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ABSTRACT

The approxi mation of buried sinple conductive three -
dimensional (3 - D) inhonogeneities by two # dinmensional (2 - D)

I nhonogeneities is investigated numerically using the Rayleigh-FfT
model i ng technique. The technique is applicable to curved
interfaces between regions of different conductivity.

The effects of the increased aspect ratio of the 3-D
model s on the apparent resistivities, skew and tipper for the
E - parallel and E - perpendicul ar nodes are studied. Al so
investigated is the behaviour of these quantities when the
condition for electrodynamo simlitude to exist between two nodel s
is satisfied. The results showthat 3- D E - perpendicul ar
mode apparent resistivities and the 2 - D Transverse magnetic
(TM node, val ues agree very closely.

The 3- D E - parallel node apparent resistivities are
sensitive to strike extent and frequency and approach the ? - D
Transverse eleotric (TE) node results as the aspect ratio is
increased. It is found that the ratio of the width of the
I nhonogeneity to the skin depth in the half-space is a very
inportant quantity in predicting the percentage difference between
the 2 - Dand 3- Dvalues at a given aspect ratio. Very sinple
guidelines for the above prediction are given for nodel s having
conductivity contrast of 1 : 10 or its powers.

The maxi mum skew values for the 3- D nodel s decreased by
about 60 percent for a change in aspect ratio from2 to 4 and .. m

remai ned constant when the aspect ratio is changed from 4 to 6.



In general, as the aspect ratio is increased the tipper
azimuths around the. mddl e of the inhormogeneities indicated the

| ong axes of the bodies.

Wien the condition for simlitude to exist between
two nodel s is satisfied, it is found that the apparent
resistivities are appropriately scaled while the skew val ues,
ti pper magnitudes and tipper azimiths are the sanme for both

nodel s.
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CHAPTER 1
INTODUCT ICH

Long period electromagnetic (EM) waves originating mostly
from complex interactions between the earth's magnetic field and
the flow of plasma from the sun and from meteorological activities
(Kaufman and Keller, 1981) induce alternating electric currents in
the earth, These currents are perturbed by horizontal and
vertical anomalies of electrical conductivity in the earth and
produce secondary fields which modify the tetal fields at the
earth's surface. The magnetolelluric (MT) methed, developed in
the 1950's, is an electromagnetic technique, whiech involves the
measurement of the naturally accuring electric and magnetic fields.
at the surface of the earth as a function of time (€agniard, 1953).
These time demain measurements are analysed te obtain impedances,
apparent resistivities and other earth response functions (ERF)
which are used in geophysical interpretations to determine the
electrical conductivity distributions within the earth. These
distributions are then combined with the known relation'“ips
between electrical conductivity and geologic materials to infer

geologic structures.

Depending on the nature of the target of a survey, one -,
twe — or three - dimensional modeling is required for quantitative
interpretation. In n cartesisn cvoordinate system in which 2 is
poedtive downward and for the simplest case of isotropic and
homogeneous earth models a one-dimensional (1 = D) model is.ene

in which conductijivity depends only on depth. A twe-dimensional



(2 = D) model has conductivity varying along one horizontal
coordinate and with depth while in a three-dimensional (3 - D)
model conductivity varies with both horizental coordinates

and with depth.

In 1= D environments the earth is assumed te consist of
uniform horizontal layers (Cegniard, 1953; Yungul, 1961 and
Srivastava, 1967). Respopses for 1 = I earth models can be computed
as accurately as desired at low computing costs. Among the 2 - D
models presented so far sge: Vertical contact (d'Erceville and
¥unetz, 1962), infinite dike (tankin, 1962), inhomogeneities
of rectangular cross-sections in homogeneous or layered halfe-spaces
(Weidelt, 1975; Ting and Aehmann, 1981 and Park, 1983) and one-
dimensionally varying subsurface interface (Mann, 196L and
Jiracek, 1973). The 3 = D intexpretatienal models are in the
form of parallelepipeds in a homogenecus or layered half-space
of different conductivity (Jones, 197L4; Weidelt, 1975; Hohmann, 19753
Reddy et al 1977; Jones and Vozoff, 19783 Ting and Hohmann, 1981;
Wannamaker et al , 1902; Yewman et al , 1983 and Park, 1983) and
two = dimensionally varying subsurface interface separating

homogeneous isotropie regions (Jiracek, 1973 and Daniyan, 1983).

In recent years various numerical techniques have been developed
to solve the partial differential equations resulting from Maxwell's
equations fer these ? = D and 3 - D earth models., They include:
finite difference (MNeves, 1957), transmission surface analogy
(Swift, 1967), finite element (Silvester and Haslam, 1972 and
Leddy et al ¢ 1977), intefral equations (Hohmann, 1975; Weidelt,
19753 Meyer 19765 Ting and Uohmann, 1981 and Wannamaker et al ,

1982), Rayleigh- F¥! (Jiracek, 1973 and Daniyan, 1983) and thin



sheet analysis (Park, 1983).

#11 the above techniques have the merit that for 2 = D mqdels
they are relatively easy to implement in the computer and do not
require large computer memory allocation and computation time.

For 3 = D models one of the main problems is that they requirg
large memory allocation; =nother is that excessive computer times
are needed. For example it took about 30 minutes on a CDC 6600
to obtain solutions, usimg Daniyan's (1983) 3 - D kayleigh - FF¥T
modeling algorithm for one source polarization, for a body with a
maximum interface sigpe of 18 degrees. It took 156 minutes on a
Univac 1108 to obtafa the electric field components for Reddy

et al , (1977) 3.- D finite element mcdeling technique. The
integral equatie: technique by Wannamaker et. al (1982) took
about 20 hours on a Prime LOO for an inhomogeneity buried in g
layered haYt.-space. In the second and third examples above symmetry

conditions were applied to reduce computational effort.

Also in order to have a better understanding of the subsurfage
etructure through 3 - D MT modeling, data from the field should be
collected in a grid pattern (Daniyan, 1983). This procedure is
very expensive; for example, the average survey cost per site for
petroleum prospecting in the Tnited States of America in 1981

was about 2,700 dollars (Senti, 1982). R

The high computing costs and the very expensive procedure-
of obtaining data from the field in a grid pattern have raised

questiona about the economical feasibility of 3 = D MT modeling

fe
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thereby making 3 - D sufﬁeys an& interﬁretations far less attractive
than 2 = D ones, These facts led some workers, notably Weidelt
(197%), Ting and Hohmann (1981), Daniyan (1983) and Park (1983)

to investigate the circumstances under which a 3 - D body may be
appmoximated by 2 2 - D body., Weidelt (1975) investigated the
trensition from a threec - to a two — dimension of a conductive
inhomogeneity in the form of a parallelepiped in a half=gpace,

He computed the transverse electric (TE) mode TM field components
at a single frequency for different length to width ratics (aspect
ratios) and concluded that a 2 - D description is adequate if the
aspest ratie of the body is greater than 3, Ting and Hohmann (1981)
asked the question: "How long must an elongited prism bhe before
'.its response will rezomble that of a 2 - D structure?” They noticed
that the answer to the sbove question, depends not only on the

mode of polarization (E - parallel or E - perpendicular) but is
also heavily influenced by the frequeney of the incident waves.
Daniyan (1983) observed that for a 3 - D body to be approximated

by a 2 - D body the corners have to be ressonably far apart; how
far apart they will be depends on the skin depths in the half-space
and inhomogeneity. Park (1983) did a work zimilar to Weideltls
(1975) and arrived at about the same conclusions as Weidelt (1975)
by looking at the apparent resistivities iﬁsfead of the field

compsnents .

