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The magnetotelluric response for earth models with
non-planar subsurface interfaces has been investigated.
Partial differential equations obtained from Maxwell”s
equations and the constitutive relations were solved
directly in order to obtain relations for the
electromagnetic fields. The Rayleigh~FFT technique was
used to compute the spectral coefficients of the fields in
the wavenumber domain. This technique takes advantage of
the . PFast Fourier Transform which simplifies the
calculation of the spectral coefficients. The reliability
of the solutions was determined by comparing the results
from the 3D program with 1D and 2D solutions obtained
independently. The agreement is better than 0.1 percent.
Mismatch of the boundary conditions at the non-planar
interface was calculated to check the accuracy of the
solution for 3D results. The magnetic and electric field
components determined at the model”s surface, impedances,
apparent resistivities and dimensionality parameters such

as skew and tipper were calculated for both resistive and



conductive inhomogeneities. For models investigated which
were similar to previoﬁsly published 3D results calculated
by finite difference and integral equation techniques, the
solutions are in close agreement.

This study has demonstrated several advantages of the
Rayleigh-FFT technique. The Rayleigh-FFT 3D modeling
technique has a simple mathematical formulation, is
efficient in handling simple 3D problems and has the
potential of handling problems of considerable geometric
complexity. The Rayleigh~FFT numerical technique requires
neither griding nor the numerical differentiation required
by other 3D MT modeling techniques. Although all
available techniques require large memory allocation and
computation time, the structures that can be modeled by
the Rayleigh-FFT technique are more complex and thus
geologically reasonable. The main limitation is that the
Rayleigh-FFT method is an effective computational
technique for modeling strutures with gently varying
interfaces. The time required for obtaining solutions for
a 3D model with maximum interface slope of 18 degrees for
one source polarization on a CDC 6600 is about 30 minutes.
Inhomogeneities with either large or small resistivity
contrasts, buried at shallow or deep depths, and in either
homogeneous or layered half-spaces can be modeled. The
effect of interface slope on the reliability of the
solution and also the effect of an increased aspect ratio

on the three dimensionality were investigated.
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The first step towards more realistic interpretation
techniques was the extension of Cagniard”s one dimensional
model to two dimensions. A one dimensional model (1D) has
the electrical characteristics varying in one direction, a
two dimensional model (2D) varies in two perpendicular
directions, and a three dimensional (3D) model varies in
three directions. Rankin (1962) and d°“Erceville and Kunetz
(1962) analytically solved the 2D dike and vertical contact
problems. For the general two dimensional problem,
Maxwell”s equations must be approximated by numerical
methods. Typical approaches have been: finite difference
(Neves, 1957), transmission surface analogy (Swift, 1967)
and finite element techniques (Silvester and Haslam, 1972).
Some of the two dimensional models considered include a one
dimensionally varying subsurface interface (Mann, 1964;
Jiracek, 1973; and Peeples, 1983).

In the mid to late 1970°s, investigations of three di-
mensional inhomogeneities were initiated. Three
dimensional modeling has been done for both MT and
electromagnetic induction. Most of the models used so far
have a zone of inhomogeneity in an otherwise isotropic and
homogeneous half-space. This zone is usually in a form of
one or more homogeneous and isotropic parallelipipeds with
a different conductivity to that of the half-space. The
numerical schemes that have been used for solving 3D
problems for MT and electromagnetic induction include:

integral equations (Hohmann, 1975; Weidelt, 1975; Mever,



1977; Ting and Hohmann, 1981), finite element technique
(Reddy et al., 1977; Pridmore, 1978), finite difference
methods (Lines and Jones, 1973; Hibbs and Jones, 1978), and
a hybrid method combining finite element technique with
integral equations (Lee et al., 1981). The main problems
associated with these models and numerical schemes are: (1)
the models may be inadequate in representing the subsur-
face geology, (2) the number of the equations to be solved
is very large so that the computer cost can be prohibitive,
and (3) numerical differentiation of the solution, which is
necessary to compute the full set of fields, is nui: always
reliable (Lee et al., 1981).

In this work, the magnetotelluric response for a
two dimensionally varying subsurface interface separating
homogeneous, lineaf and isotropic regions will be investi-
gated (Figure 1). Aki and Larner (1970) solved the wave e-
quation for a one dimensionally varying subsurface inter-
face. They applied the Rayleigh hypothesis of a periodic
surface to the seismic scattering problem. Aki and Larner
(1970) took advantage of the Fast Fourier Transform (FFT)
in simplifying the computation of the spectral amplitudes
in wavenumber domain. The same technique was used by Bard
and Bouchon (1980a,b) to study the seismic response of
sediment filled valleys. Jiracek (1973) applied the
technique to obtain the relations for the fields for 2D
varying interfaces and computed the MT response for one di-

mensionally varying interfaces at high frequencies.
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Recently, Peeples (1983) investigated the MT response from
one dimensionally varying subsurface interfaces and
presented an analysis for both the forward and the inverse
problems.

