1 1/ oAy
Pa = & 12, -01[2\“1'7'3*1] - (2-13p)

. 2 ‘ Lo
where Al, 1¢ and in turn [Al-Bl/Al+Bl] ‘are functions-

of the resistivities and thickness of all ‘the layers.

A

13
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ITI-E. Tensor Impedance Analysis

In the previous sectidn, the case of a uniform or
piecewise uniform medium was discussed in which tﬁe
fi;ld component variations were a function of one
variable only and the resistivity was a scalar. In
a more general case both the components of the fields
.and the resistivity are functions of 3 spatial variables

In this case one defines an impedance tensor [Z] such

that

-+ - . "

[E] = (z] [H] ~ | (2-147 "
wheEe [E]Oand [ﬁ] are the électric and magnetié.field
vectors written as column matrices and [Z] is in general
a 3x3 impedance matrix-relating éach of the componénts‘
of E to 3 components of H. The components of [Z] are
point functiéhs of earth parameters together with the
appropriate frequency dépendence. While analytic solu-
tions afe possible only in very special cases, -it is
of interest to develop general expressions for;;ﬁet
ele;tromagnetié'fields in terms of thé‘earth é%;éma;éé?i

Assuming the earth behavgs like a linearfsyfﬁeh;;;
the secondary field and in turn the total field is ‘&

linearly related to the primary magnetic field,\Hp(r)._

At the surface, x,y,z =0 ‘

l—; 0 <-= ) , H {; ’ ’ | -
1 p( )l (pr(O) py(O). 0) . | “2 15)

14
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¢
,fhus, the total H-field within the earth can then
‘be related to the primary field at thce surface
(H(r)] = [$00)] [(H_(0)) | (2~16)
where [¢(r)] is generally a 3 x 3 matrix. However, since

HpZ(O) = 0, only the 3 x 2 part 1s present, The elements
of F;(r)l are functions of the transmission and reflec-
tion coefficients, which are in turn, of the position r

and other earth parameters.

The E-field at position r can be obtained from
a generalized form.Qf'Ohms law, ‘appropriate to an aniso-

tropic earth, and Maxwell's equations,

Em]=@IE= pm] Vi) (2-17)

where p(r) is a 3 x3'matrix, its elements representing
the fensor céefficiepts of the resisﬁivity of the
earth;vand J 1s the curreﬁt déhsity. At the surface,
the components of ;7 in terms of Hp(O) can be obtained

by Substituting H{(r) from Egqn. (2-16) into J(r)= V x H(r)

and evaluating at the surface ' .
Jx(q)= (y¢3l —z.(bZl)pr(O)+ (y¢32-z¢22pry(O) (2-18a)
(0) + 0)  (2-18b)

z¢12—.x¢32)pr(

Jy(o)= (z¢ll'—x¢31)ﬂpx



-
L]

J_(0) = (

Lz x®21— yq)ll)I (0)+ «

ox x%227 %12

where ¢, . : . )
q 13 ‘g 13 r=0
Since no conduction current f;bws
region,ithe continuity condition_at thé
interface requlires that in the earth at
surfagé, Jz vaﬁishes. Thus tﬁe-E—field

can be expressed in terms of Hp(O) by

[
’

E_(0) (0) + OlZJy(O)

x = 0119y

= Uy (G937 7 29510 * 0p (011~ 493

1011 (G037 29200 7 015 (0,7 435

B (0) = 9510, (0) + 0,03 (0)
= Log) o317 29210 % P2p (o811 7 w931
* (oyy (yogp- zﬁgz}*'pzé(z¢12 " x?32)
£,(0) = 037, (0) + 53,3, (0

= [r31 (y031 7 59210 * P32 (o011~ 1 %310 Hpx

4
+

lo31ly®32 72%2p) * P32 (50127 x032)

) H

16

0 2-18
py( )' F c)

in the air

air-earth

or near the

at the surface

l)}HPX(O)

H (0 -
)} py( ) (2-19a)

]pr(o)

H 0 2-19
] py( ) . b)

(0)

]pr(O), (2-19c)
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3

Eqns. (2-19) define the primary impedance relating the

primary H-field to the E-field at the surface, by

E(0)] = [2_](H (0 2-2
(E(0)] [ pl{ p( )] _ (2-20)

<t

where Izp]'is a 2x 3 matrix as indigdted in Eqns. (2-19).

The surface impedance, which defines the‘rela@@@n-
ship bgtween the total H-field and the E-field at the
surface, can be aeterm;ned.as‘follows. From Eqn.(2—l6f,
the inverse matrix of [¢(0)] can be generated and

evaluated at the surface,

1

[Hp(O)J = [¢(0)] "~ [H(0)] (2-21)

where [(0)] ) is défined by [6(0)1  [4(0)] = [1].
Substituting Eqn, (2-21) to (2-20), the total H-field

and the E-field at thé'surface are related by

[H(0)] . ' (2-22)
L2 .

. .

Thus, the surface impedance function for the three

dimensional earth is

(2] = 1z ] fo(0))7! | | (2-23)

where [Z] is a 3x 3 matrix. An explicit form of E-H
fields relation can then be expressed in terms of the

elements of [Z].




1

A g

_
[X = Allux + AlZIY + 413112 (2-24a)
Ly = /‘_’IHX + 222“}/ + 5231{2 (2—.?41))
L 432“y Y ) t2-24vy
11-F. Examples of the Impedance Functions
(1) Uniform Earth: (o(x,y,z) = 0 o= Lo )
o In a uniform half-space the total H-field is the

transmitted primary H-field. If the surface value of

the field is denoted by

4

1 - (o - '
HP(O) (on' HYO’ 0) ,

then the total -field at 2>‘O is

N > o _ . =Kz -Kz
H(z) = Hp(z) = (HXO R Hyo , 0)
for which, ‘
e—,KZ 0 2
[o(r)] = |o e K2
0 0

where K=/]wpoo .
A

Thus, at the surface, the inverse of [¢(0)] is

[o(O)] — .
- 0" 1 0

»(2—25)

18
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The resistivity of g uniform earth can be denoted by

. X 0 0}
o) = 10 O 0O- f .
' \O 0 o
é" Emd so that
Q}L“‘
' 12 ] = |=pK 0
) )
. /
v /

’

( 0 (K 0
(2] = [2 ][@(o>fﬂ = (=pK .0 0 . (2-26)
s P ot ‘ ,
0 0 0

kEqn. (2~26) indicates . that

]
2y, = =2,y = /Iwuc | ' (2-27a)
Go.= 0 i, % 1,2 . (2-27b)
JN ] _&

&

The result given in Eqn. (2-27)"is consistent

with that given in Eqn. (2-8), for a uniform earth.

a

(2) Layered earth:

Referring the model to (II-D) and letting the

primary H-field at .the surface be denoted by :

¢



s

Comparing the above expressions with Egn.-

clearly seen that

[¢(r)]

where

first layer, and Bx, By

tion coefficients from all discontinuities.

K

1

can

Ih

[¢(r)] has the form

—hlz+~E§‘xhlz .
e 5 ¢
. X
~-K.z2 . B K.z
0 e 1 -Jr-—X e 1
AY
é
0 0

-

then

be written

’

(2-16), 1tis
0

0 (2-28)
0

/jwu/pl. and 0y 1s the resistivity of the

represent the effective reflec-

Since the

parameters for each layer are constant within the

9léyer

B

X

A

X

’
'

i

o=t llvel

L

By following the procedure ig the last paragraph, one

can ebtain



! 0 . 0
1+ B
-1 ’ A
[4(0)] = .
l >
—_— 0
‘l & 1+ 2 g
% ,
g : B
0 l)lAl\l(l ]—\)
/ = - 4 - _Ié .
(2] PR L = 2) _ 0
0 0
and the surface impedance tensor
A-B
© K EEE 0
T . -1 _|_ ., A-B '
(2] = [Zp][(P(U)] = Olf\l(m) 0 0
0 0 0
(2-29)°

which

or (2-

(3)

(2-3),

] ' .
or the strike direction. Py (1

is consistent with the result given in Egn.(2—13a)

‘L
10) .

_ _ A -B ( _
212 T 7251 = 0Ky 7§ (2-30)

Vertical fault - two dimensional model:

A,vertical fault is shown schematically in Fig.
the x=axis is'alOng‘the interface of the fault,

1,2) is the resistivity

I



of the region 1.

~Let the primary H-field at the surface be

The total H-field can then be written

-K.z

— 3 l
CH r) = A (e + R (y,2))
%
—Kiz
H = A + R , Z
v r) y(e yy(y ))
Hz(r) = Aszy(y,z)

,where R's represent the normalized reflection coeffi~
cients and depend upon y and z in this case. The

assoclated functions are

—Kiz
e + R 0
XX
—Kiz ' .
4 = 0 + R (2-31
[¢(r)] e vy ( )
0 Rzy .
1
-1 1+ Rxx ’ °
[9(0)] =
1
0 T R’ 0
Yy z=0
0 pi( i~ zRyy+-szy
[Zp] - -pi‘Ki - szx) 0

AL

ho
o



where R —_ R (:
. q uv a4q uv 2=0

) (I’\ - R + R )
0 1 1 Z XY Y ZX 0
1 + R (O
: Yy
—pi(}\‘i" ZRXX) ‘.
2] = 0 0 (2-32)
1 4+ RXX(O)
0 0 0
oo (K = Ry * Ry 7
le = T TR 0 (2-33a)
vy
hi(Ki = 2Ry . o
20 7 T TR | | (2-33b)
_XX
Zy5 =0 i, #1,2 o (2-33c)
1= 7 .

The result 2, & 2 shows the anisotropic behavior

of the impedance tensor elements in the two dimensionq}A“
.

case. _ . C e

Ii—G. Reduction of a Three-Dimensional Problem to a

<

Formal Two~-Dimensional Formulation

The following analysis only applies for the case
where the principle directions of fesistivity are

mutually orthogonal and thus a cartesian coordinate



system is applicable.  The 9 impedance coefficients

shown in Egn. (2-24), are reduced to 4, generally

non—independent, coefficients. Amongst all the com-
ponents of the fields, only pr and pr are independent,

gr Hyo By

related to the two independent components. The math-.

3

while the others, H , i , Ey are linearly

ematical proof can be carried out by rewriting

Egn. (2+16)
. g - 4 _— :
\ e - )
Hy = @21pr + ¢§2pr ' ‘(2—34b)

T TL L FPL N (2f34c)

It is obvious that Hx’ Hy' and Hz are not independent;

] . X .
and each one of the three components are dependent on

the other two. To put HZ in terms of Hx and Hy for

instance, pr'and.pr can first be obtained in terms
~of H and‘Hy from Egn. (2-34a,b), and then substituted

in the Eqn. (2-34c)

Hy = oy fly * ol L | - (2-35)
where - ‘
. = U31%22 T 932%21 0
£ 00y T 9100

/




_ ‘;‘32':"1‘1 - W31‘012 N
Yoot v

An diterndtiVC proof can be achieved by consi-
dering 4 model in which the carth resistivity O(r)~
approaches some constant value in the region near the
surface. At the sgfface, JZ(O) = 0, .and thus Ez(0; = 0.
Substituting EZ(O) = 0 into kgn. (2-24c), an equivalent

relationship to Eqn. (2-35) is obtained,

H (0) = o H_(0) +'uyHy(0) - (2-36)

Substituting HZ from Egqn. (2-35) or (2-36)into (2-24),

o _ o, ! v
LX leHX + élzﬂy
L o
Ly = Z'ZIHX + 422“y
where
o ! . . X
211 T At %3y
ot - : .
212 T Zyp * Zyyay
'a ’ -
221 T Zo1 *oZap0y
1
Z = Z + Z.,,0

22 22 7 “32%

i " N
For convenience, the_unprimed‘zij with 1,j = X,y
» - . N . !
will be used in the following text for surface impedance

for two-dimensional groblem,‘unless otherwise indicated.

R .
L : : ’ - A
- - 4 .

ro

(1



Eo=24_ H_o+ 4 1 \ (2-37a)
< X
Boo=s  H_ o+ 2 i (2-37b)

The vertical component of magnetic field H, is a
scecondary field, and is related to the total H-field
components by Eqn. (2-35) or (2-36). At the surface
I (0) = (LX”X(O) + (LyHy(O) .

z

P

The. relation betweén Hz and the E-field at the surfa%?

can be written

HZ(O) = YXEX(O) + ngy(O) o (2-38)

which defines the surface admittances [Yi]. Egns. (2-35),

(2-37), and (2-38) give the following relations .