In this work we shall carry out a systematic study en the
approximations of 3 ~ D bodieg by 2 -~ D wnes, keeping in mind
the observations made by Weidelt (1975), Daniyan {1983) and

o . s ¥



Park (1983) as well as the question raised by Ting and Hohmann
(1981)s The aim is to find some guidelines so that 2 = D survey
and modeling could be carried out in place of 3 = D ones without

much lose of the desired information,

Earth's surface electric and magnetic fields will be computed
for some models using Daniyan's (1983) 3 = D and 2 = D computer
programs based on the “ayleigh - FFT technique. The technique is
applicable te curved interfaces between regions of different

conductivity.

The behaviour of some MT quantities such as apparent
resistivities, skew, tipper magnitmde and tipper azimuth as
the aspect ratio of a buried simple conductive 3 = D inhomogeneity
is increased will be investigated. /1so to be investigated is
the behaviour of these guantities when electrodynamic similitude
is invnked.



CHAPTER 11

GENE?/L THEORY OF M/GNETCTELLURICS

The natural electromagnetic fields measured at the surface
of the earth at any given location contain information about the
source of the fields as well as the structure and conductivity
distribution of the subsurface., These field are total fields
comprigsing the field of alternating currents induced in the
earth and the extraneous field inducing the currents. These fields
obey Maxwell's equations and the forward problem involves the
solution of these equations for a given model and boundary

conditions.

21 Maxwell's Equations.

Maxwell's equations govern large scale electromagnetic

phenomena, These equations are

Curl B = =

: (1)
Curl § =J+_%_'f_ (2)

The consititutive relations for linear, isotropic, and homogeneous

media are
B = Mi
i = EE (3)
J = OE

where



E is the electric field intemsity in volts/metre.

B is the magnetic field intensity in ampere-turns/metre
P is the magnetic induction in webers/metra.z

D is the electric displacement in cculombs/metre.2

t is time

O is the electrical conductivity in mhos/metre.

}J is the magnetic permeability of free space.

£ is the permittivity of free space.

In MI work, plane electromagnetic waves with exp(iwt) time
dependence are usually assumed to be normally incident on an
air-earth interface ( a flat air-earth interface is assumed in
this study). Also M and € are assigned their free space values,

Thus equations (1) and (2) can be written as

curl B = -iwpf =-2 # (1a)

(o +iwg)E = I8 (22)

g
o2
=]
[

where 1 :\[-—1. ?:' =04+ivg andi- iwp
W is the radian frequency in seconds -1.
By taking the curl of equation {1a) and substituting Curl f§ from
equation (2a) and similarly taking the curl >f equation (2a) and
substituting curl E from equation (1a), two identical equations

are obtained:

2

vE - w(v.B) = 2 (1b)
v - v(v .B) = B (2b)

Let R represent either E or ¥ then

vE - vy . = 72 (1)



2.2 Coordinate System and Model,

The cartesian coordirate system (Figure 2.1) is used for
all the models in this work, The origin of the system O is at
the ground surface. The 7 axi.a'?pasitive downward and the X and
Y axes are in two perpendicular horizontal directions. Figure
2.1 shows a cross = section of the general subsurface structure
used, The air-earth interface is flat; the first subsurface
interface varies in one direction (2 = D case) or in two directions
(3 = D case) while with second subsurface interface is planar,
The air layer has a zero conductivity, Op , and the other
layers have conductivities G, O; and Oy respectively.

Subscripts are indices of the different regions as follows:

Index of region region
0 zZ £ 0
1 L+ F (Y)>2 >0 (2-D case)

A+ F (X,Y)> 250 (3-D case)

2 DY ZY A+ F(Y) (2-D case)
D> 22 r 4+ P (X,Y) (3-D case)

3 zZ>D
A and D _represent depth,
To mode) a conductive irhcmogeneity in a homogeneous
half-space, I is made egqual to A while the value of O3

equals that of q and 0;-; is greater than 0y -



X
. Ot
0 v — . : >
Earth
Z
(a)
] - Rigion 2 o)
e 5
U Rigion 3 O3
W
(b)

————— FIG. 21 (a) Coordinate system and (b) a gereral subsurface
' structure. '
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2.3 The Two = dimensional Problem,

In a two - dimensional structure the scalar conductivity
varies in one horizontal direction and with depth. The other
horizontal direction is the strike ef the structure (the X-direction
in Figure 2 . 1).

Maxwell's equations {1a. and 2a.) decouple into twe
independent sets 4f equations when a 2 - D structure {s excited
by a plane wave source and the X and Y coordinate axes ceincide
with the principal directions defined parallel and pefpemdicular
to strike &s in Figure 2.1. One set is for the case where the
incident electric field is pasrallel to the strike and is referred
to as the transverse electric mode or TE mode while the other
set is for the situation when the incident magnetic field is
parallel to the strike »nd is called the transverse magnetic mode
or T mode, Here, I'E mode field components are BX, Hy, and Hz
while the TM mede field components are Hx, Ey and Ez. Mode
identification is determined by the single component of electric
or magnetic field for each mode which is parallel to the strike

of the anomaly.

Maxwell's equations corresponding to these twe modes ares:

for TE mode (using equations (1a) and (2a))

Hz A
- 31! = Y Ex 5
- g (5a)
Qex = - 2y (5b)
Ex = % Hz (SC)

oy



"

. end for ™ mode 4
BBz - = - 7 Hx ' (6a)
Yqwx_ = I ®y (&b
s ) ) . . .
- QHx = Y Bz )

Solutions to the above system of equations, evaluated at
Py 7 the surface ef the earth model, yield the magnetotelluric field

comprnents at the earth's surface.

2. The Three = dimensional Problem.

The conductivity structure is more cemplicated in three -
. _ o dimengional models and the scalar conductivity, O, varies in two
perpendicular horizontal directions and with depth. There is
usually no defined strike and Maxwell's equations for 3 - D structure
excited by a plane wave source fo not generally deocsuple. All the
cemporients of the electromagnetic field are zlways present when
the incident electric field is polarized in a particular direction,.
When the incident electric field is parallel to the long axis
of the body the mode of polerization is termed B -~ parallel and
when it is perpendicular to the long axis it is termed E -
perpendicular mode of polarization (cf. TE and TM modes of
polarization respectively)

The vector equation, (), may be written as three scalar

equations in cartesisn coordinates: e R

2 ! e
‘bamzc 4 abu:; - (321_ 333 Mz .y _ % fex (7a)
4 "
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2
l};‘L 3231 P ! BRI BR A A
B_XQ ' 22 3y ( dx ! i;‘z_) na Ry (7o)

2 : =27 c
BB k@t oo

Again the solutions of the above simultaneous equations,

evaluated at the earth's surface, are the magnetotelluric field

components for 3 - D anomalies of electrical cenductivity.