In this work, Maxwell”s equations in three di-
mensions for a two dimensionally varying subsurface inter-
faces will be solved using the spectral method (following
Aki and Larner, 1970). Although equivalent solutions for a
2D varying interface were derived previously by Jiracek
(1973) a numerical solution was only presented for 1D
varying interfaces. This study presents both a
rederivation of the equations for 2D varying interface and
an extension of Aki and Larner (1970) approach to produce a
numerical scheme for solving this more complex class of
problems. The fields, impedances, apparent resistiviﬁies,
and dimensionality parameters, such as skew and tipper will
be investigated for a series of models previously studied
by other techniques. Also responses for different
frequencies from possible magma chambers of different

shapes and resistivity contrast will be invetigated.



CHAPTER 2

GENERAL THEORY OF MAGNETOTELLURICS

Plane electromagnetic waves with an ebdb time
dependence are assumed to be normally incident on the
surface of the earth. The subsurface structure of a
possible earth model is shown in Figure (1). It consists
of different electrically homogeneous and isotropic regions
with conductivity 01 separated by subsurface interfaces
where depths are described by 2 = f(x,y). The permittivity
and magnetic permeability are assumed to be their free

space value everywhere,
2.1 Maxwell”s Equations.

Maxwell”s equations and the constitutive
relations for an electrically linear,isotropic and homoge-

neous medium are given by

VXE = -28 1.
ot
-’
VXH = J + 2D -



ok

=1

where

I

E is
B is
H is
D is

PO~ Sc]":}

B

<E

the electric field intensity,

the magnetic induction,

the magnetic field intensity,

the dielectric displacement,

the current density,

is

is

is

is

is

Vo,

the
the
the
the

the

time,

conductivity,

angular frequency,

magnetic permeability of free space,

pernittivity of free space and

For plane waves with an e rime dependence, substituting

equations (3) and (5) into (2) and (4) into (1),

IxB

IxH

where

A
z =

-ipwd = -8 fa.
o+ iwod = B 6b.
iuw and ¥ = 07 + cwe

Take curl of equations (6a) and {6b),



UX(UXE) = -29XH = -ZYE 7.
Ix(UXH) = YIXB = -2YH 8.

Let R represent either E or H,
A

VX(vxf{) = —%Yﬁ 9.

but Yx(vxR) = Vv (v.F) -U'R 10.

Rewriting equation (9} in Cartesian coordinates and using

equation (10);

&""-3:33‘"_3.(%“_3’*_5-3-2} = 2¥Rx
T 23" Yy 9

(W

2
Ry + JRY - JQRx +
ax* 332 gyax

y = 2%¥my 11.

Mz

dRz + IRz - DRx + SRy) = %¥Re
ax* y* 33ax Iy

The solution to the above system of partial differential
equations gives the electromagnetic field components, The
models described in this study are in Cartesian
coordinates, 2z is the vertical axis and the x and vy axes
are in the two perpendicular horizontal directions. In the
case of a one~dimensional model, it is assumed that the

induced current distribution in the model structure



exhibits only z-dependence. 1In this case equations (11)

reduce to;

T A A
JRx = ZYR,
23"
The above equation can easily be solved analytically for 1D
models (Ward et al., 1973).
For a 2D model, if the induced current
distribution is assumed to be x- and z-dependent, equations

(11) result in;

2 AN

dRx - DRz = ZYRx

351 2X23

2 * A

Ry + 2Ry = ZYRy

dx? 23*

1 A

3Rz - JIRx = 7¥Rz

P i 32X
These system of equations ( for the 2D model ) and
equations (1l1) ( for 3D model ) are difficult to solve

analytically. Some specific 2D models have been solved
exactly, for example, the dike problem of Rankin (1962) and
the vertical contact problem of d“Erceville and Kunetz
(1962). More general 2D and 3D models require numerical
solutions. Such techniques for solving 2D models are
discussed 1in detail by Ward et al. (1973). They include;

transmission surface analogy, finite element, finite



difference and integral equations techniques.

Various numerical techniques have been used in
solving Maxwell”s equations for 3D inhomogeneities. 1In all
the techniques previously considered, the 2zone under
investigation is divided into cells and equations (1l) are
written in finite difference form ( Lines and Jones, 1973a
and b; Hibbs and Jones, 1977; Jones and Vozoff, 1978 etc),
finite element form ( Reddy et al., 1977), or in integral
equation form ( Ting and Hohmann, 1981; Stodt et al.,
1981).