N = Y2 ot Y2 . (2-39a)

vo= Y. 2 + Y 2 . (2-39Db)

As a function of ‘frequency, the impedance and.
,—admittance are relafed.to the field componenté at a
given point at the surface for any polarization of the
source and for any arbitrary earth‘condqctivity distri-
bution, and hence they"édntain diagnostic informgtion

for geological interpretation.

a
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77T T 77

Fig.(2-3). Vertical fault.

\
< .

Fig. (2-4). thated coordinates.



ITI-li. Orientation Behavior

Surface impedance and admittance clements zij'
Yi' and 4 which are functions of the carth parameters,

contain the information for determination of gealogical
. R

¢ -

! ~

substructur«: including gheff“diréﬁtiondl g&haviwr.
Taking the 2Ldimunsional'probiem as @an example; as
shown in Eqgn. (2;J3), if the axes of the coordinate
Systeﬁ coincide with the principal directions, i.ec.
the St;ike dirccgion and the perpendicular, Zxx and
Zyy vanish. Physically, in ecither of the pfinéipal‘
'directions, d component of the E-field is correlated
only with its orthogonal component of the H-field;
thus the inducti?n paramcters Zxx and Zyy are zero,
However, 1f the axes of the coordinates lie in any
mthcr directions, where the effective résistivity 1s
no lqnger isotR?piC, cach COﬁponent of the E-field is

induced by a combination of all components of the l-

o -

field, and the magnitude of cach Zij 1s a measure of
L .

the induction effect between the corresponding E and
H components,
In order to examine the directional_behavior of

Zij’ one can rotate the fields E and H from an arbi-
trary direction x-y, i.e. the measuring direction, to
a new direction x'-y' as shown in Fig. (2-4), where

A

]
I



. E = cose L+ sine L
X ; %
L' = -sintt b+ cos: L
X Y

This defines the rotation matrix which is orthogonal

( 605" sin:”
(R] = | | (2-40)
-s1nt cost |
Orhtogonality of the matrix ¢nables one to write -
[E'] = [R] [E]
('] = [R] [H] ‘
(E') = [2'] [H']
and- the rotated impedance matrix is obtained’
T ] . "'l -
('] = [R] [2] [R] . . (2-41)

. . '
Thus, the rotated surface impedance elements Zij are

related to those in the measuring direction

N

Lo, oy e na (7 ar il o
Y/ _7[(zxx+zyy) + (AXX zyy)cosu + (axyuyx)smzuj (2-42a)

i

YY XX yY XX Yy » Xy ,
! l [y ' I ’ K : 3 |
= ~ SR - {3 -42
ny 2-[(ny zyx) + (Axy+';yx)cosz* (ZXX+‘zyy;s_ln2 ] (2-42c)
= 5= Ta Y. y £ -
Zyx 2[ (ny Zy + (ny+Zyx)cos2E “(zxxuyy)ssz]» (2-424d)

z' :%[(2 +2 ) - (2 -7 )cos2b - (Z +2, Fsin26] '(2-4213)



1 -
where 4. () are functions of the rotation angle -,

1]
and also have the following relatlons

2 oy o= 2 (e+90°) (2-43)
vy XX :
7
' 1

Z ny = = H+90° : 2-44
YX( ) XY( ) _ \ ' ( )

.Zl —Z' = U - ¥ = 27 (2_45)
Xy “Tyx Xy yX 1

: Y

b w2 =2 4 = 27. ‘ (2-46)

XX Yy XX VY 2 .

where Zl and 22 are new’consdants.  As shown by Sims

(1969) the loci of Zii(”) in the complex plane are 1n
general elliptical as shown in Fig. (2-5). This

graphicalegrepresentation 1s very helpful in visualizing

k- behavior as a function of rotation and in
fnation of dimensionality.

3 h . ' oy . .
Fconvenlence all ellipses of Zij in Fig.

shown to the same scale and correspond to
. “"‘:

angle L between the measuring axis -and the
, -

3 1] - 1
j s = 2 + 5]
ajor axis Xy( O) Ayx o )
. . 1 ' ]
= 7 9] + Z o} .
minor axis XX( O) vy O) ’

The angle of the major axis can be found by maximizing -

either



20 (- TR S RSN S

\'Y ] i X}" YX( !
(} y 1 . .
—| % )4 . =0 . R
d»‘llxy( ) Yx( ) ) (2=d7a)

The 4 possible scelutions of Lgn., (2-474), correspondling

to the major and minor axis intercepts, are

] L 2 Rellz mo ot e ) ‘
T g tan T - 2)) Y . 2-47b)
NN I N A |
XX Yy Xy yx'.

This result 1s ambiguous since either of the principle
dircctions of reskstivity is found. However, this ambigui-
ty c<an be removed by apparent resistivity information.

~The rotated admittance clements can also be

obtained . 5
Y () = Y cos: + Y sine (2-48a)
X X Y . \
] ' ’
Y (uv) = =Y cos* + Y cosa : (2-48b)
Y X Y

and dre related to
Yo (o= Y' (~+90°) .,
Y

A The lecus of Y;(q) 1s also an ellipse as shown in
I'lg. (2-5). The ellipse is centered on the origin and
oriented at the angle Hze' The rotation period for

this locus is 360° in -, instead ‘of 180° as for Zij.

The major and minor axes are

) .

3
major axis = 2Y (s ) ‘ (2-49a)
minor axis ='2Y;(e L+90°) . ‘ (2-49b)



Zxx(8)
: - : -z (8490 )
Z! (8)=-2' (8490 ) Yy
v X Xy
]
Y (8) - -
% 628
Y!(0+90 ) -~
§ (090 ) T
— n
f,0+180°

Fig. (2-5).. _Zijﬁe), Yi(Q) and ai(e) lgc1 in

complex plane. (8=0 corresponding to the measuring

axis not shown).
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wiae

1 [ . s ' J v 1 !
‘for ny and Zyx’ and at the origin for Zxx and Z_ .. _ |

Using the procedure as used in dealing with Zij'

the angle eze 1s found

(2-50)

The rotated ui‘behaves in a simiJar fashion to

' 1 ' ' '
’the Yif except that oy — Yy and ay ——>Yx.

II-1I. Special Cases and the Indications of Dimensionality

-

(1) One-dimensional case: e
| S
- When the earth conductivity is uniform or \is a
functioh_of depth oniy, the éurface impedance is in-
variaht‘with rotation ahgle 8. Egns. (2-27), (2-30), and

(2-42) give thése resylts

' _ ' = . . ' -
zxx = zyy 0 | (2-513%)
z' =-2' =7 (2-51b)

where Zl is a complex scalar for all 6. o

, -
!

s , L
The rotation loci for Zij’ as shown in Fig.&2—6), ;

reduce to points in the complex plane centered at tZl_ : 4

Yy
’\\' In the one-dimensional case, no vertical magnetic
field exists (Hé = 0), so that Y; = Y; = 0. The rota-

5; tion loci for Y; and a; are also point ellipses

» .



' 4

34

centered on the origin as shown in Fig. (2-6).
. LN
(2) Two-dimensional case: .

As 1llustrated in Egns. (2-33) for a two-dimen- E
sional model, Z;x and Z;y vanish along the principal

axes, i.,e., b = Gy oo+90°. Egn. (2-46) also shows
that the equation, 2 s = 21 , 1S invariant with
XX yy -2

rotation angle ¢, so that, for a two-dimensional model

' [

ZXX+Zyy = 2Z2 = 0, and thus,
. o '
z' = -y for =11 ¢ (2-52a) ,
XX YY g
2' =2' =0 for o =9, u +90° . (2-52b)
XX YY o) O

The loci for Z;X and Z;y are straight line ellipses
centered on the origin. The loci for Z;Y and Z;X are
also straight ,line ellipses centered at 1Zl, as shown
in Fig. (2-7).

A vertical magnetic field Hz exists when the
Y -

primary magnetic fiega has a cbmponeht perpendicular

to the strike. Elements of Yi and ai repeat for each

180° increment in 6. Suppose y'-axis is perpendicular
to the strike (referring #o Figs.(2-3) and (2-4)),

' '
Y. and o. are
1 S0y

(eze-+90° +180°)" (Q—53a)

<
W
]
o
[@v}
i}

= o =
Y

LI — . - o . - :
Yy = axv— 0 § (ezei 180°) (2-53b)



J :
. J
ny(G.)=Zl
oLy
- 2! =2' =0
s XX yy
/ +
z! =-%
yx 17
./
.-z'
T |
A
Y' = Y' =0 a'! = a' =0
Yy X Y :

Fig. (2-6). 215(8), ¥

i(9) and ai(e) loci for

one-dimensionality. .



J ‘
,ji/7"’///’%
~ z, .
s
e «_ by
z' 8 d i
YX( ) 6, Zxx(e)
-z, -Z2' (98)
190 YY
&)
] j
Y)‘((Q)
Y' (8490 6 :
y( ) , ze - bge
R ' :
5 (0)
a' (8+90
.y( | )
ai(e) loci for

Fig.(2-7). 2},(8), ¥{(6) and

two-dimensionality.

R
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Oze = ezh +90° . | | (2-53¢)

The loci of Yi(e) and a;(e) are straight line ellipses
centered on the ofigin as shown in Fig. (2—7).

‘The direction corresponding to the angle 80
detefmined by Zij can be one of the two principle
directions.. The angle eze, however, determined by
Yi (or ezh by ai) corresponds to the direction
parallel (or perpendicular) to tﬁe strike for a fault.

(3) Three-dimensional case:

Arbitrary conductivity structures could produce -
the elements of impedancé and admittance, Zij and Yi’
having arbitrary values, and the rotation loci may
1n general bé ellipses as given in Fig. (2-5). How-
ever, if there exists a plane of symmefry tﬁrqugh the

\measuring po%nt, the behavior of Zij and Yi with
respect to the rgtatiop anglé 6 appeafs as those of
a two-dimensional model. These special cases of three-
dimensionality can be classified into the equivalent
two-dimensional problg@s; some examples.are shown in

Fig. (2-8). The simplification in these cases results

from the loss of infbrmation_caused by making measure-

ments at a point of symmetry. In fact the generalized

“two-d?génsiopal impedance Zij andfaamittance Y; can

lead to unique interpretations only for two oﬁ one- ¢

L

.dimensional models. However the more general result

37
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Wy,
U -
W

x

/)
7

N

i

Fig.(2-8). Three-dimensional models with a plane

of symmetry»through‘the measuring point e .



L

can give information on the dimensionality of the
structure in terms of the dimensionality indicators

N ZXX+Z Zxx+z Z2
alskew) = |32 Jd| = e A I 7= (Swift 1967)
xy YX Xy yx _]_
(2-54a)
2! -a .
B, = _%EL__JCL (Word et al., 1970) (2-54b)
Z VAN G
Xy y§ 6,
2" | z'
By —$5-——XX (Word et al. 1970) (2-54c)
ey ~2, o .
Xy yX 60 .?
and
) Yl (],' ]
g =4 B, =—w=|  (Word et al. 1970) (2-54d)
ze v zh ¢ 5
X eze Y zh

Skew o is invariantuwith rdtation‘anglebe, and
equal to the ratio between the two displacements from
the origins to the centers 5f’the correspondingi

‘ :
ellipses as shown in Fi (2-5). It is obvious that
‘ﬁhe condition a = 0 cgf]indicate either one or two- \
dimensionality. :Word e  al. (1970) propoée that a=0
is a-necessafy but not a sufficiénﬁ condition for two-
dimensionality. The sufficient‘COQditioh must include 
the dondition B, = 0. éé is the ratio of minor to
major axes of the Z;j loci as shown'in'Fig; (2f;).

For two-dimensional cases or equivalent, the rotation

e
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loci afe line ellipses, SO that ﬁo is zero. Howevér,
for the one-dimensional cases, 80 = (0/0) becomes an
undetermined quantity.
For one or two-dimensional cases, @oo = 0. Boo
has the advantage as an indicator by avoiding B, = 0/0
for one-dimensional cases, in aaditiqn, it also.has
potential for judging the degree of thfée—dimensionality.
BZe = Bzh = Q for two-dimensionality, but is not
necessarily non-zero for three-dimensionality.