2.5 Solutions to Maxwell's Equations

The partial differential equations resulting from Maxwell's
equations are reduced to ordinary differential equations q.iing
the Fourier integral transform technique (Appendix A) and solved
in the usual manner. The results are:

for 2 — D mofals
Rilo) = iqijEAi(ﬂ)EXP(%Z) 4 B,L('q)cxp(—q{z}_jexp[{tq Ndg  (2a)
and for 2-D medels
RL (’(1317-) T }I[Cl(i;l,)exr(q{z) bltg' )exr[—q',z)]x

exp(ipx + iny) 454y %)

where Hb‘ repregents either the magnetic or electric field component
along the X~directicn in the region | which can be calculated for
any coordinate position (¥, Z) or (X, ¥, 2),

X, and C{’t are the propagation constants; Al, Bl'cl and D,
_are the spectral amplitudes and \g, ,17 are the wave-mmbers in the

horizental coordinates directions.
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" In order to evaluate the field componegts, the unknown
guantities 1n the above expressions which are the spectral
coefficients Ai’ Bl ctc. must be determined. To find them the
uzual eleetromagnetic boundary conditions are enforced. These
conditiong for a boundary between twe media of finite conductivity
are:

x (A, = ﬁz) =0   ﬁ. o ':-I ;

(o8

]
~
5l

1
3

B

-

i

fi1 and H2 are the magnetic fielde in adjacent regions, % and 2

and E1 and E2 are the corresponding electric fields.‘ﬁ is the unit
vector normal te the interface. The applicatien of the above
boundary conditions at the interfaces results.in coupled integral
equations (4ki and Larner, 1970} which are solved rumerically
using the Rayleigh — ¥FT technique to obtain the ‘speatral
coefficients. Once the R1x’'s are evaluated the complete electro=
magnetric field componernts can be found by using either ‘mpere's

or Faraday's law as the csse may be.



CHAPVER III

THE BAYLRIGE «~ FFT MIFMERICAL TECHNICUE

s =

The numerical tcchnique used in golving the ceupled integral
equations mentioned earlier is the hayleigh ~ FFT technique.
Thie technique is applicable to curved interfaces between regions
of different conductivity. o
The Kayleigh - FIM technigue was dé;eloped by Aki and Larner
{1970) where they used it to evaluate the seismic response of
ﬁ;;,- Ei'irregular interfaces to plane seismic waves. Bard and Bouchon
(1980 a, b) used the technique to study the seismic response of
gsediment filled valleys .« Jirvacek (1973) employed it in MP work
.Tm and computed the MT response for one dimensionally varying interfaces
at high frequencies. Daniyan {19€3) extended Jiracek's work to

computing MI response for two-dimensionally varying interfaces.

In MT studies the btarget of the techique is.to evaluate the
eiectromagnetic regponse of bodies with non-planer interfaszz to
a Plane=incident electiromarnetic wave. The technigue depends in
part on the Hayl@igh representation of the scattered wave field
produced by a2 plane wave incident on a corrugated periodic surface.
The scattered electromsgmetic fieldigescribed a8 a linear
pombination of plane waves having discrete horizontal wave
numbers (equations (8a) and {8b)), The application of the
electremagnetic contimiity conmditions at the interfaces leads to

a system of equations (simultancous integral equations). These

integral equations are pnlyed after being Fourier transfermed in
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space and truncated, The technique takes advantage of the Fast
Fourier Transform to compute the spectral coefficients in the

wave number domaine.

3.1 Pericdicity (ssumption,

The kayleigh - FFT technique assumes that the zone containing
the non-planar interface is periodic with periodicity length L
along the coordinate axes. If 2 = € (y) defines the non-planar
interface for a 2 = D model, then

f(y) = f(y+mly)l,m =0, +1, %2 coviecnens
Ly is the periedicity length along the y - azis {(vlso called

the repetition distance) and

exp (17 y) = exp [i9 G +w)]
hence
1? - _?_I'E&."I-_ M=0, £ Tyd 2 coscasonae
Thus the scattered plane waves have a discrete rather than a
continous spectrum of wave nur =2rs. The scattered directions,

Oy's, of the scattered waves (1lonr the y = direction) are given by

b 8ol ) - 23N, (9)
vhere Kl = J,uu)ﬂ"l s 1 is the index for a given region and M

is called the truncation number.

In all the 3 - D models used in this work the rey:tition
distance alonz the X aqnd Yy directioqs, Lx ~rd Ly respectively,
are equal., In this casec equation (9) yields the same results for

2~=Dand 3 -~ D problems,
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The effect of the periodicity assumption is to convert
infinite integrals in the coupled integral eaualions to infinite
summations. The infinite summations can be truncated by a suitable
choice ofm to yield a system of linear equations which are solved
in the wave number domain to obtain the spectral coefficients of

the electromagnetic field components.

Equation (9) is a very important parametric equation in the
Payleigh - FFT modeling technique containing parameters of the
source of B\ fields, survey targete and the rumerical technique.
From it the total number of scattering orders (corresponding to
2m + 1 wave numbers) required to obtain solutions, for a particular
problem, can be obtained. To obtained accurate solutions, the
scattering order has to be such that all the angles of scattering
up to 90 degrees and usually a few more are included in the
aolution(Daniyan. 1983). The equation is presented in a graphical
form, for some parameters in Figure 3,1. The values of the
product of the conductivity, @ , of the anomaly and the frequency
f of the incident plane waves, i.e.. 0T, are also shown in the
diagram, Frcm the graphs shown in Figure 3 . 1 the following

can easily be observed (for constant permeability, M ):
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FIG. 3.1 Truncation number -repetition distance curves for
different values ot Of.
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(3) Fer a given truncation number the repetition distance
increases as . (0 f descreases,

(v) 4s 0f increases the truncation numbcr for a given
repetitien distance increases.

(c) The slope of the truncation number - repetition

distance curve increases as 0 f increases.

Thus for any particular problem, the optimum medeling
parameters can easily be deduced frem the graphical presentation

equation (9).

3.2 Advantages and Zrror Sources for the Rayleigh - FFT Technique.

The Rayleigh - WFT' technique has a very simple mathe: atical
formulation. It is an efficient technique fer modeling structures
with gently varying slopes and can model both simple and complex
geologies. Alse both high and low resistivity contrasts as well
as very shallow and deeply buried inhemogeneities in a homogeneous
or layered half-spnce could be modelled., Another advangate of the
technique is that after a set of field components have been cbtained,
no numerical differentiation is needed to obtain ' the other set.
Numerical differentiation results in crude approximations at
boundaries. The fayleijh - FFT algorithm is very fast in the

computer when compared with the other numerical algorithms.

However, the dayleigh = FFT technique contains three sources
of errors. The first and the most important arises from the

approximate description of the wave field within the range of
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variations of the interface depth (by this technique). The
resulting error named ‘liayleigh ansatz' error grows rapidly for
large mean interface slopes. Jiracek (1973) sugwests that for

a perfect electrical conductor the slope should be less than 0,6

to aveid intolerable errors,

The second error. comes from the periodicity assumption in
the interface shape. Adjacent zones may introduce parasitic effects
in the solutions. This problem is minimized by choosing adeguate
computational parameters such that the repetition distences are
large enough for the edre of the inhomogeneity to be at least .ore
skin depth from the ocutside boundary of the zone under consideration

(Daniyan, 1983).

The last error is the trancation (approximation) to a finite
rumber of plane waves. This truncatien determines the number of
scattering order (?+1) to be included in a solution. The larger
the number of scattering order the mere reliable the results become.

The above errors can be controlled te a large extent by
selecting suitadble ncleline Pirameters. However the best way of
testing the reliability of the solutions is by checking the
extent to which the boundary conditions conditions across the

non-planar interface are satisfied.

3.3 Electrodynamic i {ljtuleand the Rayleigh - FFT Technique.
The MT response of a model of a fixed resistivity contrast

as a functicn of freowency or remistivity can be predicted from



the response of another resistivity model at a singla frequency
by invoking electrodynamic similitude (Stratton, 1941). When
displacement currents are ignored the condition of similitude

requires that the characteristic number,

C = w/015'12
be invariamt at each field point to scale changes in the parametecrs
(Cagniard, 19533 d'Greceville and Kunetz, 1962). Here, 1 represents

a length scaling applied to all linear dimensions.