All numerical techniques for solving Maxwell”s equations
for 3D models have the disadvantage of requiring the
inversion of large matrices, due to large number of grid
points needed. Thus the solutions require very large
computer time and memory allocation. These requirements
limit the tractable models to some form of parallelipipeds
or other simple shapes. There is also the problem of crude

approximations at the boundary (Reddy et al.,1977).

2.2 Previous Models.

Magnetic and electric field components can be
theoretically determined at the models” upper surface by
choosing a model and either analvtically or numerically
calculating the fields. In the case of 3D earth, the
models considered have been a parallelipiped or a

combination of parallelipipeds in an otherwise homogeneous



half-space with plane electromagnetic waves incident at the
surface. These models are of two kinds: resistive block in
a conductive medium (Hibbs and Jones, 1977): island
structure; and a conductive body in a resistive half-space
(Reddy et al., 1977; Ting and Hohmann, 1981, and Stodt et
al., 1981). Hibbs and Jones used a finite difference
numerical technique to determine the fields whereas Stodt
et al. (1981) and Ting and Hohmann (1981) used an integral
equation approach.

One of the models considered by Stodt et al.
(1981) 1is a buried parallelipiped 0.25Km below the earth”s
surface and with dimensions 1 by 2 by 1 Km. The inhomoge-
neity has a resistivity of 5 Ohm-m and that of the half-
space is 100 Ohm-m. They obtained fields and phases at
frequencies of 0.1, 1 and 10Hz. Hibbs and Jones (1981)
considered 6 by 6 Km island block in sea water of
resistivity 0.25 Ohm-m. The height of the block is 4 Km
and its resistivity and that of the half-space is 1000
Ohm-m. They assumed plane electromagnetic waves with the
magnetic field component polarized in the y direction and
of frequency 0.001Hz normally incident at the sea-island
surface.

In order to understand the behaviour of the fields
observed near the inhomogeneities, 1let us consider the
induced current flow. Figures 2a-d show the current
patterns near both a resistive and a conductive inhomoge-

neity in x-y and x-z planes. From Figure 2c, it can be
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Figure 2.

a)
b)
c)
a)

L

Induced current flow patterns in the region of
Conductive inhomogeneity (x-y plane),
Resistive inhomogeneity (x-y plane),
Conductive inhomogeneity (x-z plane) and
Resistive inhomogeneity (x-z plane).



seen that the x-component of the currents near the surface
in the zone of the conductor decreases in magnitude and it
increases for a resistive case (Figure 24) as compared to
the half-space. So the x-component of the electric field
should have lower values just abhove a conductive
inhomogeneity and higher wvalues above a resistive one
(Figures 3 and 4). Further away from the inhomogeneity,
they are deflected either away from or into the body. The
deflection is a maximum diagonally off the corners. The
magnitudes of the y-components of the electric field are
therefore at their maximum off the corners of the
inhomogeneities (Figure 4). At the center of the bodies,
the current passes straight through, so there is no y-
component of the electric field along the axis of symmetry
parallel to the current flow. In the case of the z-
component of electric field, the maximum values occur off
the edges of the inhomogeneity perpendicular to the
direction of current flow where the z-component of the
current is maximum (Figure 2c¢,d and 4). Here the magnitude
of the z~-component of the electric field is zero along the
axis of symmetry perpendicular to the current flow.

The magnitudes of the magnetic field components can
easily be understood from those of the electric field
components by applying Maxwell”s equations (6a). The

magnetic field components are given by;

Hx = éiéfggp - %%y)



Hz = ;_1_ ()_E_Y - Ex)
Lt DX Y

Figure 3 is a spatial plot of the x-component of the
electric field and the y-component of the magnetic field
(magnitude and phase) for a conductive inhomogeneity from
Stodt et al. (1981) , and Figure 4 is the amplitude plot
for all the components of the magnetic and electric fields
for the island model discussed by Hibbs and Jones (1977).
From the above analysis, the field patterns for
the resistive and conductive 3D inhomogeneities are the
same for y and z components of the electric field and x and
z components of the magnetic field for Hy or Ex
polarization. In the case of a conductive inhomogeneity,
the magnitudes of the x-component of the electric field are
lower in the vicinity of the inhomogeneity and higher for a
resistive case as compared to the half-space values. The
reverse is true for the y-component of the magnetic field
(for Hy or Ex polarization). These field patterns are
peculiar to 3D type inhomogeneities. 1In the case of 1D
model and parallel to the strike for a 2D model, there is
no change in the field values. These features of the
magnitudes of the fields will help in understanding the
patterns of the apparent resistivities to be discussed

later.
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-Figure 4. Spatial plots of the amplitudes of the
components of the electric and magnetic field components,

from Hibbs and Jones, 1977.