The behavior of the dimensional indicators are

summarized as following:

One dimensionality a = 0 } .
Bo = 0/0
ﬁOOzo,
Bze N Bzh = 0/0 -
Two dimensibnality o =0 )
and special | g, =0
case of symmetry Boo =0
Bze - Bzh =0

Three dimensionality g % 0

(may) -
Bzn = 0.
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While the use of thefdimensionality indicators
provides Somé information regarding the nature of the
structure, quantitative interbretation is restricted
to one and two-dimensional models. In practice it is
frequently possigle to interpret the more usual three-
dimensional sﬁructure iq terms of these two and one-
dimensional models to sbme reasonable degree of
approximation.yiln this caég, it may be desi;able to

define the following parameters:

oy, t oo

By = —%5———~¥X‘ L _ (2-55a)
pxyv+ Pyx ‘
! !
PM 7 P . ‘
By = - (anisotropy factor) (2-55Db)
p
M

where oij are the apparent resistivities correéponding

ot [} ' U 4 .
- to Aij(eo), and Py and pp Corresporid to the maximum and
L. ' 1 ' .
minimum values between Pxy and Pyx*
3-dimensionality Bi X 0, heasuring the degree of 3-
dimensionality.
g, = 0-1
. . , _ cood _'.l g'. .
2—d1m§n51onallty By = 0 (pxx = Pyy ‘:Q)
' : !
By * 0 (pxy * pyx)
l-dimensionality B, = 0
| B, =0 (o, =p')
2 Xy yX



CHAPTER II1

INSTRUMENTATION AND DATA ANALYSIS

II1-A, Instrumentatiun

The instruments usod for data gathering have been
described by Allsopp et al. (1974), and are shown 1in
Fig. (3-1). It is designed to measure three compo-
nents of theQmagnetic field (Hx,Hy,HZ) and two.
components of the electric field (Ex,Ey) of the
»miéropulsation signals in the frequency range from
O:OQOl'té 10 Hz. A short description of this_sy{atém.E

will follow.

(1) Magneﬁic system:

A time J!rying magnetic field with amplitude of

2

the order of 10™° to 102 gammas is detected with a

speciallyfdesigned inductioh typé sensor (Burke and
.Rankin 1975) and produces uVv level output in the
frequency range of interest, Preamplification stage
consists of.a RATEKJRAfll parametric amplif%gr and two

"FET input operaﬁiondl amplifiers, with a total gain of
85 @B.. The §d£put is fed Eo a-pést amplifier with swit-
éﬁéble 'Qoltage gain§ at f&O,r—iO, Q, 10,‘20 dB, and
then ﬁhnézgg a Butterworth low pass filter to eliminate

the aliasing effect. The overall amplitude and phase

. A
responses are shown in Fig. (3-2).

rd

42



P

‘

_Em»m>m, ONIQ¥0D3¥ Q1314
Twomowmm
., ) LIVH
cCiVEIN3O U(I m,mz:.w l~ O
AOU MY S | fo]'B)
I 303033y 431031INOD
! 3dvl . 3dvl
ﬁﬁzwzwmuz_ , 42143IANOD S¥21114
L 149 96 Q/v "1 zi P
| XOVEL ¢ X3ILINW |
| @ | 1INNYHD 4314 11dWY
> LS 1SOd
|
N0 SCEINERST)
IVISAND gAMM

S1ENT1IILOLING

SN WY]

[-€OI1d

-384
d110313

J T




—1180
10
o
P
> Ligo
3
Q
>
{-360
~=1180
S
o
o .40
8
>‘ -1
N
:O, 4180
>
4360
S R
.01 0.1 100.

FREQUENCY .(Hz)

o

[N
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magnetic and electric systems. (1) for low-mode and
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(2) Electric system: B

¢+ The electric field variations are detected as a

voltage difference between copper electrodes in the

ground. A chopper stabilized operational amplifier
1s used for preamplification. The post amplifier and
altasing filter are identical to that of the magnetic

system as described above. The overall amplitude and

phase respdnses are shown in Fig. (3-2).

(1) Digital recording:

The recording system consists of the'multiplexer,
A-D converter, crystal clock and a seven track tape
recorder, with a dynamic range of t10 V. The sampling
rateé werelchosen ?o be iu25‘anda40 samples/second/
chapnel in low and high modg respectively. A 2700-feet
tape with 556 bpi can last up té 20 days gr 16 hogrs

depending on the mode of operation. ﬁ s

ITI-B. Data Analysis

I
i\
The first step in the interpretation of the data

is to obtain power spectral estimates'of the measured

quantities, HX;H ,HZ,EX,E .

Yy Y
(1)  Power spectrum computation:

Let f£(t) represents th#htime sequence of a re-

corded signal. The procedure is as follows.



a) Truncation

Let/ﬂi;eprescnt‘ the sumber of samples per data
set; TU = NAt is the sample tiTc leng}h (sec) per
data set, where 2t is the sampling interval (sec).

A data set with'length of N samples can be obtained
Ly truncatingﬁthc possible infini?é tinge sequence f(t)

.
.

F (L) = £(t)-W (t) ' (3-1),
[®] .

s
where

The effect of this convolution is removed in the fre-

quency domain. .

b) Removing mean ghd trend

Since only the AC component qf the signal is of
interest, ‘it is customary to eliminate the DC compo-
néntiat this stage by removing theg%ean..vRemoving
the trend is done tb fémove the effect oficontributions
at periods longer than tth?undamentai a#td is accom-
plished by remaving the slpbe correspphd&ngjgo Lhe'
.differencelbetween the average of the first aﬁdéi?st

-

third points.

c) TaEering

A large discontinuity may occur between the value

of the function at the beginning and the end of the

1 o



.
~data set; this discontinuity produces undesirable high

frequency harmonics in the power spectrum. It is
cusﬁomary to tapér the datg, sét making the first and
the last boints approach the mean value which is now
zero; égd it is done by using a cosine bell window
with one-tenth of the samples tapered at each end of
the data set,

X é
d) Fourier transform ' 7

The Fast Fourier Transform method is used to
transform the time sequence fo(t), from the time

domain into the frequency domain.

T .

O -jwnt ‘
. = * . -

J fo(#)e dt Flw_) Wo(wn) (3-2)

0

F (v ) =\%L n

O

v

where F (w) and”wo(w) are the Fourier transfer function
of f(t) and Wo(t) respectively, and w = 2nf. From N
data points, N/2-complex coefficients Fo(wn) are

{
obtained with

wy =Nwy where wy = 2n/TO , and. Q = l,2,...,i§2.

The corresponding frequency range is

o

(fl=l/T0) < an < ffN=l/2At) .

The highest frequency f ié calledAthe Nyquist or fold-
1qg frequency. ILomponents of hlgher frequen01esathan
f ﬁ&re analog flltered out of the recorded signals, to

avoid aliasing effects.



¢) Hamming window

The Fourier coefficients Fo(m) obtained from a
truncated data set are different from the actual ohes
Flw) due to the truncating effect. The correction
can be done by multiplication Qith Wo(w) in the fre-
quency domain. However, the Hamming or a similar
window can be‘used as an excellent approximation for
this correction. The Fourier transfer of the Hamming

e

window has the form

M og) =054 W (wp) + 0,230 (w 1)+ W _(w , )], (3-3)

Applying this window by convolution in the frequehcy
domain, the Fourier coefficients of the dita signal

are obtained as

\ -
F(wn)—-0.54 Fo(wn)+ 0.23[Fo(wn_l) + Fo(wn+l)]. (3-4)

\ i

f) System response correction

-

The overall sySﬁem response must(be removed to

obtain the true Fourier COéfficients,oﬁ/thegE and H-
| I

field quantities,

g) Power spectrum computation

Auto and Cross-power spectra are computed as
: = o _
Prgleg) = Frlu)Folw) , (3-5)

where * indicates the complex conjugate and I,J

(
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»
(=1,2,3,4,5) are integer indexes referring to the.data
channels. The number of samples per data set used is
usually large (say, 4096), so that there are a large
number (N/2) of harmonics in the power spectrum. At
this point, smoothing is carried out to obtain -
average éower spectral estimates., This reduce$ the
computing time in la&er stages of the analysis, and
eliminates noise effect (see Chapter IV). Ten fre-
quencies are obtained iq each frequency decade; the
ratio of center frequencies of suécessiVe bands 1is

f

k+1

1
£, 10

Thus, the bandwidth averaging power spectral estimates
N :

at a representative frequency Wy 1is
/

N -1
(w )> = &=~ 7 P (w_) (3-6)
1J "k Mb (band) IJ"' "n

<P

.
where Mb i1s the number of harmonics involved in the

~ bandwidth averaging. S .

, If more than one data set is used, then the over-

all "averaging spectrgl estimate is computed as

.

=

. [ )
1 m -
<PIJ(wk)> =5 PIJ(wk) . (3-7)

s m=1

-~ N

=R s

where m =vl,2,...M—s représents a given data set and MS

is the number of data sets contributing to this average
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(2) Polarization:

The polarization characteristics of the MT-field
have been studied, d%ing power spectral estimates, by
Fowler et al. (1967), Paulson (1968), and"Rankin and
Kurtz (1970). The three impé}tant polarization Eara—
meters are: Degree of Polarization, Polarization Angle,
and EL&ipticity.

a) Degree of Polarization (DP)

For quasi-monochromatic EM-signals, the power
spectral estimates may consist of polarized and un-

polarized portions, and can be represented by a matrix

ot the following form ) &
<P > <P > A B D 0
XX Xy ‘ ) .
) = +. (3-8)
<P > <P > B* 0 D
yx Yy

where x and y refer to theacomponents of either E br H.
The first matrix on the right.hanﬂﬁéidg.cor;espbnds to
the completely polarized coﬁ%rigution, i.e. that part
‘with unit coheréncy (AC= B*B) ; whilé the Second matrix
corresponds to the incoheréﬁllcontfibution. Tﬁe degree

of polarization is defined as the fatio of the polarized'
intensity to the total ihtensity of the signais. |

‘ E

;



DP = — =1 bl 5| (3-9)

<P >+<cp >
< + < >
XX Yy ( pxx> (Pyy )
where J = <P > <P » - <p 5 <p >, 1s the determinant
XX vy Xy yX
of the generalized power matrix. For a completely

polarized signal, the coherency between x and vy com~-
ponents 1is unity so that J = 0 and DP = 1. For a com-
pletely unpolarized signal, where the coherency is' zero,

DP = 0. } ) -

b) Polarization Angle (epl
The polarization angle ep is defined as. the major
-axis azimuth angle of ‘the polarization ellipse of the

polarized field

2 Re<P >
X

tan 2p = XY . (3-10)
p <Pxx> <Pyy>

¢) Ellipticity ()
Ellipticity is defined as the ratio of minor to -
major axis of the polarization ellipse
@ ., . 2 Im<P_ >
Xy

¢ = tanli sin-l ! 5 :
[(<P.. >~=- <pyy>) f4<ny>$P

XX X !

Y

(3-11)
e values ranges from 0 fér‘a linearly polarized field,
to‘l.for a circularly polarized field, A positive or

negative value of & represents the sense of polariza-

tion of righthand or lefthand as measured when looking

s

into the propagating wave. .



(3) Impedance computation:

In order to determine the surface imp%gance
matrix 'elements Zij’ using Eqns, (5-37), two independent
data determinations required. However, determinétion
can be done by using power spectral estimates in the

frequency domain. Consider the frequency domain

- eéxpression defined the surface impedaplce tensor, as

E =2 ux + 2 H o (3-12)

C[(2-37)1

E =2 _H + 2 H
y yX X Yy y

Let each of Eqps. (3-12) be multiplied in turn by the
compléx conjugate of each of the 5 field quantities
(Hx;Hy,Hz,Ex,Ey). If the source field is.randqmly dr
partly randomly polarized with respect to éhe frequency,
there‘is’SOme degree of statistical indépendence between
,the cross—poWers of the various field components., |
Consequently, the power spectral estimates Prylw)>
as'determined'in Egn. (3~6)‘Will produCé’S linearly -

) : ! '
independent equations for each of Egns. (3-12) "of the

form . | o -
1. <E§Ei> = zix<E§H¥> + Ziy<E;Hy>
2. <E;Ei = Zix<E;Hx> + ziy<E§H?>'
3.0 <H;Ei> g-zix<H;Hx> * Ziy<H§Hy>
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4.  <H*E.> = 7. <H*H > + 7. <H*l >
y 1 1X "y X 1y vy
5. <H*E.> = 2. <H*H > + 2. <H*H > (3-13)
zZ1 1X z'x 1y z'y o
where 1 = x,y.