Nhen.faand 1 are the same for two models, the characteristie
number can be represented by . O0f and the invariance of @F
then becomes the condition for similitude to exist between the
models. In relation to the Rayliegh - FFT techniquw this means
that the same truncaticn mumber - repetition distance graph is=
obtained for all combinations of resistivity and frequency which

leave Of invariant at each field point.

The behaviour of some MP quantities such as o~pparent
resistivities, skew, tipper magnitude and tipper azimuth when
Of ie invariant at each field point was investigated. These

quantities are defined in appendix B.

Two medels of identical geometry and same linear dimension-
were considered. The first mode) whose M response is assvmrd
known is here called the 'natural' system while the other vhore
MT response is to be predicted from the natural system is cailed

the 'madel' system,
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The model parameters for the twe systems are given in
table 3.1. They are also evident in Figure 3.1. To Preserve
the invariance.ef f found for the natural system, the
frequency and resgistivities in the model system were made cqual

to half of those in the natural system,

It ig found that the apparent resigtivity values of the
natural system are twicethose of the model system while the skew,
tipper magnitudes and tipper azimuths have the same values in
both systema {see table 3.2 for apparent resistivity valves for
the twe models calculated at the centre cross - prefile transverse
to the long axls of the inhomogeneitiesm; wnly half of the profile

is tabulated because of symmetry).

Generally the results for specific frequencies, resgigtivities
and length scaling apply for any combination of frequency, resistiviiy
and length scaling which pregerve invariance of C at each field

.-

point.

Electrodynamic similitude was used te reduce computa%ional

effort in this work. The detaidls are shown in the next'chapter.
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Table 3.2. Apparent resistivities calculated at the Centre
Cross - profile transverse to the long axis of the

inhomogeneities - 'natural! and 'Model! systeme.

Distance from |E~Parallel mode E~Perpendicular mode
Centre of apparent resistivity apparent resistivity
inhomogeneity | _ _(_J}.iﬁl . | RIS _LgL:Ml R
(xm) Natural system |Model system| Natural | Model :
System System
10,00 185.5 92.7 1641 82.1 I
7.50 215.0 107.5* 260, 1 130.0
|
5,00 192.7 96.); 283.2 | 141.6 i
2.50 109.6 SL.8 132.8 66.5 i
0.00 T}lh 36:? 61 s'; 30-? !
1




CULITER IV

MAGNETOTELLURIC FSIORFE FOR COFTUCTIVE
ITNIIOMOGENEITIES

The forward problem in magnetotellurics involves the selection
of a realistic earth wodel and computing its M? response which are
used in the interpretation of geophysical field data. In this
chapter the 2 = D and 3 = D models studied are described and the
resultant fields, apparent resistivities, skew and tipper
azimuths are presented and analysed. Also included are the

applications of the MI' methed in geophysical exploration.

Le Description of the Models

The models used here consist of an inhomogencity in an
otherwise homogeneous half-gpace. These are generated from the
general model (Figure 2.1) as described earlier; a section view
is shown in Figure L.1. For 2 = D problems the medels are
infinite in one direction (x -~ direction here) while for 3 - D
problems they are of limited extent in all directions but still
elongated in the x -~ direction. The ncn-planar subsurface interface
in Figure L.1 ie described as follows:

for 2 = D model

Fly) = It oo fer |yl ¢ aty

Cc¢ ~d
Fly) = %[1 + ‘Bﬂdg H):l for d1y ¢ 15’* < a1y + 42y
F(y) = 0 for ij\ > a1y + azy

and for 3 = D model
F(x,y) = H for {x| < aix and

!yl < Ay
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FIG. 441

Cross-section of two - and three-dimensional models .



F(x,y) = ﬁ- [_ 1+ Ccsﬁ!x:‘-du[ 1 + Cos 'ﬂ'd(y-d‘:y)
' 2% 2y

for dix (.‘x{ < d1x + d2x
and d1y < |y] < d1y + a2y

F(x,y) = 0 for ]x[ Y d1x + d2x and
lyi y A1y + d2y

H ie the height of the inhomogeneity while h is ite depth
of =urial. A is the mean depth to the first subsurface -
interface and is equal to the mean depth to the second subsurface
interface I'sy For 3 = D models the iengths of the inhomogeneity
at the base in the x and y Cirections are 2(d1x + d2x) and
2(d1y +2d2y) respectively.

The parameters of all the models used are given in table
Les*s The total number of scettering order needed to obtain adequate
golutions is equal to 2 in each case, Also d2x = d2y = d2 and
the repetition distances in the x and y dircctions are equal.
The depth of burial for all the models is fixed at 10 metres.
The resistivity contrasts =nd the cross-sections transverse to
the long axis of the 3-I models are the same as those of their

corresponding ? - D models, All the models are symmetric.
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L2 Spatial Variation of Electromagnetic Field Componenta.

Large gcale electromagnetic induction is responsitle for
regional electric fields and currenta, These fields and curents
are perturbed by lateral and vertical cornductivity discontimeities
in a homogeneous half-space {or any other medium) and consequently
the fields on and off the anomallies are diatorted? The canductivity
anomalies are either two - or three -~ dimensional., 1In two =
dimenaional structures currents are confined to flow in vertical
planes, However, in the three - dinmensional case currents are
not confined to flow in planes but may be deflected laterally by
regions of different conductivity. These differences in current
flow patterns result in different field behavicur over 2 -~ D and

3 - D structures. N B P

The spatial varistion in the horizontal field components for
2=-DTEand 3 -0 E -~ parallel mcdes for different aspect ratios
anf frequencies are here presented heleow, Familiarity with the
spatial variation in the field components will be an advantage
in the undefétanding of the behaviour of the theoretically

computed apparent resistivities presented later,

Models 1, 2 arl.g!._'i"(:.‘tﬂ.ﬁ.le L.1) were ased in studying the
gpatial variation of the field components, Herizental field
components for each model were caclulated for thfee length to
width ratios (aspect rations) namely 2, 4 and & . The
amplitudes of the field ccmponents are plotted on a linear scale
in Figures 4.2, 4.3 and k.l after normalization by the distant field.

;o
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Only one half of each profile is plotted because of ite obvious
symmebry. .o L

It is apparent that the effect of the increased aspect
ratio of the 3 -~ D body is to reduce the spatial variation in
the electric field component Ex, while increasing that of the
magnetic field component, Hy. A comparison of Figure h,z with
Figure Nl shows the fundamental differences in the behaviour
or 2 =D and 3 - D earth models, Figure 4,2 showe that the
spatial variation in the electriec field strongly influence the

computed apparent resistivity values (proportional to (E/H')2

‘while in Figure lj.l; the spatial variation in the magnetic field
is more important than the spatiazl variation in the electric

field in the calculation of the apparent resistivities particularly

at low frequencies. o

2=-D0TM and 3 =D E -'perpéndicular modeg results are

in elose agreement (of Btodt et al, 1981) and are no

t plotted,

r
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)
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Le3 Model Results and Analysis

The model results are shown in table L . 2 which contains the
apparent resistivity values and maximum skew values for different
aspect ratios of the model and in Figures L.6 through L.11 which
gshow the E - parallel mode normalized apparent resistivity curves
caluclated at the centre crose-profile transverse to the model long
axis and tipper azimuths for the different aspect ratics. The
apprent resistivity values are for a site above the symmetry point
of the inhom@geneity while the halg-space resistivities were used
for normalization. The tipper azimuths are for sites in the

fourth quadrant (Figure L.5)