2.3 Solutions to Maxwell”s Eguations.

Solutions to the system of partial differential
equations (1l1) are obtained by Fourier transform analysis

{ Appendix A). The results are as follows;

},x(x.y,Z) =L //{ (5. rmlexplzay) + Buis . Y Yexp(-zq, -)}

exp(if{ x + 10] y)dg dfz«|

‘_g(x:er) ‘HT"//{ (g » n.‘)exp(zd,l) + D (s, nl)exp( zxkﬁ

exp{i § x + i & y)d_fal’7

o0

==t {1 -
.J_}(x,y,z) P "Sb( (g m\)exn(zoq) QL(_f,a])exp( zog,}

'w exp(if x + 1/-] v)daf da-‘

where:

R}x(x,y,z) represents either the magnetic or
electric field component along the x direction in the
region‘i which can be computed for any coordinate position
(x,¥,2),

C(L is the propvagation constant; Al,Bl, etc are the
spectral amplitudes and where $§ and M_are the wave
numbers in the x and y directions respectively.

Equation (12) provides the solution to Maxwell”s
equations in three dimensions for an isotropic and homoge-

neous medium, The fields are a function of the position



and the electric characteristics of the medium. Careful
examination of the equations reveals that the fields are
represented by the superposition of plane waves of
different wave numbers. If the surface on which the waves
are incident is non-planar, then the problem will be very
similar to Rayleigh®’s acoustic wave scattering problem
(Rayleigh, 1896). His basic assumption is that all
scattered fields from a rough surface could be expressed as
a superposition of outgoing radiating and nonradiating
plane waves (Jiracek, 1973).

The above equations are in a generalized form, and
could be written for magnetic field components for
different regions ‘l for the configuration shown in Figure
(5). The magnetic field component of a normally incident
plane wave 1is assumed polarized along the y-axis and of
unit amplitude. The surface of the earth model is
considered flat, the first subsurface interface varies in
two dimensions and the second interface is planar. All
regions are isotropic and homogeneocus. The air layer has a
zero conductivity and the other three layers have
conductivities ﬁ, 0-5, and O3 respectively. The
permittivity and the permeability of all the regions are
considered to be those of free space.

The magnetic and the electric field components for the
different regions for the configuration shown in Figure (5)
are given in Appendix A.

The x component of the magnetic field in a region 1 is:



Incident Plane waves

Earth's surface - " % > X
5

A zzAtY
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Figure 5. A cross-section of the subsurface structure of
the earth model used for the application of the boundary
conditions,



QD
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Hl?‘ {(X,¥,2) i {A{(E‘ r"’L)exP(zo(L) + Bc( gr‘l‘l)exP( z«L)}x
exp(i S X + iy y)d'g qu

e

Using Ampere”’s law (equation 2), similar relations for the
electric field components could be derived.

From equation (6b},

A [ A "
VxH = (& + iwe)ﬁ' = YE = Y(Exi + EY] + Ezk)

Assuming that the conductivities of the subsurface layers,

19, I D¢ we]
For air,
gox = _1[/OH0z - ag_Qy)'
€ 313 33

E0y = __1_(2)_@_03 - ng_z) | 14.
(WENDY d x

E0z = _1 [GHOy - HOx)
(WEND X 2y

For the subsurface regions;

Ejx = _;_(3_1_{_33 - 3ij>

% \ 29 23
Ejy = L (35_;‘3 - 33:1_5) 15.
o’ 2% g x



v o - o
g\ Ix Y

for 4=1,2,3.
Prom the above relations, the electric field components in
the different regions of the model in Figure (5) are
derived and stated in appendix A. The x component of the

electric field in a region 1 is given by;

ol

_ L |k - 20y
Eu(x.yﬂ) -A’l\"biﬂ ii’(g,’f},)exp(z%) Q (5.”[,)exp( 20(4)}

““:,[CL(S"’?,)E"P(Z"‘:) - D (5 .’!Z)exp(—zdo}Ex

exp{i S..x o+ i'q/ y)dSo‘."L

The only unknowns in the above equations are the spectral
coefficients, Ai“s etc. In order to determine these

spectral coefficients, the boundary conditions are applied.
2.4 Boundary Conditions.

For the magnetic fields, the condition that has to be
satigfied at the boundary between two media of finite

conductivity is;

AP ->
nX(HL - H2) = 0 17.



and for the electric fields it is;
A -»
AX(EL - E2) = 0 18.

where ﬁl and gé are the magnetic fields in adjacent regions
1 and 2 and Bl and #2 are the corresponding electric fields
(Stratton, 1941}.