Using Equations 3 and 4‘of‘(3—l3) is equivalent to the
E least square error fitting method (Sims‘et al. 1971).
Egqns. (3-13) provide lO‘pairS of simultaneous equations
for solution of each.impedance.e;ement. HOWever;‘the
pairs (1,4), (2,3), and thosé invol&ing (5) are not
suitable since under some circumstances the solutions
for impedance functions become indeterminate. There
are 4 femaining pairs (1,2), (1,3), k2,4), (3,4) which
are well béhavez as long as the source field is at

- least partially unpolarized. Thus, up to 4 indeﬁen—
dently computed values of each of the impedance elements
Zij\can belbbtained at éach frequency w) . It is useful
to average |

(3-14)

whéré L =zl,2;3,4 _regfesents a{giVen solution and L is

the number of%acceptable solutions among~the.possible 4;
In order for‘a»sqlution‘tq exist by the method

deséribed, it is necessary that £he smoothiﬁg be

‘carried out i.e., at least over 2 frequency estimates,

or to use 2 independent data sets. On the other hand,
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)
in order to obtain satisfactory value of iij' the
bandwidth used for smoothing must be limited to a
ragge for which Zijvdoes not vary significantly with
respect to frequency. ‘

The admittance elements defined by

H =YE_ + YE (3-15)

[ (2-38)]

and'th\\poefficients ax and ay in the relation

H = aFE + oE. t (3-16)

[(2-35)]

>

are computed in a similar manner and are subject to the
same conditions as the impedance elements Zij just dis-

cussed, and the result is

Y. = = Y (w, ) ' (3-17)
1 .L 0=1 i1 7k
L .
1 +* L .
a, = = ; a.(w) . (3-18)
i L gz 1 k S _

The apparent resistivity for an impedance element
/ : .

Z.. i :
i3 1s compgted as

(in ohm-meter) (3-19)

where the unit‘of Zij is (ﬁillivolt/kilometer)/gamma.



(4) Criteria of data reliability: ® .

Experimental data 1is 1inevitably recorded in the
presence of noise of one%kind or another, and the
establishment of reliable criteria for judging the
quality-of a computed result is important. For the
case ‘at hand, noise is defined as any portion of the

~ : NG s L
measured EH-field quanf}gies not conforming to“the
1impedance and admittance relationships defined in
Egns. (3-12), (3-15), and (3—16); Both phasor |
coherency and predicted coherency, have been proposed
and used as a meaéure of data quality.

a) Phasor Coherency (CP) (Word et al. 1970)

When noise is present in the measured EH-fields,
A }

. the independently computed solutions of Zij' Yi’ and

af are not completely consistent. Théeé degree of scatter
, ( :

between the independent solutions can be used as an

effective measure of the reliability-of the results.

The phasor coherency, representing a measure of the

degree of data quality, is defined as

CP=1—TP9{T.

) 1)

L 1 L ' _
where R ) R and , D= ¢ ! IR, "~ Rf
= =1

=1+ S

and R2 represents the &~th solution for Zij, Yi, or ai}

and L the number of acceptable solutions. The phasor

¢



coherency has the range of ,‘

- < CP <1 . : ‘

b) Predicted Coherency (PCH) (Swift 1967)

The predicted coherency is defined as the coherency

between the measured field component and the correspond-

Tow
ing component predicted from the average value of ij,
Ve
Yf, or af. “The PCH for the impedance is given as

<E*H > + <E*H >
|2, (SEXH 2y <ERH |

PCH (E*EP)=—_ X Y .
X {<p, >z l2<P > +|2 ]2<P >2Re(2* Z_ <H*H >) ]}~
R bEx XX Hx Xy Hy XX XY "Xy
>~ '
T |z _<E*H_> + 7_ <E*H >|
PCH(E*EP)-': yX LX YY ,Y Y -
| {<p_ > By +2, [<Py > +2ReBE 2 <HEH ) 2
£y 12, Nk | l gy TERE(ZE 2 HEH )]

and for the admittance

Y <HXE > + Y <HE >|
pCH(H;H§)= Y z°y
' {<pP >HY| <P >HY |<P >+2ReW*%fh*Ey>]}2

Ey
where the superscript p represents the predicted(quan-

tity. "~ The PCH has the range of

4

0 < PCH <1 .




AN

fhe phasor and predicged coherency represent
a measure of the degree to which all influences in
the measured EH-fields are related by the same tensor.
Cp = i and PCH = 1 if all solutions of a given R2
coincides 1n both magnitude-and phase. But the con-
Versé is not necessary, sjince noise can exist and be
coherent between éhannels. A§ part of the processAof
analysis, the ordinary cohérencies (ExHy) and ﬂEng) p
are computed for the raw data. If these ordinary‘
cohe cies are low the data is rejected from thé
subgggjent processing stream.

The problem of noise contamination will be dis-

* /
cussed in the following chapter.

[Ga}
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CHAPTER 1V

NOISE DISCUSSION

In the statistical sense, the primary magnetic
signals appearing in the magnetotelluric method can

"  be considered as noise. However in arbitrary measuring
ff N directions the orthogonal components of the magnetic
fields, consisting of primary plus secondary contribu-
tion, show a cdnsiderablé degree of coherence. The
componeﬁts of the eléctric field at the surface of the
é-‘ earth are substantially secondary and are thus highly

“coherent with both the 'orthogonal magnetic component
‘. and between themselveé. In the subsequent discussion
P those componénts of the fields which are coherent in
the sense just aeScribed will bé considered to be signal
whéreas all other contributiohs, whether céherent or nqt,
will be cons;derea as noise.
) As an e#ample‘of coherent noisé,sthe 60 Hz power
'.;é f - line contribut%gn is frequently presentiand\ftrenuéus
ﬁffv? efforts must be made to remove it. Othep examples are
i power line spikés and steps, which can affect all
Aéfﬂ V channels of information. This noise is usually elimina-
Y

S = .
’ 7?7 ted by discarding sections of- record during the pre-

A .editing processes.

\ N

N
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its effect can be taken into account and noisy data

can be rejected according to a predetermined criterion

for coherency.

IV-A. General Discussion

(1) Covariance and Coherence

The covariance functions for time sequences can

be defined by

N-1
! . ) . _ .
apty) = 5 ) X (t) X[ (t+1) auto-covariance
t=1 »
1 N-1 .
- = v . _ . :
CIJ(T)—-N tél*xl(t) XJ(t+T) .£ross-covariance

(4-1a)

(4-1b)

'

f

where X; and X; are time sequences with zero mean 'values,

and 1 = 0,1,2,.... represents the time lag.

For signals which are quasi-periodic and coherent,

a(t) and‘c(f) are also quasi-periodic functions of 1. -

E4

!

For random noise which is non-coherent, a(t) and c(1)

are also random, and when N is large a(1,1%0) and c(t)

becomes very small and can be considered negligible when

compared with a(0), where a(0) is the zero lag au

covariance which is also the energy density of the time

sequence. .

a(oy =‘%

It~
>
(ns

t

o
to-
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Fig. (4-1). Relative amplitudes of auto-covariance

a(t) and cross-covariance c(t) for two coherent

-

sinusoidal sequences with a phase 6 (upper), and

for two random noise sequences (lowe

-
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This also turhs out to be the variliance estimate of X (t) +
which, 1f X(t) is stationary, approaches a constant
value when N is large.
Fig. (4-1) shows the relative amplitudes of a(1)
and c(1} for two cohegenf sinuisoidal sequences with a
phase difference 6, and for two random noise sequences.
. Now consider time sequences which consist of the

sum of signal S(t) and random noise n(t)

X_(t) = S_(t) + n_(t)- (4-3a)

I

X, (t) =8 (t) +

3 (F) . ‘ : (4-3b)

The auto- and cross-covariance functions are

, Not v
a (1) =g tzl X, (t) xI(t+j)
1 NET N-Z-T
= = S, (t)S_ (t+71) + no(t)n_ (t+1)
N |2 TT7°7I ! I
NET : N-iT .
+ S_(t)n_ (t+71) + n_(t) S.(t+1)| (4-4a)
poy I I poy 1 I
. \ ’
1 NSt ’
CIJ(T)=;ﬁ tzl XI(t)XJ(t+T)
N NET . NET‘
) = = - S_(t)S_(t+1) + no(t)n (t+1)
NI 27T J Doy I gt
N-T N=T
’ *Lsponge e Lonp(es; (e | (4-ap)

t=1 - t=1

%



The first term in both a(t) and c(1) isﬁsignal
and the second term is noise; the last two terms.drc
the noisé—signal interference terms and pertain to
the noise effect. Except for the secdnd@term of the
zero 1ag.autg—c?variance'a”(O), which 1s also the
noise energy density, each of the remaining terms con-
téining n1s a sum of random functions as {pgicated in
EQns.(4—4), and thus decreases as N increase‘l For
sufficiently long time Sequences, 1t will be shown
later that terms in Egns. (4-4) involving random func-

. -

tions can be neglected. ’ d

(2) Power Spectrum of Signal and Noise

a) Power spectrum of random noise

For a random time sequence'n(t), its complex

Fourier coefficients are defined by

' 2 —jwﬁt
H(wn) =7 nit)e dt ' (4-5a)
0
which for digitiZed data becomes P .
B 2
5 N -j2nnt/N e
nlw)) =5 1 nit)e . 7 (4-5b)
t=

-
~

1

The corresponding power spectrum is defined by

%

Pnfwn) = n*(gn)n(wn) . ", (4-6)

n{w) and Pn(m) are also random in both 4mplitude and

/

b2
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phase. TFor digitized data one obtains for the average

noise power ’ o ,
_ _ 5 N/2
P £ o= = p )
n N ngl ”(m .
. N -
2 2 4 2
= = = Z ln(t)f = = 0 (4-~7)
N N t=1 N 'N
where
N .
2 2
on i g In(t) ] (=a(0))

1s the variance estimate which approaches a constant
value as N becomes sufficiently large. - Hengeforth we
will consider/discretély digitized data of finite sample
leng#h N; -

As mentioned earlier the distribution of the
amplitudes of a random noise powerﬁspectrﬁm is als@
random. According to anexperimental study Of "%
typically random process described in seétion A~4 of
this chapter, the maximum value in tiw spectrum.
P(wn) ~ 4c. It can be considered that the'powé:

spectrum Pn(wn) can be represented by the average

value € weighted by a factor Ki so that

L2 4 2,/
I\n T Oa(:. . o (4-8)

il

, 2.
P (w ) = hnre
-
2 ~ : .
The KN form a set of randon positive numbers with
N2 b

2 2
= K- =1 ."
N hgl n



Now let the weighting factor for the maximum value of

2 The magnitude of K2 is

P (w) be represented by K M

n M*

found to be limited; for instance, KZ

MY 4 for the case

" given®above. ARso, as mentioned earlier, 0% has a
constant valug, and thus it is clearn that for a sta-

tionary random process the amplitude of the power

spectrum as given in kgn. (4-8) is inversely propor-

. ’
tional to N, the number of sample points. .

b) Power spectrum of signal

¢

For a monofrequency sipusoidal signal S(t) =

A

sosin(wot), the Fourier coefficient is
T .
‘ ) —jwot
S(w ) = T [ 5051n(wot)e dt (4-9)
0 ‘ ‘ -
and the magnitude of the power spectrum at this fre~

O

dquency 1is .
P (w ) = $*(w )S(y ) = s (4-10)

~

which is independent of the number of sample poiﬁts N.
The same condition holds for each harmonic of a more
generai time sequence. |

' It'is.seen from Eqn,'(4—8) and Egn. (4-10) thatf—
an cbvious distinction exists.between signal and random
noise. For a signal the amplitude of the‘spectfum is

independent of N,=while for random noise, it is

inversely proportional to N. This fact can also be

-
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understood by considering that fdr a continuously
periodic signal the power 18 distributed to only

those frequencies that are present in the signal,

while for random noise, the power 1s distributed

.

over all N/2 harmdnics wi®h equal probability,

' C) Spectral densities with mixed signal and noisc

L)
- For a mixed signal and poise time sequence as
) .

given in Eqgn. (4-3)

X{(t) = s(t) + " (t) (4-11a)
the Fourier coefficients are ~ .
AV L)
X(wn) = b(mn)+n(mn) ) (4-11')‘
wherxe *‘ 7 '
2 —lmnt
\Sfu\n) = T J S(t)e dt
b 0 VX
and
ks 7 -
e X
e ) = % f n(tle ™ gt .
0

- The auto-power spectrum is

P () = X* (b ) X () = Plu )+ P () (4-12)

where the';ignal is Polw )= S*(mn)s(wn), and thehnoise

. . . 13 : . — * . * ' - ,
contribution ls,P”(wn) n* e dn (e )48 (npdn(w )+,

ﬂ*(wn)S(wn). Using the result deduced in the last

section,



2 v {4-13a)
o

4soohncos(yn) (4f13b)

jae)
€
I
2
=
>
+

1
)
where 1, 1S the phase angle  of S*(mn)n(mn) and is‘réndom,

ranging from 0 tozn.