For all the models studied, as the aspect ratio of the 3 = D
body is increased the E - parallel mode apparent resistivities
approach the TE mode value for the corresponding 2 - D model while
the E = perpendicular mode and t~ corresponding 2 = D ™ mode
apparent resistivities are in clcie agreement (of Newman et al,
1983). These features are easily seen in table L.2. The first
feature above is also seen in the normalized E -~ Parallel mode

apparent resistivity plots in F'gvrcs 4,6 throvgh 4.11,

The maximum skew values for all *he mode’s dropped very sharply
(about 60 percent) when the aspect ratio of the 3 -~ D body is changed
from 2 to 4 and remained almost constant when the aspect ratio is
changed from 4 to 6., These ~re shown in table L.2. The percent
changes in mey*mum skew v~ nc2 qnd B —~ prrallel mode apparent
resistivities for changes in acpoet votio in all the models are
given in table ). 3. The tippes zzimuths of the different models
for the different aspect ratios were compited and plotted in figure

L6 through Pigure Ly . 11. In general, the long axis of the 3 - D body
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lable 4.2 Apparent resistivities and maximum skew for models

1y 24 3 Ll' ";, and 6
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LL
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0 @ x 2 MM | 35.5 h « 9 000
s 1l xizeomm | 16 . 8 3.5 2143
h:ﬁiS‘fﬂ’x?‘i 28 . 9 h 7 +060
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2:1ihKix2K1t | 32.0 2 . 9 149
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| loo {00 x 2 KM | 63 .9 b 26 .9 | +000
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reaigtivities and maximum skew

values for different changes

in rgpect ratio - Models 1, 2,
-'!, -ra; 5, and 6

Vodel

Percent Chanpe in E~Perallel
mode apparent rezistivities at
the centre when aspect ratio

is changed from @0 to:

6 ‘ Iy
‘
1 5 e 9 ; 2.9
2 i « 6 3,
3 3., O
L 55 ) o P
] 5 ¢ 9 99
6 11 . 0 12. 9

-

Percent change in
maximum skew values
when aspect ratio is
changed from

2 2 te L te

L E 6

L9.9 58.4 ; 1.6

L1543 5040 1.7

h1.3 59.1

L7.5 58.0 1.7

Li2.9 58.L 1.6

66,2 5743 6a?
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Plan view of a 3-D model.
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is indicated by the tipper azimuths around the middle of the:

inhomogeneitiesy the degree of indication increasing as the aspect
ratio increased {Tippers point 90 degrees to the strike of a 2.~ D

A

bedy as shown in appendix B), ny
Models 1, 2 and 3 were selected to enable the dépendence of

the approximation, of a 3 - D body by a 2-D body, on the frequency

of the incident waves to be determined. The only parameter which

Model ) has in common with Fodels 1, 2 and 3 is the resistivity

contrast (1 : 10). Models é was selected to compare with Model

2 80 as to asceritain whether the approximations will be éontrolled'\

by the resistivity of the half-space while model 5 was selected

compare with Model 6; the aim being to determine whether the

" approximations will be controlled by the resistivity of the

inhomogeneity. Model 1 wes predicted from Model 5 by invoking

| - electrodynamic similitude discussed earlier., This is clearly shown

in table th where both models have the same percent changes in
appewent resistivity and meximun skew values for the same changes
in aspect ratio. The scale factor for the apparent resistivities
is 1.8, i.e the apparent resistivity values in Model S are 1.8

times thase in Model 1 (table Lo2)o .




The tipper azimuths »nd marimum skew values are the same for

both models.,

From tables 4.1 ~1d L.3 1t is apparent that as the ratl~ of
the width  2(d1y + d42) of the inhomogeneity to the skin depth
in the half-space incropses the percentage difference between
3 -1 E - parallel mode and 7 - I 7F mode apperent resistivities
decreases. This otsarvation ie valid here only for models having
resistivity contrast of 1:10 (3t will 2lso be valid for contraste
of powers of 1310 becnuse of electrodynamic similitude). This
ratio is a very important quartity in predicting how cloge to
the 2~D TE value the =) Feparallel mode result will come at a
given aspect ratic. A very simple relationship established for
achieving this prediction for two models is given as

{widu.) o (—%‘-"—’3)
\T Model A

whexﬁ'-s is the skin depth in the half-space. In the above

¥odel B

relationship, all the parameters as well as the percentage
differences between “~L 2nd 3=D apparent reesistivities for some
aspect ratios of one o1 the medels (Model A fer instance) are
known. When resistivity .n Yodel T is fixed,; the relationship
yields the frequency of the incident waves for the model, The
modecly in the present study could form a set of different Model
J's from which other 3 = D bhedies could be approximated with

KNOWIL €ITOrs.,

The results obtairncd fer todel 6 shown in table 4.3 are
gignificantly different from those of other models. This is due to

the difference in resistivity contrast between model .6 and the

B
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other models., Models 6 has a contrast of 1:18 while the other

models have a contrast of 1:10,

The differences and similiarities in the results computed for
7=D and 3-D models can be explained by a study of the electro=
magnetic field distortions due to these earth models., The distortions
of EM fields in conductive 2 = D and 3 - D environments are governed
by different mechanisms, namely local induction of current loops
and current gathering (vertical and heorizontal current gathering),
each of which produce different spatial and frequency behaviour in

the perturbed fields (Figure 4.12).

In local induction of current loops, the varying regional
magnetic field creates local current loops. This local induction
is frequency dependent while in current gathering the conductive
anomaly can draw currents to itself both vertically and horizontally
(vertical and horizontal current gathering respectively)s When the
thickness of the conductor is small compared to the skin depth
in it current gathering has essentially a DC behaviour = their

electric field magnitudes are independent of frequency (Park, 1983).

In a 2-D structure where the electric field vector is
always aligned parallel to interfaces separating regions of
differing conductivity (2=D TE mode) lncal induction is the only
mechanism producing lateral and frequency variation in horizontal
EM field components while in the 2-D TM mode, where current flows
perpendicular to strike of any conductivity anoma@,,the mechanisms
are local induction awd vertical current gathering. For 3-D
structures, all three wmechanism contribute to the variations in

field components.,



Local induction

o+ ———  Horizontal current gathering

~ o ———— Vertical current gathering

FIG. 4.12 Field perturbation mechanisms .
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In oﬁr 3~D.ﬁodels_and for the E - parallel mecde, whenlthe
aspect ratic is 2 the fields are perturbed mfainly by current ”
gathering (vertical and horizental). This is illustrated in
Flgure l.2 where the spatial wvariations in Bx for all three
frequencies are alaqost the same. The variations in apparent

If_resistivity, proportional to (E/H)Q, is a direct result of the
electric variation (figore Li.2)s The secondary magnetic fields
jifﬁ_ in these cases are only a few percent of the source field., TFor
an induced current flow in the r~tirection Ex has low valuoes

over the inhomeogenalty and the computed apparent resistivities are

equally low over the anomaly. In all cases considered the

'f?? thickness of the anowalous trody is small compared to the skin
SR .