The unit normal vector to the non-planar interface, n, is

dgiven by;
A a A ~
n = -Vf(x,y) = nxi + nyj + nzk
7£6x, y)
where
nx = -Q_f(x,y)né
X
ny = -3d£f(x,y) ns 19.
5y _
-%,
nz =

Q_f_(xry))z+ Of (x,y) + l}
X oy

where f(x,y) describes the surface of the non-planar
interface. . -

As shown in Figure 5, the earth-~air interface and
the second subsurface interface are planar, and the £first
subsurface interface is non-planar. This feature will be

maintained in all the models examined. If the depth to the
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second subsurface interface is HD, applying equations (17)
and (18) at the two flat boundaries;

At 2 = 0,

HOx = Hlx
HOy = Hly
EO0x = Elx 20.

EOy = Ely
At Z = HD,

H2x(x,vy,HD) = H3x(x,y,HD)
H2y(x,y,HD) = H3y(x,y,HD)
E2x(x,y,HD) = E3x(x,y,HD) 21.

E2y(x,v,HD) = E3y(x,y,HD)
Applying the boundary conditions at the irreqular
subsurface interface, the x and y components of equations

(17) and (18) are;

ny.H2z - nz.H2y

ny.Hlz - nz.Hly

nz.Hlx - nx.Hlz nz.H2x - nx.H2z

ny.Elz - nz.Ely ny.E2z - nz.E2y

nz.Elx - nx.Elz = nz.E2x - nx.E2z

The third component of the boundary condition is a 1linear

combination of the above two components.



Let \‘ :"B'F(xnj) and \J = -gﬂ{z(,y) , and rewriting the above
x e 'y T =
23X Y

equations,

_{yﬂlz - Hly = }jﬂzz - H2y
Hlx --Xkﬂlz = H2x —\YXHZZ

15:12

Blx - §yBlz = E2x - IxE2z.

Ely = ly B2z - E2Y 22,

The above boundary conditions {(equations 20 through .22),
are applied to equations (Al3a) through (A20¢c) in Appendix
A (for a detailed discussion of the application of the
boundary conditions see Appendix B). From the solutions
thus obtained, the spectral coefficients can be computed.
mhe unknown coefficients A0, C0, Al, Bl, Cl,lnl. A2, B2,
c2, D2, B3 aﬁd D3 can be obtéined by simultaneous solution
of equations B2a-4, B4a-d, and B6a-d., Equations B2a-d and
B6a-d were solved directly for the spectral amplitudes in
terms of Bl, B2, Dl and D2 and the values for the other
coefficients were substituted into ecquations B4a-d,
resulting in equations B7a to B74. The solution to these
equations, B7a through B7d4, will be discussed in the

following chapter.



CHAPTER 3
NUMERICAL SOLUTION 70 THE INTEGRAL EQUATIONS
3.1 Rayleigh-FFT Technique.

The numerical solution described here is an
extension of the Rayleigh~FFT technique developed by Aki
and Larner (1970) and Jiracek (1973).

The spectral amplitudes can he obtained by solving
equations B7a-4 as described below. The model shown in
Figure (5) has a flat earth-air interface and also a flat
second subsurface interface. some of the gpectral
amplitudes can be obtained directly by Fourier transform
methods of the equations (Appendix B). The equations that
involve the curved interface cannot be solved directly as
the interface is irregular. To solve these egquations, it
is assumed that the zone containing the non-planar
interface is periodic, with periods of Lx and Ly along X
and y axes respectively.

1f 2 = f(x,y) defines the non-planar interface, then

f(x,v) = £ (x+mLx ,y+nLy)

m;n = 0;:1!:_2,'!:3':-.--..-



From the periodicity assumption,

exp{if x + i'v)y) = exp&j (x + Lx) + i"")(v + Ly)}

and therefore,
fLx = 2Tm m=0,+1,+2,#3 ;.00

~/ Ly = 27n n=0,+1,+2,43, 0.0

The above definitions of ¥ and m imply that the

scattered plane waves form a discrete rather than

‘continuous spectrum. The scattered directions e‘x {m)

(along x-axis), are'given by:

kﬂsine,“(m) = 2T m/ Lx 23.

where k}_‘ = \/}JW

and P is the index for a given region.

"7Thus the periodicity assumption converts infinite

in equations B7a-B7d to infinite summations. The

integrals

infinite summations can be truncated (an approximation) to

yield;

"N
= §2h1 24.