The noise-signal ratio of auto-power (H/S)a for

“a given ‘harmonic is defined as

2 7
@4 L
.. n /—-

(n’.&

Kncos(y ) f4-l4)

(e)
l n 1 4
(/8), - A CR N

OMQ

L}

and sipce'Kn s K, and cos(yn) can be either positive or

M
negative
2 | .2 ‘
(o Ky - = k) s (vs), s (O kEe AT gy (g
Ns N s Ns® 7 /Ns
(G2 O O o]

The general cross-power épectrum between XI(t)

and X, (t) for a given freduency<uis

-

; — vwA ' _ | " » -
Pro ) = XgloXg(w) =Pgps(u) + By ge) (4-16a)
where the siéhal is - o '

. N » .

N

and the noise contribution is

Popylw) = W;(w)nj(w)+ S;(w)nJ(w)+ n;(w)sJ(w) | (4-16c)

o
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~ -~
which caﬁ be written §§
3
Pgrglw) = s ejts
Lo, 2. e 280 197 1%
Prrg el =g 07K (K e "+“;§_(Knle FRge )

where 8's are the phase angles for the corresponding
terms in Eqns. (4-16b,c).
The noise-signal ratio of Ccross-power for a given

g e
harmonic is defined as _ ¢

PT}IJ ((,n)

(n/S) = I
c Porg (W) .

.

2 36 E 36
_ 11 4¢ i N 1 20 I J
N ’N ;7_ I\nIKn'Je * /R so(hnIe +KnJ(_a )
O
- (4-17a)
. 2 .
< & kS o+ A Ky) : (4=17b)
Ns YN s
O
\
2 9 ) g
since KnI’KnJ § hM‘

It 1s seen from Eéns. (4-14) ‘and (4-17) that the
noise-signal ratio in the éower sﬁectrum depends upon
N, the number of sample points used for analysis. In
some cases(Vthe'péwer estimate resulting from an “

averaging is desired; these will be discussed in the

next section,
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(3) Power bstimate and Averaging Effect

In some cases such as MI' prospecting, the power
spectrum which is used for further 4analysis consists
of smoothed estimates, averaged over a frequency. band
(Mb), or averaged at a given freqﬁency over a number
of data 'sets (Ms), or botH:‘ The resulting auto—p6wer

is estimated by . -

<P» = <P 4 <P - | (4-18a)

1 Ms 1 Mb
<P_> = — R Z Pa (w) :
S Ms K=l Mb hel Sk **n
M — a : -
l vy o _ 2 _
n=1

where Psk(w) is the signal power density of the k-th
M

set, M = Ms-Mb, and E stands for the double summation.
n=1
C M
Sy - 1
\pq) = M E Ph(un) -
n=1 ) U
.2 M - M ' ' .
407 1 Z .2 dos 1 o . :
= = = K+ =22 = 2 (K cos{y )) . §# (4-18c)
N-M L T Mooy n n 4 \
B )
M M
M ! K%+ 1 as previously shown. Define . ] (K _cos(y _)) =
n , SR n n"’.
. n=1 ) i n=1
<K_>, Eqn. (4-18c) becomes
.2 .= K> 7
; _ 4- 4Cs ''n v
<P> =. hd -
m N M . (4;l?)

N ' ~

b
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The noise-signal ratio of the auto-power estimate

a

is estimated from Egn. (4-18b) and (4-19),

NS> L +_4- n (4-20a)

2 40K 2 ack
(—— s ——) < /s> s (43; + __M) . . (4-20Db)
ns? YNsM ng NsmM | A

The averaged cross-power estimate is

Prg> 7 Pgry> + Popg” (4-21a)
where Q
M M A 3@ .
< —i' _l; ' Z Sn : -
Ps15”7 W ) pSIJ‘“h) M 2 (s e ) (4-21b)
n=1 n=1 o
2 M je__-
401 . nn
<PHIJ>—- N M 2 (Kh1¥ng® )
n=1 .
VN n=1 n=1

S ) jes
R - . : n
Since the signals are coherent, and assuming that e

are in phase within a given band, Egqn. (4-2lb) can be

rewritten as . . T

[

[99]

PN : . - J n .
4PSIJ>: s e . f (4f22a)

(I ) 4

llowever, the phases ¢f noise terms are random, so that

"Egn. (4-21c) can be written



== - 4408 _n (4-22b)

where <t_>'s represent the average .of the random phases,
ranging from O0-to 2r., From Egns. (4-22a) and (4-22b),

the nolse-signal ratio of the cross-power 1is

j<6 > !>
P > 2 <K >"e ' <K_>» e i
¥ n1J 40 n J n
<']/S> L] ——————] = LS
¢ 1<Pgrg7l = M /N s M
' Ns S ‘
i (4-23a)
‘ L ]
4o K; 40KM : ' )
Tt —) . ~ {4-23b)
N 52 M /N s M

Egns (4-20b) and (4-23b) represent the limits of
the noise effect in the auto- and cross-power estimates,
> as given in Egn. (4-22b)

P4 g
and the second term of <P > as given in Eqn. (4-19) are

However, beth(terms_of.<P'wIJ

averége values of random functions, and thus become
negligible for sufficiently largeSM. "In~other words,
the noiSc_éontribution can be lafgely‘removed from the -
cross-power estimate and partially removed froﬁwﬁhe
auto—éower estimate. In.addition,,there'are'generally
soﬁé mechanisms\whiéh can further'diminish ;he ndise

contributicn from auto-power estimates through the use

of a good cross-power estimate (White 1973).
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(4) Lxperiment

For the purpose of investigating the noise effect

quantitatively, three nolse-signal mixed sequences were

generated.
— . - 3 _
XI(t) = SI(t) + Ift)' .I = 1,2,3. (4-24)
where
(t) = § S sinf(w_t + Lt} 2 . 10
SI = n%l o 1 “n ), wlth SO = .

The three independent noise components 1y were taken
from the random noise sequence provided by the Crmputing

Scervices Library of the University of Alberta. - The

: . : 2 - .2
nelse sequences are normalized to 1T 2 and hM = 4

for these sequences. The formulas used for computing

the noise-signal ratio are:

-

For individual harmonics

(‘I o
( /S)I= P ; (auto=-power) (4-25a)
. S1°°
P (=P ()
('/S)IJz ? XIJP (;EJ’ , (crcss=power) (4-25b)
' - s1J '/ j S
For power estimates .
. <P, = P
‘3/5>I = AI(? - SR (autc-=powemry (4-2ba,
ST . -
(p _rp .
' i xX1J SI1J . P
/S = SSS=pUWe -26kL;
/S 13 0 (cross-power) (4-26L;



where

¢
N

.

-
Th

o

. ) - S
S S Po () =878 (L) .
*
)Y > —
I().J() ISIJ(‘) SI(
A M
i { p N
NI SI. M-

computed results are gaiven in

1th varicus values f M and N, In the

1rst three ¢r lumns are the noi1se-signal ratic of

e auto=-power for

—~

ns. 0 4-25%0, and (d-26ky . Data 1in the

-ach M-=n

u

v

mber

jgo]

T

o
i

1

S1J

able (d4-1)

able, the

-

he three channels defined in

1ne wilth

are the thecretical values defined in

ins. (4-100, {(4-17bi, (4-20b), and (4-23bJ with the
!
me valyes DM, noand COSW'I\)= ~1. :
¥ ' ' A
. 14 2
) G ;’, N
=B, Investigation o2 Norse Lffect on Impeggice'ggements
iy Swneral Solution -,
{he surface 1mpedance elements ZiJ are computed
) N . _ -
remothe s pairs [ (4,25, (1,3), (2,4), (3,4)) of
: AN
suati~ns (I1I1I-B-3 v ’
) : *
Pl k.. , Lok
i oL = . R ST SO T G Y <k h {
x71 X Ux 1y "Xy
J {
i a . "
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(2) ¥ - o= bR -+ 2 BYH

y i X Ty ox 1y Tyy

(4-30)

(3) HE S -t A T T

X 1 1X X 1y 'x vy
3 = 4. “ >+ 2 * > 1 =
(4) “"Ll ix 11‘ 4 <Hyl! ) (1=x,y)

and, 4 sclutions for ecach element are obtained. These

%)
are represented by '
Ied
. ‘ Nl
cto= 2L (4-31)
-] D! #
17

: A . )
wnere «(=1,2,3,4, represents a given pair, and Nij and

. 2
3a .
31’ are functions ~f the power®stimates. The

gvrneralized power estimates are considered to contain

tivs osi1gnal ard the nolse components, thus D and N can be

represented symbolically by p

&

-]
- : 0
‘. L 3 3 X
. = +:NT. ., D..=D-. + ADT.
1] 17 1] 13 1%\ 17 y
. L Lo - o 2 %
whavrs L gand D are the signal, and AN.. and AD'.
1ieed 130 o ij ' ij
4re nolse comp.nents. o . .
©~ - - -
When the nolse-signal ratio is small, Egn.(4-31) =
© f:rs+ -~rder becomes o . ¢
o = 4 + [Z"
1] 1] 1]
“1io “si N; o AD; '
—7"1“ + = - "{J— T—l . (4-32)
.. D. . D.. AR
ije i1jo “i7jo ijo .
] ~
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7O Pl

L

ijo is the major component of the data and

/D

. . s *
thus is a gopd approximation from wHich to deduce.

ij = Tijo

uniquely the resistivity structure of the earth.

R NR g

AN . .. AD..
. 1 1jo 1 ) . .
N, . = J - L J 1s due to the noilse and varies
17 g L 2. _ , :
D.. D.. D.. .
ijo ijo “ijo

by

with different ¢ value, since noise 1is random. For the

LY

case of % 2 (3,4) and 1 = x, N.. and D.. are:‘
. 1] 1]

D=<P, ><P.. > - <H*H ><u*H >
Xy voX

Hx Hy
0D = <p’ '><1& ‘> 4+<P_ ><P. > - <H*H ><H*H > - <H*H ><H'H >
Hx Hy n Hy Hx n Xy y x n y X xyn
. r
N. =<P. ><H*E o - <H*E ><H*H > . .
XX Hy X X Yy X Xy
. '/
AN_ = <P ><H*E > +<H*E ><P.. > -<H*E ><HYH > ~<H*H ><H*E >.
XX Ry X X n X X Hy n Yy X X'y n X'y ¥y Xn
: * o , * *
= > = <L
ny <PHX>,<HyEx HxEx>nyHx>
AN = <P ><H¥*E > +<H*E ><P. > -<H*E ><H*H > =<H*H ><H*E >
Xy Hx Yy X n Y X Hx" n XX yeX n Y X X"X n

R ’ . ¢
After a tedious calculation, the first order approxima-

tion of the four Azij are written in the foldlowing forms,

~where the superscript dénotes the pairs of equations

.used from (4730): ‘ ' L ’ s

»