ST depth in them (Table L.1). L - = ':ﬁ

Wnen the aspect ratis is changed frem 2 to L (Figure L.3)
local induction becomes more important than current gathering.
Induction effects appear as different spatiel variations of

. Ex for different frequencies and goneral increage in the spatial
variation of the magnetic field component, Hy. Current gathering
'“';QF effeets are reduceds; the decresse can be scen as a progressive
decay of the secondary fields, due to interactions with the
boundaries, gt the measurement sites as aspect ratic is
increased {Skin depth rule). The current level is increased
_ tut does not egual the fdeal 2 -~ T TE case because current
% Qathering effects are ntill present. Generally, as induction
become more Mportant Ffor increases in aspect ratio, the eleetric

field component, FEx, approaches spatial uniformity while the

spatial variation in the maemeti~ #7134 component, Hy, increases and



E A

the computed apparent resistivities approach theifwz.QdD T8 |
value, Implicit in the ~bove ohservations on the spatial
variations of Fx and Hy am the =ppect ratic is incressed, is

the faot that the magnetic field asround the middle of the
inhomogeneity are less affected by the distortions due to the

ends of the anomaly as the aspect ratio is increaseds The tippers
around the middle of the bhody will thus have azimﬁths which define
the long axis of the inhomogeneity more and more for increases

in aspect ratio (i.e. the tippers tend to align themselves

perpendicular Yo the long sxis), h o

The agrecment between the 2 -« D TM mode and 3 ~ D E -
perpendicular mode appnrent resistivities is due to the similarity
EQ the current flow pattern implici% ' in the formulation of the
2 « D TM problem., Fere surrent flows in vertical planes and
perpendicular to tha strike of the ? -~ D conductive anomaly.
Vertical eurrent gnthering is the dominant mechanism responsible
for the distortion of EM ficlds in the 3 - D E - perpendicular and
?2 = D ™ modes; ~nsequently the 3 - D and 2 = D results agree very
c¢losely., Inereases in asspect ratie in the 3 -~ D E -~ perpendicular

mode 2o have some effect but this is very small as horizontal

current gathering is of little significance for this mode,

I
v ey e



Loy Applications of the Masmetctelluric Method

The MT' method is ,rowing in importance as a geophysical
exploration technique. Thie is due to scme advantages the method
has over the other major uceojhysical methods (eravity, seismic,
magnetic and d.ce. resistivity). These advantages includes

(2a) TDetter estimstion of depths; the interpretstions of MD
data yield true depthe and true resistivities, not just
anomalies (Vozoff, 1972). Depth interpretation based on
MI' data is thcerefore much more definitive than that based

on gravity or masrmetic data.

(b) Ability to explorc seismic blind zones and regions where
seismic data arc of pocr quality, such as those covered

by permafrost, volCanice or carbonates.

(¢) TEasier investigzation of deep layers and ability to reach
targets seated under rcsistive screens where d.c. resistivity

survey would be {difficult to carry out.
(d) Ability to explore formations under highly magnetic layers

which would be difficult tc_detect usings the magnetie method.

The nmethod is used in petroleum prespecting in combination
with seismic methods and stratigraphic test holes teo delineate
structures and detect chanpes in stratigraphy in sedimentary
basins (Al'perovich et al, 1977). It has the singular property
that it is the only method@ in oil exploration that can discriminate
between superficial anld deep conductive layers. It has been
extensively applied for re.icnal reconnaissance in the Soviet TInion.
In such an application, the principal infermation obtained is the
total thickness and couductance of the sedimentary scquence

(Al'percvich et al, 1977).



50

The MI' method is alse being applied in the oxploration for

. conductive metallic mineral deposits (Strangway ot al, 1973,
Strangway and Koziar, 1979). Decause of the reletively shallow
depths and high resiativities encountered in metal explecration,
natural fields at hish freguencies must be observed. The freguencies
uscd here are in the zulic freguency range, and the application

has been termed aundio-freguency magpetotellurics {(AMP).

4 third application of the MP methed, and one which is
growing, is the application to geothermal energy expleration
(Wannameker, 1978; Wannamesker ot al, 1979: Park, 1983)..

Decause temperature stron:ly affects the resistivity of both wet

2nd dry rocks, determinntions of Barth resistivity are particulsrl:
effective in gecthermal exploratiow (KQH{E“QH an? Zeller, 1981).
The mothod can be used both in mapping water saturated thermal
reservoirs at depths of a few kilometers and in delineating
primary heat sources in form of intrusions af depths of § or 40
kilometers, or even more,

The approximation of three ~ diminsional inhomogeneities by
twe -~ dimensional inhomossteities are particularly applicable to
conductivity ancmalics found in geothermal areas. These ancmalies
have aspect ratios of up to & or more. Wannamsker (1978) and
Fark (1983) have successfully used 2 - L modeling in place of
3 - D modeling to interprete MI data from the Hoosevelt Hot
springs geothermal aren, Ttoh, U.8.4. and the Deowawe geothermal

area, Neveda, U.S.A, regpvectively.
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CHAFTER V TR N

DISCUSSION AVD COMCIUSIONS

The magnetoielluric mgthod in applied geophysics, developed
in the 1950's, is a passive technique in which the naturally
occuring electromagnetic fields at the earth’s surface are used
tc determine the elecfrieal gonductivity distribution within the
subsurface. Depending on the nature of the exploration targets
one -, two -~ or three -~ dimensional earth models are required foxr

quantitative geophysical interpretations.

Maxwell's equations for 1 - D earth can be sovled analytically
while for some 2 = D and 3 « 1 earth models they require the more
difficult numerical solutions. However for the 2 -~ D models,
the numerdcal techniqueg employed are easy to implement in the
computer and pose very little compubational provlems. For the
3 - D models, the implementation of the various numsrcial
techniques developed (since the mid 1970's) for modeling, have
posed severe computational problemz. One of these is that they
require very largg computer storage allocation; another is that
excessive computer times are needed. (pJ times for 3 - D modaling
range from 30 minutes for Daniyan's (1983) Rayleigh ~ FFT technique
for one source polarization to 20 hours for Wannamaker et al (1987)
integral equation technique., The CPU timesz in the present work
was about 3, minutes for one source polarization on a cyber 72,
These problems have resulted in prohibitive computing costs
which together with the very expensive procedure of collecting

data from the field in a grid pattern make 3 - D surveys and
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interpretations far less attractive than 2 = D onesa

Thegse factes led some researchers notadly Weidelt (1975),
Ting and Hohmarm (1981), Daniyvan {1983) and Fark (1983) to
investigate the circumstances under which & 3 - D body may be
approximated by a 2 -~ D body so that 3 - D surveys and modeling

~will be carried out only in situstions where they are inevitable,

The regults presented by the various workers though very
enlightening for MT interpretations showed that more work is
needed in order to get meaningful guidelines comcerning the
arproximation of 3 - D bodies by 2 -~ D bodies, We have here,

carried further the work started by these workers,

3 - D and 2 -~ D computer programg developed by Daniyan
(1983) and based on the Rayleigh — FFT mumerical technique were
used for the 3 -« D and 2;— I modaling in this studyﬁ‘ The technigue
is valid for curved inte;faoes separating regiona of differing
conductivity, Electric and magnetic fields at the earth's surface
were computed for some conductive irhomogeneities at different
aspect ratios and frequencies, The behaviour of the resultant
apparent resistivities;'s#ew and tipper azimuths at the different
| agpect rotios were investigated. Alsc inveetigated is the
behaviour of these quantities when electrodynamic similitude is
invoked. ﬁfw j  :;;;:' . -
The behaviour of the apparent resistivities over a 3 - D
(sspect ratio of 2) anomaly is very different in the two cases
ef B = parallel amd B -« perpendicular polarizations. In the

E « parallel mode the apparent resistivity is significantly

. %
LR

L
T
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different from the 2 ~ D TE mode’ value. This behavicur of the

E - parallel mode apparent resistivity is attributed to the
different mechanisms which govern the distortion of the
electromagnetic fields on and off conductive 2 = Damd 3 - 1D
structures. These mechanisms are current gathering (vertical cu.rent
gathering - and horizontal current gathering) and local induction
of current loops. Current gatheripg ies the dominant mechanisms
responsible for the distorticn of electromagnetic fields on and

off the conductivity anomalies when aspect ratio is not greater

than 2 while local induction of current loops is the only

mechanism in the 2 = D TE mode, !owever as the aspect ratio of

the 3 ~ D body is incressed the 3 - D results approach the corroerpon-
ding 2 - D values; local induction becomes more important than
current gathering for increases in aspect ratio and consequently

the computed apparent resistivities approach the 2 - D TE value.
Also as the frequency of the incident waves is increased the
difference between the 3 = D and 2 = D results is reduced.