M}_Ez(glm + g2D) + g3B2 + g4n2)
=N | -N
M N MmN
S{g5B1 + géD1 + g7B2 + gsp2) = ZEh2 25,
n -t -N

m-N



] M
25(9931 + gl0Dl + gl1B2 + gl2D2} = Z%hs 26.

Ty SM-N
MmN M
'zz(grsal + gl4Dl + g15B2 + g1l6D2) = $Zh4  27.
M N -M-N

where gl through gl6 and hl to h4 are given in Appendix
B.

The solution to the above system of equations will
result in the spectral amplitudes, Bl, B2, D1l and D2.
Rather than solving the system of equations in their
present form, both sides of the equation along x and y axes
can be Fourier transformed (i.e. the Pourier transform of
gl-glé6 and hl-h4 along x and y axes for each value ofY¥

andfq can be taken).

Thus, :ﬁ {%1(x,y,f ,q\jg - Gl(k,,gy,j‘.a]).

where }P denotes Fourier transform operator.

ki (personal communication quoted in Jiracek, 1973)
noted that the system of equations are better behaved in
the wavenumber domain. The resulting matrices Gi which are
now in the wavenumber domain are truncated to 2M+1 by 2N+1,
The values of M and N are chosen such that the resulting
matrices are square, The choice of M and N is governed by
the type of problem being solved. From equation (23),
there is a maximum value of m, (M)}, for a given repetition
distance, Lx, frequency of the.waves and the conductivity

of a medium for which there are scattering angles up to and



including 90 degrees. M is chosen such that all the
radiating modes are included in the solution (this includes
all the modes with scattering angles less than 90 degrees
and a few with complex angles). The nature of these
matrices were investigated. M was chosen when the
amplitudes of the entries have dropped te less than one
percent of the maximum value.

The Fourier transformed functions gi, can be arranged in.a

matrix form as shown;

G1 G2 63 Ga ] fB17 LN
GS G6 G7 G8 pr| = H2
G9 G10 Gl1 G12| |B2 H3
613 G14 G15 G16) |D2] |H4 |
g
or GA = H 28.

The order of the matrix G is 4(2M+1) ., It can be seen
that a small change in the number of scattering orders
causes a large c¢hange in the order of the matrix. The
right hand side of equations 24-27 have values only whens
and ﬂ] are beoth egual to zero (Appendix B).

The spectral amplitudes (A(f¥¢ ,q])) are obtained
by solving the above system of equations. The matrix, g,
is well behaved for gently varying interfaces (Aki and

Larner, 1970). For a small number of scattering orders



{when the size of the matrix ¢ is small) and the system is

solved using Gaussian elimination routine (Dongarra et al.,
1979) . When the scattering order is large, the G matrix
can become too large to sgtore in computer memory. To
overcome this problem, solutions were obtained by solving
the system using a c¢olumn operations technique ( see
Appendix C). The spectral amplitudes obtained from the
matrix inversion are then substituted into equations
B2a-B2d, B4a-B44d and B6a-B6d, to obtain the other spectral
amplitudes. The spectral amplitudes are subsequently
substituted into equations Al3-~-A20 and the inverse Fourier
transform of these equations results in the magnetic and
the electric field components in the different regions and
locations of the_modél in Pigure (5). The fields at the
planar interfaces are obtained by using a 2D FFT routine,
whereas the fields at the non-planar interface are obtained
by summing up the spectral amplitudes over the wavenumbers
at each sampling position.

Although in an MT survey, the fields of interest
are the ones measured at the earth’s surface, the fields at
the non-planar subsurface interface were éomputed and
boundary conditions calculated to determine the accuracy of
the numerical approximation., The fields at the earth”s
surface, the impedances, the apparent resistivities and
other parameters that can be obtained from the fields from
this numerical technique will be examined in the following

sections,



3.2 Reliability of Rayleigh-FFT technique,

Several papers have been published recently
discussing the MT response for 3D inhomogeneities (Hibbs
and Jones, 1977, Reddy et al., 1977, Ting and Hohmann, 1981
etc.), but none of these results can be compared directly
with the ones obtained here as the published solutions are
based on rectangular inhomogeneities. To check the
reliability of the computer programs and the modeling
technique, three tests were performed.

1) A one dimensional model comprising of plane,
electrically homogenecus, linear and isotropic layers was
used. The £fields obtained agreed with those from a 1D
program to the 9 significant Figures.