(1,2) (1,2) _ .« N
Any DO = <Lny>O<PL, > <{,.)\H)\>m_ yhX}‘“
. = 29 [<EMU_>"<E*H > - <B*H > <E*l s ]
N Xy Y X 0o Tx 'y X X0 Y Y n
-z [<EXH, > <L H > - CEMH_> <E¥H >
XX Y A Y X O X X n
= \P
*\‘ (4-33a)
(1, 3) (1,3) O % :
A — ) > < < > < >
, A%y 2xx Exty o Pux™n T Pux’o Py
s 22 [<P > <E*H > - <g*H'> <H*H > ]
. R 4% H¥ o "x'y n XX o Xyn
i
- 2° <P > <E*H > - <E*H > <E*H >
XX HXx o "x'x n X X 0o X x N
(4-33b)
AZ(Z 4) (214):_ ZO <E*H -’<P >+ ZO <H H > <E H >
Xy Dy Xy "¥Y'x o "Hy'n Xy Y X0 yyn
o * * * 2
< > <E > < <R > <H s
ozl HoH 2o Lﬁﬁx n .;ng o yH¥‘n]
‘ St
+ <E*H_> <H*E_> - <y* H, > <g* E >
Y X0 y xn Yy X o ¥Xx 10
(4-33c)
s (3,4)_.(3,4) 0 N o * . v
: = - < > <pr "> < > < >
AZxy Do ' zxy PHm o PHy n * Zxx”Hny o] PHx n ’

+ 72° <H*H > <H H > =29 <p
_ xy Yy X’

+ <PHx>o

<H*E >
y x"n

> <H*H >
X'yn Xx Hx-.o "y xn

- <H*H

<H*E >
y x o x x'n

(4-33d)

76
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Az(l'z)D(l'z): -<E¥H > <P . > 4 <E'H > E*E >
XX 0 y Y o Lx n Xy o y x n
- 2V [<CL*H > <E*H_ - - <L*H.» <L*H - ]
XX XYy o 'y x- Yy Vo X X 1
20 [<EYH > <EH > = E*H > <EYH > |
- XY Yy yo xvy- Xy o Y Yy
/e
(4-33¢e)
1‘3 3
Al A T UL <P -
XX O XX X'y o §x 1 X'y o LEx
- 20 [“HYH > <E*H > - <E*H > <H*H > ]
Xy Xy o xyn X'y o Xy n
' O * . Lk Lk {}, *‘-
+ Z2° <H"H » <E"H > 4+ <E"H >~*<HE >
XX Uy o Txx'n X'y o X X 7
(4-33f)
220 pl28h 0 pxy L b s Z 4% p s B*h >
XX L O Xy Yy y o Hyn Xy Hy o 'y yn
- o J * * o
. - 9 < > <B > < > <H"H >
2| PHy o< yHX W EyHy o Hy. . n]
. Sk R * .‘
+ <P > <E'L > =i <BE™H > <H' E »
Hy o "y x n. ' “"yyo ' 'yxn
L ]
(4-339g)
, PR
2 B3p B o b s e s 429 ity > b >
XX o) XX "Hy o Hx n Xy X,y o Hy n
+ 20 <H*H > <H*H_ 3 -32° <p. > <H'H > . )
XX Xy o yX.n ,Xy Hy o Xyn ‘

7

n

+ <P > <H*E > - <*H > <B*E > . \
Hy.o X X n X'y o 'y xn



! e

pt2rd)  p L E*H > - cEFH > <HH_ -

O Hy o "y X O Yy Yy o Yy X o
pGed)l o p L p L - enfH_ > cHIH -

O Hx o Hy © y X o Xyo
pttr2) _ Cp*n . vB'H - - <E*H_> <E'H >

O y X 0o Xyo XX o yyo
pe3) o e gt s - cETH - oHlH

O Hx o "Xy o X X 0o Xy o

(2) Impedance Solutions for Noise-free Cross-power

’

Estimates . w

Supposing that noise exists in- the auto-power

estimate only, and not in the cross-power estimate as
is often assumed, then all terms in Egns. (4-33) having

a noise cross-power contribution will vanish. With

-
1

“this assumption, and some rearranging to make all the

D's real and positive kqns. (4-33) can be rewritten as:

¢ , e<p_ > <H*H

<P_, > :

(1L,2) _ ,o Ex n o) y X o Ex n A _
uZxy. - ny 5.121 © “xx ~ D.122 . (4-34a)
o " <p CHRH > <P > <HNH > <Py >
(L,3) _,o0 Ex’ y X o. kx n y Hx n

My Tixy D R D.132 * 57173
| o (4238Db)
' <p.. > ’ ' e
,(2,4) _ _ go __Hyn - o (4-34c)
xy © xy D-.241 ' : . o
. *
: <P, > <H'H_> <P, > : .
AZ(3’4) - ’ZO/ Hy.n + L -y X O HX n (4—33d) .

D.342

78
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[

-
“HYH -

»

P ) ’ g .
Lo (1,2) _ 0 J‘ILX’W 0 X'y o Lx
% x N “xx D.1 “xy D.124
+p > < on*
Ly (1,3) _ 40 IEX " KP‘ﬁx>u L0 “X”X>U<PEX
xx o xx D.134  D.135 “xy D.136
*
TH H > <P > !
ag2ed) o Xy oy
XX Xy D.242
“ > * rd ' P
AZ(3,4) - - 4O PHX oy 2 <H}H ()(pﬁy "
XX - xx D.343 Xy D.342 !
where |
_ * 2 ot - * * ‘ * g
D.-122 = ]<ExHy>l <LXHX)<EyHy><HyEX>/<EyHX>
D.121 =

D-124

D-123

D+132

D.131

" .D.133

D.135

 D-136

I

D-122/<Puy>

i

K o *o * _ * 2
<LyHX><bey><HXEX>/<EyHy> |<EXHX>|

D.124/<PHX>, @
. 2 Lk, ok *o B
I<}XHY>| <LxHx><HxHy?<HyEx>/<PHx>}

L4

D-l32/<PHy>‘

o s
L% *o * _ * )
<PHX><LxHy><Hny}/<ExHx} léHxHyﬂ
) * g * *
<PHx> <EXHX><HxHy>/<Exﬂy>
<P $<E*H ><H*E >/<H¥H_>- |<E*H >[2
Hx X'y, XX Xy D O S

N

(4-34¢)
>”

(4-341)

(4-34q)

|
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D- = D. ) .
134 = D130y <p, > 7 . 5
D+241 = <P >- <E*H ><H*H >/<E*H o .
' Hy vy oy x y x° :
. &
‘ . ' L2 ' ,
D242 = <P o<E*H_S<U’H->/<E*H > - |<q*n > :
ALV R W '
D-342 = <P <P > = <H*H ><p*H >
Hx Hy X'y Y X A
D-341 = D.342/<P“X>A o :
D«343 =

D'342/ PHY o“ R . N T
7

If M is lar e, the noi com onent of the auto-
g 6 P

power estlmate as presented in Eqns. (4-34) is'biased

positive as “can be- seen from Egn. . (4-19) - *}‘.h
. 2 T405<K > o
! P > = 40 . n | -19)
! N N ﬂipq | | )

3
W

“The 'second term on the rlght hand side can be p051t1ve

or negatlve whereas the- flrst term is alﬂ?%ﬁlpOSltlve.

~

An average taken from solutlone of Egns. (3ﬁ20) or (4-34)

<! - = Ly A '._ — 7. ., ! . . -
4..> .éi' T ) (Azlj) le + qzljf_ - (4-35)

pro%ides a better estimate.
T ) o - - o o 7 e
As just described, the noise contribution to the

.ol
auto- power estlmate Causes n01se components AZ ij . 1n

L)

- the 1mpedance elements, and the average <Z£J>‘can'u.~{f

'become more accurate than the original Zij. Consedue
' i ’ - . e . d !
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this improwed azi‘> 1S consistent with the existence of
auto-power eostimates which contain less nolse than the

original ones do.  Thus, substituting 'Zijh back to

Egn. (4-30) gives the following relations: 0,
P v = R ‘ , . (4-36a)
s = R - o  (4-36b)
ey’ = Ry . | o andeh)
5 , N 2 - .2 , ok . * —
<L »|T<Po>+|<2  >T<P >+ 2Re[<Z* ><i  ><H*H >] = R
XX HX Xy Hy XX Xy Xy X
{(4-36cC)
CdY >{2<p >+]€z ?’2<p >+ 2Re[<2* ><z . ><ii*H >] = R
ﬁ oYX Hx yy® ! THy ST Yyx Tyy Xy y
: ' & : .
L | | : e - (4-364)
where
R, = Re[<Z _><E*H > + <z ><E*H >] S
x xx Uxx xy TTxUyTo. .
* - '
= |<2_ ><E*H_> + <z_ ><BE*H >|
“xx” TTxUx “xy” Txy
coo |
1 * :} g LI * e ‘
- . 5 ¢ . 1 . Iy, AR B >< g
4 ?{Re[<AXX><LXHX>+<sz><LxHy>]+I<Axx><LXHx>+<ZXy Exﬂy'”
~
R, = Re[<Z . ><E*H > + <z ><E™H >] y._ - .
oy T T T Ty x yy Y'Y | .S
S ! . 2 o ; o /
=<2, ><EXH'> + <z ><E* >| o . e s
. YX Yy X Yy Yy o

(s
.

1 T . o I |
'= F{Re[ <2, _><E'H_>+<z  ><E*H >)+{<z. ><E'H >+<z S<E*n >|)
‘2 [. yx -y X Tyy ‘YY] | yX Y% vyy.yylj.
e R B v ;i . S
Solving Eqns. (4-36) for <P> provides improved auto-

‘power estimdtes corresponding to the more accurate XAy



-
A cyclic operation

/ .
.‘p', .
\ / \ (4-37
2 2
4 17— 1]
can finally result 1n-sclution having the nrise substan-
tially removed. : ;
. P > P> . <p > + 0
- O i8] -~
ez v »29. , AL, >0
1] 13 f i)
. . ;These final solutions are consistent with the conditions
\ 2 )
. N :
‘ corresponding to a unit predicted coherency, which are
. 1\ . .
’ 2 2.
- <P > = | <. >T<p VA > T« > ]
Ex .l éxx,. HX“ | axy PHy - N
. ok ot ok "
+ < ><Y7 > > - .
2 Re[<Z Xy HoH, Iy _ (4-38a)
2 2
> = l<yg  ff > <y =>l4< >
PEy ! nyRIPHx t <z , PHy
;\ ’ : I ' p .
: . + 2 Rel[<Z__><Z ><H"H_>] (4-38b)
. A yXe yy  xy .- - .
, _ ‘
If the cross—poﬁer'eétimates are noise-free, the
. following conditions ‘can be simultaneously achieved:
< a) Predicted cohérency)is unity. '.m

. H - ) . .. 2 ) . f.- ‘-' ) -

b) 4-solutions of,Zi..are identical.
- ‘ NN . ‘]' ,‘ ' , : N s

As a consequence the apparent resistivity curves are *

e - v ’ ~
e

o

i

- smooth, .

w

»
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‘noise in the auto-power estimates is - substantially

f

Froas. 4-00 shew the result Cf the cperati-on of
) | .
bane T4=370 0 Dat s was tKen from o3 typical section of
MUorecord, s M, g0 the rah freqguency eend ranges from

\

PI0U- e 300G, Such s uveraging may remove the nolse

contribution £y m o the Cr ss-power estimates and leave

NEISe ANy 1L The aUts P Wer estimates. The i-sclutigns

b ) .
£ 2. . and thelr average 4o are plotted from left to

right 1n cach row., The first row represents the raw

Zij;@nd the second row represents Zij after the number
[ 4 .7 . .

s

of cyclic operations indicated on the individual plots.

- v

The scatter in_zij appears 1n the raw data, however,
v ' A

after g certain number of the cyclic operations, the
R - ' -8y

AN

®

removed, and then the solutions Of'zij‘ become unique.

(3) Impedance Solutions as Noise in Both Auto- and

' Cross-power Lstimates

* 4

LR T : :

When 'noise exists’%y both auto~ and crgss-power
_estimgtes,. the soluﬁioné‘of Azfj are those,gi&én by
Egqns. (4-33), and an average vaiuefgivén by -

. ) . : P : Yoy ‘
g ° e
<42..> = .. +<AL. > - N
. 1] ‘le Al; .. \ .

‘manipulations ‘as pkffbrmed bnyqns.-(§—36) and_ (4-37)

. y . Q . |
a}so provides a noise-reductioh—effect. Consecutive

. k)

L ) m. - T
results.in a set of <Zi.> r Wherem = 1,2,....Mc

. ,\ - T . '
e . . ¢ . r m. .
the number of cycles perforhed. . None of <zij> is
e 24 B s T _
W Y
1 . - ‘ .