Generally as the ratic of the width of the inhomogeneity to the

skin depth in the half-space increases the 31 = D E = parallel

mode apparent resistivities move closer to the 2 = D TE value; for
instance, for our models with resistivity contrast of 1 : 10

and aspect ratio of lj, when this ratio is 0.419, 0.422, 0.562 -1
0.689 the percentage differemce between the 2 ~ D and 3 = D values
is 9.9, 9.2, 5.9 and 3.0 respectively. These values can be used

in predicting the percentage difference between 2 -= D and 3 - D

results of a given model, A& very simple relationship between two



models, namaely e . ' o o j%*?

Ewidth ‘ = (Width
S model 4 model B

iz eatablished for selecting the wvight fregquency for this .

predictiom when resistivities are fixed. Here, & is the skin

depth in the half-gpace. The parameters as well as the percentage
differences between ? ~ I} and 3 -~ I! apparent resistivities of one

of the models (Model 4 for instance) are knownj the relationship
¥ields the freguency of the incident waves for Model B, The

models in this study could be uged as a set of Model At's for
approximating other 3 = D models. For the frequencies (0.556 hz,
1.00 hz and 1.50 hz) used here it is found that the aspect ratio

of the 3 - D body nced not be very large for the apparent resistivi-
ties to he within a few percent of the value for the corresponding

2 = D model,

In the B -~ perpendicular mode, the 3 « D and 2 - D ™ mode
apparent resistivities agree very clogsely (cf. Newman gt al, 1983).
Vertical current gathering is fthe dominant mechanism responsible

for the distortion of M f{ields for both modes.

.The tipper azimutha around the middle of the inhomogeneities
indicated the direction of the long axes of the inhomogeneities
with increasdng degree sas the aspect ratios are increasped
(Figures 4.6 through L,11). This is due to the decrease in the
perturbation of the magnetic fields around the middle of the
inhomogeneities by the ends of the anomalies as the aspect
ratios are increased., Consequently the tippers around the
middle of the bodies will tend to align themselves pérpénéiéulaf

to the long axeas of the hodies, ' WL
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The maximum skew values dropped sharply (about 60 percent)
when the aspect ratio is chsnged from 2 to |, and remained constant
for a change from I to 6 (table L.2).

when the condition for similitude to exist between two models
is satisfied, it is found that the apparent resistivities are
appropriately scaled while the skew values, tipper magnitudes and
tipper azimuths are tne same for both models. The above faaks
were used to reduce computstional effort in this work.

The approximations of 3 = D inhomogeneities by 2 = D
irhomogeneities are useful in geothermal areaswhere conductivity
anomalies having aspect ratio of up to § or more exist.

Since the numerical technique used here is valid for curved
interfaces, it is suggested that studies similar to those in
this work be carried out using the other numerical technigues
(valid for inhomogeneities with rectangular cross-sections) and
comparing the results, though in a gross sense, with those of the
present studies. In addition, the studies should be extended to
include other magnetolelluric quantities. PRy so doing, it is
anticipated that the result would be a better understanding of
the approximation of three = dimensional inhomogeneities by
two = dimensional inhomogeneities in magnetotelluric

interpretation.
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APPENDIX A

SOLUTION TC THE PARTIAL DIFFERENTIAL EQUATIONS

The partial differential equations for 2Z2-D and
3-D models (equations (5), (&) and (7)) are difficult
to solve analytically for a general model. However
by reducing them to ordinary &ifferential eguations
the complexity of the problems are greatly reduced.
This can be achieved by using the Fourier Integral
transform technique which is illustrated here for the
2-0 case, The 3-D case is a logical extension of the
2=D sclutions and has been treated in detail by Daniyan

(1983).

The transform and its inverse are defined by

ao
) = [rea e Cone (a1
-00 '
[+.0}

F(y»2z) = -,:T,- j F' (7 v2) exp (imy)dy (4-2)
also differentiating equatlon (A-2) with respect to y
vields.

%-; = or 5 i F@,2) exp (iny) 47 (4-3)

The Two-Dimensional Probiem

Transverse Magnetlic Mode,

The incident magnetic field has the following

form:
pae = [exP('ikZ)! 0, (a
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It is sufficient for this mode to solve equaticn (6a)
for Hx and derive Ey and Ez from equatiocns (6b) and
{(6c).

From equations (6a), (6b) and (bc)

2 2
Hx VHx 5 A

= Z Y Hx -
_-b_—yz +_.-5.z.2—. ' {Au,)

Taking the Fourier transform of equation (A-L) along

the y-axis gives

+
2 AA +

__Z_EZHX = 0%+ Z¥) mx (A-5)

The solution of équation (aA=5) is

Fe
Hx = a exp (dz) + b exp(~az) (A-6)

where o= (M2 + 3§)%
Taking the Inverse Fourier transform of equation (A-8)

yields

He = gﬁj‘Ex(q Y} exp(az) + B('?) exp(-dz)]x

exp(i'rf v) d'7 _ (A=7)

Equation {A-7) is valid for any electrically linear,

isotropic and homogeneous medium, i

The magnetic field components in the difterent

regions (Figure 2..1) ares; 1}
o ]

1

Hox = exp(~ ikz) 4 i I I}("?) exp(qoz)]dE (A=-8a)

o0 -0

_ H1X.. . E‘ITTJ\ E;‘(‘)?) exp(q.]z) + D(??) exp(—q',lz)] dE {A-8b)

=~
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— e i . e s e et e e e o ‘.._ 5’ et

o0
Hpy = ElﬁS[E ) exp (%2} + F(‘q) exp(-qzz)] dE (a-8c)
-0 I.
Hyx = z%f[a(’ﬂ exp(-ay2) | az (4-8a)
-0
Ampere's law (equation (2a)) the electric field

components in the different regions are (using eqguations

(6b)} and (6c).

Eoy
Egz
E1y

E1z

‘em EZY

E3y

E3z

where

EJ:}EE exp(-ikz) = E—-W—J‘[A(T)) exp(d z)]Q’OdE (A—9a)

0

i

E————j E&(q) exp (o z:lT?dE (4A-Sb)

= ﬁ?—f@(’?) exp(oqz) - D(’?) eXP("%Zj%dE (A-3c)

W

= Zygg-z'j [EO}) exp(&,z) ~ F(7) exp(—qu]%dE (2-9e) |

o] :
= W—-‘é‘_z j [E(“’)) exp(d,z} + F(7) exp(-—qzzihds (A.-gf)

L

E—Tr_J- E—J’("n exp(- q3 ]qB dE (Af‘9g)

J E(?}) exp (- q3z)]7}dE (A-9h)

U

Pyt = @Ragd) Ay - (Rish?

. ) 2 :
and of - (’?2+iﬁ3)* s K =wpE By =Wy, By WO

angd p

% =w)40‘3 » dE = exp(i'l?y)d. 3 A("?), B(??), ete,

_are unknown constants.
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The expressions for the electric field components
in regions 1 +through 3 are obtained with the

assumption that WEK T,

Transverse Electric Mode,

In the TE mode the incident electric field is of
the form

gloc o [exp(-ikz), 0, 0]
and it is sufficient to solve equzation (5a) for Ex and

derive Hy and Hz from equations (5b) and (5c).

From equations (5a), (5b) and (5c).