- 2) TE and TM responses from Peeples (1983) 2D program for
MT response from irreqular interfaces were compared with
the responses determined from 3D program using the same
model. The model, TE and ™ fields, apparent resistivities
and phases of impedances are shown in PFigure 6. The
differences between the fields from the 2D and 3D programs
were normalized by values obtained from the 2D program for
each point. The results agreed to better than 0.1 percent,

3) The final step was to determine the reliability for 3
model results, This step is very important because of the
approximations and assumptions made in this numerical

scheme.,

The reliability of the numerical solutions to the
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Pigure 6. a) TE and ™ apparent resistivities and phases
obtained from 2D and 3D programs (vertical axis is
apparent resistivity in Ohm-m).

b) Cross-section of the 2p model (vertical
axis is depth in meters).



integral equations (B7a-B7d, Appendix B) is governed by
three.main sources of error (Bard and Bouchon, 1980h). Two
of these are from the numerical technique and one is an
inherent oroblem with the solution method. The first
source of error is from the assumption of periodicity of
the inhomogeneous zones. The solutions might be affected
by “parasitic rays”® from “adjacent” inhomogeneities, This
problem is minimized by choosing repitition distances large
enough such that the edge of the inhomogeneity is at least
one skin depth from the outside boundary of the zone under
consideration. The second source of error is from the fact
that theoretically, the scattered fields should be
represented by an infinite number of plane waves with
discrete wavenumbers (e.g. 3§ =2fm/Lx). Since this is not
numerically feasible, a maximum value M of scattering order
is used such that the condition.zﬂM[fL;?i is satisfied.
The third source of error is due to the fact that the
integral equations take care of only upgeing and down going
waves from the interfaces. In the case where there is a
sharp curvature in the interface, there can he multiple
reflections which are not accounted for. This so-called
“Rayleigh ansatz” error (error due to curvature of the
interface) is the most restrictive. The error grows
rapidly for slopes around unity (Bard and Bouchon, 198¢b),
and for a perfect electrical conductor, Jiracek (1973)
suggests that the slope should be less than 0.6 to avoid

intolarable errors. The effect of slope and scattering



order on the reliability of the solutions will be discussed
below.
Following Aki and Larner (1970), and Jiracek
{1973}, the reliability of the numerical technigue for the
3D problem was checked by examining the boundary conditions
at the non-planar interface (equation 22), using the root
mean scquare error of the bhoundary condition for a
particular field component at the non-planar interface.
Jiracek (1973) observed that the root mean square error is
more diagnostic than the conservation of energy. Field
components are calculated in the regions above and helow
the interface, and the normalized residue for the
tangential components are determined.
For eiample, normalized residue for the v component of the
magnetic field (NRHy) for the non-planar interface at a

point is;:
NRHy = Wgnlz - Hly -anzz + szl/ niyﬂlz - Hlyl

where Y = -Ef_(”-v)
J By
Root mean square errors for all the observation points are
calculated for a particular component of the total field.
Percentage root mean square error for the x-component of

the electric field (RMSEEx) is:



; Mo 12}
RMSEEx = Z Z |AEx| [AEx] X 100

oY, -
WM 5 5 R Elz+B1x| - §E22+E2x]
v

where;
AEx = Blx —'YXE]_Z - E2x -!XKE'Zz
Blx = Rlx{mix,nay) ete.,

ax and Ay are sampling intevals and

’L == £(%,y)
Ix

One of the crucial numerical approximation is
the truncation to a finite number of plane waves, This
approximation 1limits the number of scattering orders to be
included in a solution. In order to determine the effect
of increasing the number of scattering orders on the
solution, the model shown in Figure 7 was used. The inho-
mogeneity in this model has a resistivity of 50 Chm-m, and
the resistivity of half-space is 1000  Chm-m. The
scattering orders were varied from M = 2 to M = 6 (i,e, N
= (2M+1l) = 9 to N ? {2M+1) = 13) for a frequency of 1Hz.
Figures 8 and 9 show the plots for the normalized residuals
for the x-component of the electric field and v-component
of the magnetic field and Figures 10 and 11 show plots for
the magnetic and electric field components at the model
surface for total scattering orders of 13, It is evident
from the Figures that an increase in the scattering orders

decreases the mismatch of the boundary conditions. From

the normalized residual plots, it can be seen that the
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Figure 7. a) Topography of the non-planar interface
(vertical scale is in meters and the horizontal dimension
is 50 by 50 Km).

b) Derivative of the interface along x-axis.

c) Derivative of the interface along y-axis.
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Figure 8. Normalized residuals at the non-planar
interface of the x-component of the electric field for
scattering orders of a) 9, b) 11 and c) 13.
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Figure 9, Normalized residuals at the non-planar
interface of the y-component of the magnetic field for
scattering orders of a) 9, b) 11 and c) 13.
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Figure 11. Amplitudes of the electric field components at
Z=0 for the model in Figure 7, a) Ex, b) Ey and c) Ez.



mismatch in the boundary conditions is more pronounced in
the vicinity of maximum curvature in the subsur face
interface. Also Figures 12 and 13 show plots of the
profiles of the x-component of the electric field and the
y-component of the magnetic field with increase in
scattering orders. From these Fiaures, it is evident that
increasing the scattering order improves the solution.
Note also that the oscillations in the fields die out as
the scattering order is increased. This model has a
maximum slope of 25 degrees and the total number of
scattering orders needed for an adequate solution is 13.
This model has a 3 percent RMS error for both the magnetic
and electric field components.