\from sectlons of MI&(

t © nelse-free, and 1t S even possible thas
the nelse content 1s inoreascd whethor o an average
I
MY on 'K\.v
N
- b s e

- 1 E 4

+ —_ - LE b

z = = : (4=33)

1 \ic i‘\
- m= ] !
\

ect depends cn the f4m
A01s¢” contribution. However, 1¢ is significant
: BN g

1s effected the

can provide a nolse-reduction-ef foc

of the

< that even when no noise reduction

results can be used to establish a confidence limit,

which can ne useo as a crlteron for flnal ‘data selection.

The confidenee limit Jis defined by
S

CL iy

.

oMo : C : .
Where sZi] 1s the maximum variation among various :

/z' ‘>m'S s !
1] . Fo ‘
e

Fig. (4-3) shows the noise disturbance behaviorbinfl
the four”ZlJ s and. thelr average <Z> for raw data and
for the 1nd1cated Cycllc ogegaﬁqogs.; Data was 'selected

) ‘/ d Hid

vcordé&withﬁhlgh noise cohtents

The result 1nd1cates tha .data beﬁween t ; lO.toﬁlOO 3ec
‘are acceptable for the example shown ) "
‘ . Aoy ‘
o~ ’ o 3 o ‘
\ . oo
. Y -
' &

—— . Y (4-40) “
[ l:] [ ° v
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wi1Ch nhave (0w rredicteld cohorencies, Prelilted Conwerend

and smoothness of the curece are usually used as crite

]

id

for Zinal data selectionn, [ f predicted ccherency ° 2.9
18 taker to be the criterent, none.of the data at this -

site will be accepted.
(o] .
To ‘e%amine the effects of the cyclic processing,

the low coherency of this data is ianored and a smooth °

-

curve is drawn through the data (Fig.4-4.,1). Figq. (4-4.2)

Pl

“shows, the average apparent resis¢ivity. after processing

by the éyclic operation. If CL =~ ip/n ¢ lQ%lis taken to

be the criteron, some of the data is now found to be
qccepthble, while other parts are still of no usé; -Using

only this acceptable data«giVes an entifely different
. é::, .- - . ‘ .

picéure'from‘thé curve of Fig.(4-4.1). The results‘showq

in-figure (4-4.2) are also used in fiqure (5-5.10) .
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?curves are establlshed by using thls acceptable data,
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VA% _ .
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Fi A (4-3). Sdame as above for case when nolse ex1sts 1n
S . ’ . . ~
both auto- and Cross-power. d

) _— f.r
2 .

Fig.(4—4.1); Average apparent resistivity-.‘;y {(corres-
v N \-—; - . ©

ipondingkﬁa <Z;y>) of raw data for both short (left) and

long (rightj period bands The numbers are the predlcted

i

coherency values for each 1ndlcated period interval. The

curves. are estimated by taking all the data into account.

_Fig.(4-4.2). ~Same data as above but after 10 cycllc ’

l

operd‘ﬁons. Acceptable data (CL <10%) ‘are. barred The

£

NN
and are also’ uSed for 1nterpretatron as shown in . K
ot a -~ :
Fig. (5 5 lO) .
/ > -
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CHAPTER V

MT SOUNDING
\ 0

V-A. Geolqgicai Backgrbﬁnd

\ - ] ' , ' .
The Black Hills are a pronounced'surfede feature

which rise severa%,thousand feet above the surrquhding“
“Great P{aihs of North America."The location is shown
in‘Fi;.(S—l),~ This island like mountain §tructure‘.
which is approximateiy 200 km long and 190.km wide
extends.North~West from:the South West'COrner of South
Dakota intofthe_North-East cornerbof'Wyoming. 'A con--
siderable humber of geological and.geophysiea; studies

A / , {
have been carried out.inhthis region‘and.it is possible
to give a.general geologigal description. (\ L
As shown in Fig. (5-1.2, 5 1.3, 5- 3'4), the central

Precambrlan core of the Black Hllls con51sts of a
suece351on of hlghly-folded SChlStS) sedlmentary in_the
| main, but 'intruded by”a'succession of large and'smaii.
.granitic-masses. Flanklng this Algonklan mass are thev
upturned truncated edges of the sedlments ranglng in
age from upper Cambrlan to Tertlary The dlps of the
sedlments away from the centre are steeper on -the East.
than on the West Lidiak (l97l)rhas mapped!a-meta-.

morphlc belt. under the sedlments .and trendlng somewhat'

East of the strlke of the Black HlllS. " This belt runs-

rlght through the central exposed metamorphlc rocks pf .
" “ ’

¥,

.90



" the Black Hills, shown 1n‘Flg (5-2). o S .-

Gough and Camfield (1971) have found from thelr .
deep sounding studles a very pronounced 1nductlon |
”a%omaly which is 1n strlklng agreement with lelak s
metamorphlc belt; as shown in Fig. (5-3). They attribute
their results toha suitable graphitic schist in the' ‘
basement Mathisrud and ‘Sumner (1967) have found highly .
conductlve graphlth SChlStS in the lead mine dlstrlct
of thd Hllls,\but these were highly locallzed

. Three heat flow measuremént?,made by Sass et al

(1971), were either anomalously high or low However

these measurements weré!\bt of hlgh quallty and there—

fore rno reliable deductlons can be drawn from them.[
ot

'Surface manlfestations of thermal activity such as
springs and-glevated'grOund water4temperatures eXist in
many reglons in and - aroundut e Black HlllS._

" The age datlng results quoted by lelak place
,the Black Hllls'-orogeny at 1600 to. 1800 m, y ago.‘
_Varlous SlllClc 1ntru31ves a35001ated with- volcanlc
..act1v1ty are’ dated at 1450 m, y. ago.f It should be
noted that the exten51on of the.EEtamorphlc belt mapped ;;.3
by lelak was- deduced on the ba51s of. geophysical mea—
surements such as grav1ty and magnetlc and is reasonably ﬁi_

con31stent w1th drlll hole results and the aerﬁﬂagnqtlc -
S\

survey reported by Zletz et al (1971) an

also shown in

CRigL(s-2)L Ty T
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Since electromagnetlc(measuremepts_are affected

by structure lying ‘within several skin depths an aver-

: aging effect is anticipated and thus one would expect ‘

\-
to measure a\relatlvely poorly conductlng central

L4

' reglon of the Black Hills characterlstlc of old crys-'

-

*talllneAmaterlalj surrounded by the relatively betteﬁf

‘ b
.

conductlng materlal characterlstlc of \more recent

sedlments. . The str1k1ng hlgh conduct1v1tf anomaly in

the centfal reglon of the Black Hllls will be discussed

1

'ﬁnrthe follow1ng sectlonsf p -

<

Iv-B. - Data_Analysis and Computed Results

A
‘ Records were selected. v1sually to be of good

amplltude and free of splkes and steps. Six data sets were.“ -'
h usually obtalned at each statlon in both hlgh and low o
Vl.mode. Detalls of this are shown in’ Table A5- l).v vn

all cases a data set- con51sts of 4096 dlgltlzed values'

‘ Wlth the hlgh mode dlgltlzed at- 40/sec and the low at,

1, 25/sec.. Follow1ng the techniques descrlbed 1n

Chapter III the Fourler coeff1c1ents were computed
. u51ng a constant Q fllter w1th Mb = 6 at the 1ow

o frequency end and Mb 300 at the hlgh fréquency end

/

f;flelds._ The computed numerlcal results appear in the

l.tables 1n Appendlx B. .;?

. of the spectrum. Flg. (5 4) shows a parr of represen— 'jﬁﬂ"’

tatlve smoothed power densxty spectra for the E and H ;’f
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. S

While it has been Customary in.the past to use

-

only the crrterion of high prediCted coherency betWeen

the conjugate pairs of E and H ag a ba51s for acceptance

or rejectlon of data, the cycllc operatlon presented in

Qhapter Iv permlts the ;nclu51oz“of_a conslderablel

amount of data;with’lower predicted coherencies in the."

~initial stages of computatlon. The actual‘criterion

adopted in the flnal stage oi computatlon was that P

‘was derived from thé average values of le; where the

_1ndrv1dualsz§j lie within 2%% of the average of the

4 possible values. The results of this proCess can
~be seen .in Figs.'(4—2).and (4—3l;l By th1§ procedure

good data was obtalned .over the complete range of

g

: .recorded frequenc1es, except for statlons 3 and 9‘where

»

only a~port10n of the spectral range was acceptable.
The gpparent re51st1v1t1es are shown in the
pr1nc1pal' dlrectlons in Flgs. (S 5.1 to 5- 5 14) ' for

[

each statlon. Real prxnclpal.dlrectlons actually ex1st;

'only for'genuinely-two—dimensional structures. These ',

kandlé- ‘are also used These are the dlrectlons whlch

_‘ . o
d1rect10ns are glven for each st"t'on as. 6 ;n Figs.
(5 6. l) to (5 6 2) .
' W T o
In addltlon to the apparent re51st1v1ty, and 1ts '

: pr1nc1pal dlrectlons, the dlrectlonal parameters 6

zh =
produce a max1mum coherency between H and-afcomponentpd
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5.6
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of E and H respectlvely and are also shown 1n Flgs.
‘(5—6.1, 5- 6 2) for each station.

Pseudo—sections for the twottraverses-AeA'-and‘
B-B' indicated ih Fig. (5-1) are Showh ihiFigs.p(S%?Ql}d
and'(§—7.2);-where apparent resisti&ityris plotted as
a functlon of perlod These are converted to MT |
re51st1v1ty cross sectloné in Flgs. (&fS)‘and (5-9)
andAw1ll be discussed in the next sectioﬁ,; -

; V-C. - Interpretation and Discussion
v . :

L

(l)’DiscusSiohs' |

' The results, i.e. the anlsotroplc charadter of

the: apparent re51st1v1ty and the dlmen51ona1 1nd1cators,

3 1

. show that 1n the area studled the conduct1v1ty struci\

!

ture is 3- dlmen51onal In the central reglon of the-
_ &
'HlllS, at 51tes l 5, the two pr1n01pal apparent resis- _

: t1v1t1es dlverge throughout most of the spectral range.?:
The skew factor is large and also 6 does not 001nc1de :

| w1th either 6 ‘ééh‘as they would for a two dlmen—h
1onal earth In the area external to the Hllls, 81tes
_?—14 the apparent re51st1;1ty curves c01nc1de for short |
H.perlods and dlverge for longer perlods. Thls 1s 1nter-:'

1.preted to 1mply that 1n thlS reglon the earth is - -

‘?homogeneous, 1sotrop1c, ahd layered near the surface

: _rrand more compllcated ‘at depth ‘Whlle the drmehs1onalr{/
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1nd1cators are in dlsagreement with this 1nterpretat10n
it must be con51dered that these 1nd1cators are much
nbreSensitive to the minor contributions from 3-
diménsldnal structure. On .the east,‘west, and south
sides~around the Hills.where'site549-14 are loéated,
the apparent re51st1v1t1es 1nd1cate that below the
conduptlve near surface\layers, there is aorelatlvely
‘ re51st1ve layer, which in turn is underlaln by a con-
.duCtrve_thlrd layer. In the area. north of the Hills
- wherebsrtes 7‘ahd.8 arevlocated it seems that the

';conductlve third layer is not present. At the southern
corner, of the upllft at site ‘12, the'prlnc1pal-axls of-~
-
'“the apparent re51st1v1ty changes dlrectlon by 90“'at

tﬂalQ ‘sec as shown in Figs. (5-5,12)uand (5—6.2):

fsuch a change only happens at this site.

.(2) Earth Model

Taklng site 2 as. an example and applylng the one-
dlmens1onal approach, an apparent re51st1v1ty curve
.as shown In Flg (5-5. 2) 1s used to construct a four
‘layer earth W1th the parameters ‘as glven in Table (5 2)
'*The flrst ‘two layers would be acceptable due to the
.vrlsotroplc behav1or of the apparent re51st1v1t1es 1n
.:i the flrst decade of the perlod.; The thlrd layer has a % =
"very hlgh conduct1V1ty and 1s located at approx1mately N

RN o
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3-10 KM, corresponding to a period ranging of about
l—SOO'sec. In this range,the apparent_resistivities
appear anisotropic. Thus this anomaly may be placed
'at a distance of 3 KM from the measuring pOint but. in
an arbitrary direction in ththalf space. dowever,
as.shown in Fig..(S—l.Z),:gor the same period‘rangea
Gotislcloser'to.ezeyrather than.to ezp; ‘According'ggyv
to the results pf the two—dimensional model calcula-
tions‘e coinciding with~6 é‘is-consistent withH the
measuring 51te being on the conductlve side of the
strike of a res1st1V1ty anomaly Thus, this low
res1st1v1ty anomaly 1s placed below the measuring
.Slte. Thls result is con51stent w1th that of the
'group of stations in the anomalous région. oo

The model parameters of layered earth for each
site are calculated and listed in Table (5-2) : e.
-maximum apparent re51st1v1ty pM corresponds to the
-pdlrection in which most of ‘the. power is concentrated

#
and thus pM is con51dered to be more reliable for curve

-"flttlng The s0lid" lines in Fig‘ (5—5) epresent the
.'model results.r | | ’§ | .