P ey .
%ﬁ‘r " -—-:g-z—g-z‘- = 27 Ex (A-10)

Taking the Fourier transform of eqguation (A-10) along

the y-axis gives

2 +
d E AA
- 2 - (1]2 +2%) Bx' (#-11)
b A

The solution of equation (A-11) is
+ / /
Ex = a exp(oz) + b exp(-dz) (A=12)

where = (772 + ﬁﬁ')é

compare equation (A-12) with equation (A-6). Taking

the Inverse Fourier transform of equation (A-12) gives
[e=]
1 / /
Ex = or | [A () exp(tz) + B(9) exp(- &z)]x
-0

exp(h; y) d7 (A=13)
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The electric field components in the different regions

are:;

Eox = exp(-ikz) + 21TTJ [A’('Q) exp(q’oz)] dE (A=1ha)

Eqx = ;?J-E:’m exp(dyz) + D (9) exp(-qaz)]dz (4=1lb)
1 o / /

Epx = E o . F - dE (A-1k

2 = 27 [E'() exp(dyz) + F'()) exp(-%z)| dE (a-1he)
1 'gu'[f 4

Bax = op) [B'()) exp(-t32)] (A=14d)
~

From Faraday's law (equation (1a)) the magnetic field
components in the different regions are (using equations
(5b) ‘and (5c).

Hoy lﬁliﬁ exp(=-ikz) + ZWj@JE!(v) exp(qoz):] qodE (A=-152)
-0

Hoz

2‘1?13174J [A/("}) exp( Cfoz):] NdE (A=15b)

Hyy = g%%,-ﬂ-J [C’("?) exp(94z) - D’(?p) exp(-%Z)]qqu (A=15¢)

-
H1z Z%QFJ[C’W) exp(dy2) + D (9) exp(-q1z):]7;dE (A-154)
-1 4 / /
oy = zrag| [B 0 ew ) - 7 ) emt-opefapam) (a-15e)

Hpy = ﬁ“pr [/ () exp(ayz) + /() exo(-o2)] ar  (a-151)

HBY = m'.lmp-j [B/('?) exp(-q32ﬂq3 dE (A=-15g)
H3z = ETT%?JJ‘ I:B/(?) exp(-q’Bz):J '7dE (A-15h)

Ay Ay Ay, Q'B , k and dE are the same as those in

the Tl mode case,
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APPENDIX P

MAGNETOTELLURIC GUANTITI

The MT interpreter should be able te recognize the dimension-
ality of a structure from field data particularly when this
information is not available from geology or previous geophysical
work., Usually the electric and magnetic fields themselves are
not interpreted since they depend upon the source fields, over
which there is no control, Relationships between these fields
yield such quantities as impedance tensor and magnetic transfer
functiona which contain information about the subsurface structure.
The impedance tensor and the magnetic transfer function can be
manipulated t> yield more recognizable guantities such as
apparent resistivity, skew, tipper magnitude and tipper azimuth.
These quantities are usually studied since they allow for

meaningful physical interpretations.

The definitions and computations of the above quantities
as well as their behaviour in 2 = D and 3 = D environments are

presented.

Impedance Tensor

At a point on the earth's surface the horizontal magnetic
and elentric fields, at a partieular frequensy, are related as
follows:

BEx = Zxxi+ Zxyhy (B ~ 1)

By = ZyxWx+ Zyyily (B-2)



Or more compactly

= - {71[}11 S ()

where IE] is the vector Bx ’ [H]is the vector Hx
Ry ’ - Hy
Zxx Zxy

and [Z] iz the matrix and is called the impedance

Zyx Zyy

tensor (Ting and Hohmann, 1981). _ _ "ﬂffwﬁ-

4 '

In 2 ~ D structures, when the co—ordinate axes are aligned
parallel and perpendicular to strike, Zxx and Zyy must be zero,
Zxy and Zyx are nonzero and unequal and can be computed using

the relations.

EBx = 2xy Hy and By = Zyx Hx. .

A 90 degrees votation of the co~ordinate axes results in the
same situation except that the 7 values are interchanged.

When nei¥héf-o£.the co-ordinate axes 1s along étrike; all
fﬁuf elements of the impedance tensor are nenzero and have
different values. 1In this case asg well as in 3 - D environments,
thé tensor elements are solved for by assuming two independent
gource field orientations in which the magnetic field of the source
is in (1) the X - direction and (2) the y - directidn. The

frequency domain expressions (B « 1) and (R -~ 2) can be written

. aa  Bx' = 7y Ex| + Zxy Hy' (p-L)
N 2 5 0 _
Ex" = Zxx Hx + Zxy Hy
and _ By' = Zyx Hx 4+ Zyy Hy (B-5)
Eyz . Zyx Hx' o+ Zyy Hy2 L

where superscripts 1 and 2 refer to the primary fields Hx and Hy

respectivelys
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Simultaneous solution of equations (B = L) and (B - §) gives

Zxx = Ex HYy - Ef H}

ML u§ ~ uk u)

Zyy = By EE - Bf ik
BS By - W% HE

(B - 6)
xy = Eg_g_} ~ ElH;.
ut B§ - HE Hy
T
HE Hy - Hk H§
hecording to Vozoff (1972),
. Zxx = = Zyy BT}
and
Zxy = Zyx = constant (B - 8)

fer 2 = D structures, while for 3 - D structures Sims and
Bostick (1969) found that

7xx + Zyy = constant (B = 9"
and

7Zxy = 2Zyx = Constant (B - 10)

Apparent Resistivities

After computing the impedance tensor eloc~nts the cpparent

resistivities.q sy are obtained from

” L2
R (= - 11)

where i,] is either x or y.
For 3 = D structures, ?x:: and Pyy have “b~ir maxirum diagonally
off the corners of the structure (Laniyan, - 983 . Cxx -2 Oy

have very small values for 2 = D structures in ."1ich n2ithe- of



the co-ordinate axes is along strike (Vozoff, 1972). xy and ‘“yx
which are the normal ones investigated show high values ¢ff the
edges of-a conductive inhomogeneity and low values above it

(Daniyan, 1983).

Tipper
A relationship similar to equations (B - 1) and (B - 2)

can be written between the vertical magnetic field component
Hz and the total horizontal field components Hx and Hy, i.e

Hz = :Hx + BHy (B = 12)
where A and B are unknown ccmplex coefficients known as magnetic
transfer functions, The pair of coefficients are thought of as
acting on the horizontal megnetic field and tipping part of it
into the vertical and for this reason it is called the tipper

(vezoff, 1972).

For a two-dimensional geometry with y - direction acress

strike (x - direction ie along strike),

Hz = B Hy (n 13)
and B is the tipper (Jupp and Vozoff, 1976). 1In this case the
tipper will have an azimuth in the b di‘ret:tim, which is the
direction of most rapid conductivity variation.

For an arbitrary co-ordinate system (2 - D and 3 - D
structures) the pair of coefficients (A4,B) are solved by imposing
two different source nolarizations as in the impedance tensor
problems,

The magnitude of the tipper is given as

T o= {IA)2 + ,BI?} : (2 - 14)
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and its direction which is the angle measuring clockwise from the
x - axis is
g = (1; + 0F) tan™] (Br/!r) + 1€ + B%) tan™? (Bijﬁi)

|7]° (5 - 15)

where subscript r means the real part and { means the imaginary

part of a complex number.

Skew

Skew is a three =~ dimensional parameter defined as

8 = lzxx & Zgvl
]ny - Zyx |

(B - 16)

Skew is nen-zero for 3 - D ptructures. The maximum values are
somewhat off the corners of the inhomogeneity (Ting and Hohmann,
1981). Skew is zero for 1 = D and 2 = D structures, and along

the lines ef symmetry for symmetric 3 = D bodies.
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