_ ‘Pseudo- depth defined by z(w) = G(w) are calcu—
1'lated u51ng the skln depth theory for each one-<f |

'? dimenSional profile;- The pseudo depth represents the_f
v:depth reached by the fleld w1th ltS amplitude reduced “

1]

by a factor l/e for a given frequency 1n a glven
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layered modetg, Contours of apparent re51st1v1ty -and

\admlttance vs pseudo depth are referred to as MT

resistivity cross sections. These are shown for the ’
two given traverses in Figs. (5-8) and (5-9).
' While the MT resist!bityhcross_sections«are_not

adequate for detailed interpretation, they do give a

.qualitatiye_picture which is ‘useful in the total inter-

pretation.

Considering all the results, ayfinal 3-dimensional

re51st1V1ty section can be constructed ' Figs. (5-10)

" show this ébnstructlon for two traverses AA' ‘and BB',

F3

Flgs. (5 ll) show a plane view of the same re51st1v1ty

edlstrlbutlon at horlzontal planes- at depths of 1- KM,

4

and 5- KM, and 20- KM respectlvely f - 7‘ S

(3) Sunmary and Comments

I3

The cyelicioperation developed_in Chapter IV has
proven very effectiVe in extendlng the spectral range
b

of data that can be utlllzed w1th a high confldence

'level ' This has enabled a more detalled 1nterpretatlon

- of the freld data from the l973—f1eld season than had

been heretofore con51dered p0551ble.

In t?e area surroundlng the Black Hllls upllft

-low resrst1v1ty W1th some layerlng is. found 1n reia—'

. f«_»'
tlvely shallow depths underlaln by materlal of hlgh

é

res1st1v1ty Wlthln the central reglon was found a‘



2. Parameters of One-dimensional Model

(R=Resistivity, H= Thickness)

‘Table 5-
Site R(0-M) H(KM)
Mahaht 3Q—SO< 3
(1) 500 3.0
5 2.0
2000 30.
50
Custer 30-50 .3
(2) 1000-3000 3.
5 7.
50
Kahta 30-50 . .3
(3) 1000-2000 8.
50 © 4.
. 50-400 .
Moon . 30-50 L3
(4) 2000-4000 3.
30 6. .
1500 20,
50 '
Smith  30-50 .5
(5) - 1000-3000 1.5
5000-10000 20.
1500 '
.Belle 10 .3
Four. 2000-~-3000 10.
(6) 100 3.
200
Colony 4 - .5

(7)

2000-3000 - 20. b
‘100 *

Site

Newell
(8)

Wall
(9)

. Chey. R.
7 (10) -

‘“g Walker

(11)

Ardmdré
(12)

R(Q-M)

4
2000-3500
200

100

2
35

5
3000
30

4

40-50
200 -
5

50

c).

l‘ .
30-50-
5

1500

30

2 o
150 :
4

1000
30

Clareton 2

(13)

40
N
1000
100

Morecraff 2

. (14)

35

5

100 .

1000-2000

116
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e (5—9)' _‘Contours of max1mum apparent re51st1V1ty

(upper, in Q- M) and max1mum admlttance (1ower in ar-a

o

bltrary unlts) vs " z (pseudo depth) along BB' traverse.-w

.
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thlnner 1ayer of low reslstiV1ty, a 'second - layer4w1th
hlgh resistivity and the closed low re51st1v1ty anomaly
‘prev1ously reported by.Rankln'and.Reddy (l973);-which 1sd‘
now 1nterpreted to lle at a relatlvely shallow depth
Whllelthe low re51st1v1ty of. the surface materlal 'is
expected and usually attrlbuted to the.m01sture and -
salt content of the recent sedlments, the anomaly 1n:
the mlddle of hlghly resistive. crystalllne rocks 1s.
more dlfflcult to explaln.;,Srnce hlghly conduct;ng .
materlal shlelds the deeper‘etructure;“the values \
o a551gned to the reglon below the anbmaly are- somewh
tentatlve but 1t appears ‘that the low re51st1v1ty

¢

: per51sts downward throughout the entlre column of the

" crust.1 It is. temptlng to 1nterpret thls low resrstlve
R anomaly 1n terms of a thermal anomaly although other
suggestlons have been put forward : One other such
suggestlon by Camfleld Gough and Porath (1971) .

attrlbutes thelr elongated 1nduct10n anomaly to the_ T
eX1stence of g;aphlte SChlStS 1n the basement. -.he
p0531b111ty that the anomaly 1s produced by a dlstrl- :
butlon of materlal w1th an abnormally hlgh value of u
:cannot be overlooked and 1t is proposed to compute
ﬂfﬁ models embodylng thlS concept..i i | S
‘ - The extremely low values.of apparent re51st1v1ty

S shown at statlons 6 7 and 8 are assoc1ated w1th peaks§74~”

1n the power den51ty spectrum of the H fleld at L

a’

g



\,‘apprdxiﬁétely 6.25 Hz. This is near the Schumann
résonante,peak reported at 8.6 Hz. This latter

pﬁenomenon is associaﬁed with waves propagating

within the'earth-ionospheré éaVity7ahe to lightning

S

;fstrokes. If the peak'descpibed_hére is of the same

nature. as the SChumann.resonance,*the plane wave
theory is not;applicable and the results in this
region of the spectrhm may need modification. wﬁgk

ffon’this_éspeéf of thé prébiem is to be cérried-out.

124
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apparent resistivity andvphase relations; In.Fig

resrst1v1ty curves areshown 'For* sufflclently hlgh

t

APPENDIX A . .
MODELLING CONSIDERATION
Numerical modelling results have been published
for numerous one and two dlmen51on cases Wthh have

already been referred to. In this appendix several

examples are presented.schematically and discussed.

I. One-Dimensional Model

The typical feature of'the one-dimensional solu-

tions for a layered earth is thﬁ’81mple frequency

”‘VZ

'dependence Wthh uniquely reveadls 1nformatlon on

conduqtlvity and thickness of the_layers:through the

(A-la), a pair of two- layer models and thelr apparent

8"

frequen01es, the COrrespondlng skln depth is suffl—“

c1ently small so that the lower layer is not sensed

and the apparent resrst1v1ty is asymptotlc to pl 1For‘

suff1c1ently low frequencres, the correspondlng ‘skin

depth is large and the upper layer has lattle ékfect,

so that tﬁe apparent resrst1v1ty approaches Poe -The>

. varlatlon w1th frequency is sm oth A greater thlck-

ness of the upper : layer, as 1n model—B compared to

model-A, causes the apparent re51st1v1ty curve to be

&

1300 . Ty
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- upper layer.

'forfthe-H

" as shown in Fig. (A—2)

e

131

displaced as shown. It is clear that ‘the transition

from Py to 0y is a function of the thickness of. the

/."’ e

Fig. (A-lb) shows the result of a hlghly can-

ductlve and a hlghly re51st1ve 1nterven1ng layer.']‘

In both cases the apparent resistivity curves approach

the same high and low frequency limits, while for

intermediate frequencies the effect of the'intere

vening layer is seen. The apparent resistivity never

/

reaches the/trUe-values'of pé‘orwpz'asflong as layer 2
is not very thick, but the effect of thlS layer w1ll
always be present as: long ag.it is not extremely thln.
The extension to.a‘multl-layer ‘model can be ea51ly

visualized.

Il.v’Two~DimensionaliModel

[=]

Fig. (A=2) Shows a solution for a vertical fault,

Some notable features are as follows...

. .#) . A ﬁ <
a) The apparent&re51st1v1ty is asymptotlc to ‘the

approprlate re51st1v1ty value at large dlstances from',b

the fault.} It varles.smoothly W1th.p051tlon-along,af

traverse cr0551ng the fault 1n the case of EH (Eefleld_

parallel to “the strlke), but varles dlscontlnuously

s r S

g case (E fleld perpendlcular to the strlke),

-

.
-



_ and the values are contoured

‘ _ o132

" b) - The vertical-component of the magnetrc.field.

| Hé exists only for ETI’ with the maximum value
appearing near the fault, decreasing to zero in both
directionsv, The horizontal H- fleld perpendlcular\to
the strike Hy also varles 51gn1flcantly near the fault

for the E case. Most of: these effectsfcan,be

1

understood by examining the current flow as shown in°

the figure.A For Hll and'El the current flows across

the interface and since the current is continuous, no
Hz lsvlnduced Slnce 9, * 02 and Ey;; ch,~Ey is

dlscont;nuous across the fault w1th the condltlon

E The apparent. res1st1v1ty p ; whlch depends,

1°1 = 2p2'
on Ei, changes abruptly across the fault and approaches
‘the approprlate value at large d1stances on elther s1de
of the lnterface. .
Fig. (A-3) shows a pseudo-sectlon for a. fault

*The horlzontal scale is the dlstance along a traverse
s g_

as used 1n Fig. (A 2), and the vertlcal scale 1s.

frequency (correspondlng to depth) w1th ‘the hlghest

frequency at the top.‘ The related data values are

_plotted beneath each 'site 10cat10n for each frequency,

W’ B
w o

Flg.-(A 4) shows the effect of an overburden
.above the fault The result of the overburden 1s to'
"smooth and attenuate the anomalous effects as shown? :

the»degree;of smoothlng rncreases wath.the th;ckness“v;
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: &
" and conductivity of the overburden, _ “ ‘ .
Fig; (A—S)‘shows-a conductive thin dikeaburled
_in the Vertical position; and Fig. 1A~6)_sh5wS_a
‘resistiye dike.: 'Thinf'describes the'condition where.
the dike is small compared ta—-a wave length at a h- ‘ -
given frequency. The effect can also be understood _—
by examining the current flow 51tuatlon; For a con—.f
ductlve dlke, the thln sheet llke conduct1Ve materral
1mmersed in ' a re51st1ve basement does not affect the
'currents-flow1ng perpendlcular to the sheeti but it
'does play an essentlal role when the currents flow ‘ fhﬁ

pparallel to’ the strlke. The'resultlng~anomalous

}patternS'fo #bly and H is shown in Flg. (A—S) For”
the res1st1ve dlke, the 51tuatlon 1s the converse,
currents whlch flow across the dlke are affected ‘The
patterns are shown in Flg. (A-G) |
;2Fig, (A 7) shows a two—dlmen51onal model of a
fsloplng contrast and the anomalous effects at a ty— .
'~plCal frequency. Flg. (A—8) shows the anomalous -

effects for varlous frequenc1es at one locatlon, the

pvalues .are plotted as ‘a functlon of frequency._

Y
Y.
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 Fig.(a-1), ~a) Schematic response curves for |

" two-layer mﬁdels7(ﬁpéefﬁ;‘b)-threefléyéfwm9delé» S
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' Fig.(A-3). Schematic pseuds-sections for -

& vertical fault, . .-

o S Es
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. Fig(a-4) -Effect of overburden on a

. AR

‘Vertical fault: -
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 Fig.(A-7). Schematic pseudo-sections for a sloping ==
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N

- Fig.(A-8). Schematic response curves’ for =

a s"l'o’pi’nvg.-" contact. .



..‘RAN- -- i(Eqn 2 55&)

 ATs 4;;§g2 (Eqn 2- 55b)

APPENDIX B~ .

fp ANALYSIS RESULTS

,(\'Vsec')

.;vﬁm apparent re51st1v1ty (Q M) for CE 6‘
;se angle of R12 | .
'{nlmum apparent re51st1v1ty (Qfmifor'eééo;'
5hase angle of R21 , . :';..l’l ,.> l f; '

jMaleum.admlt;ance fdr 9=Gze,-‘

iMaXLmum value of o for 9 9 zh -

}O,from the geographlcal North.
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