One would like to increase the total number of
scattering orders further, but the time recuired for the
inversion of the resulting matrix is excessive. CPU times
for CDC 6600 for the solution of the problem for different
scattering orders considered and the sizes of the matrices
inverted are shown in rTable 1 and Figure 14. Note that
matrix inversion is the major component of CPU time usage.
A faster routine for matrix inversion would significantly
reduce the total amount of computation time.

A second model shown in Figqure 15 was used to
determine the effect of interface slope on the solution
reliability. Figqure 15 shows plots of the non-planar
interface for the model and the derivatives along X and vy

axes. The depth to the top of the inhomogeneity, its
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TARLE 1

THE RELATIONSHIP BETWEEN TOTAL WUMBER OF SCATTERING
ORDERS AND COMPUTATION TIME

TOTAL MATRIX CPU TIME TOTAL CPU TIME

SCATTERING SIZE MATRIX FFT

ORDERS INVERSION

{M+1) 4(2M+1) (secs) {secs) (secs)
S 100 11 142 153
7 196 69 278 347
9 324 294 453 752
11 484 947 620 1567
13 676 2529 871 3400

15 200 5957 1158 7115
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Figure 15. a) Topography of the non-planar interface for
model E (vertical scale is in meters and the horizontal
dimension is 50 by 50 Km) .
b) Derivative of the interface along x-axis.
c¢) Derivative of the interface along y-axis.
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height and its aspect ratio is kept constant, while the
slopes of the sides are varied. The resistivity of the
inhomogeneity is 50 Ohm-m, and that of the half-spvace |is
1000 Ohm-m, and the frequency of the incident waves is 1
Hz. Table 2 and Figure 1§ show the maximum interface slope
along the =x and vy dirtections versus the percentage RMS
errors determined from the mismatch of the boundary
conditions at the non-planar interface for the x-component
of the electric field and the y-component of the magnetic
field. Figure 17 shows plots of the normalized residuals
at the non-planar interface of the x-component of the
electric field and y-component of the magnetic field for
different values of the maximum slope of the interface as
well, It is evident from the Tableand Figures that the
higher the slope for a given scattering order (in this case
13), the less reliable the solution.

The acé}acv of the solution for this technique depends
on maximum slope (or minimum radius of curvature) of the
interface and the total number of scattering orders
included in the solution. The total number of scattering
orders can be calculated from equation 23, Prom this
equation, it can be seen that the angles of scattering
depend on the conductivity of the medium, the frequencv of
the incident waves, the scattering order and repitition
distance, To obtain accurate solution, the scattering
order has to be such that all the angles of scattering up

to 90 degrees are included in the solution and usually a



TABLE 2 b

THE RELATIONSHIP BETWEEN INTERFACE SLOPE AND
PERCENTAGE ROOT MEAN SQUARE ERRORS

MAXIMUM SLOPE , .~ RMSEEx RMSEHY

(degrees) -+ (percent) (percent)

8 ' 1.0 2.1

18 . 7.0 0 4,3

27 : 17.5 s 7.3

42 59.1 . . 18.5
- L T ¥ T TR R B - : |
|
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few more,

Additional experiments were carried out with two other
models. In the first case, the inhomogeneity has a
resistivity of 5 Ohm-m, and in the second one it has a
resistivity of 10 Ohm-m. For the two cases, the
inhomogeneities are buried 0.5 Km below the model surface
in a homogeneous half-space of 100 Ohm-m resistivity.
Percentage RMS errors for the y-component of the magnetic
field were calculated for two interface slopes of 15 and 28
degrees for the two models, Figure 18 shows plots of the
scattering order versus percentage RMS error for the two
cases. For the two cases, both higher resistivities and
more gentle sloves give lower errors for the same
scattering order, ™he total number of scattering orders
needed to include all the scattering angles up to 90
degrees for the 5 Ohm-m body with repetition distance of 20
Km and incident waves of frequency of 1 Hz is 9, Note that
the decrease in the RMS errors for this inhomogeneity (with
slope of 28 degrees) hetween scattering orders of 5 to 9 is
about 5 percent, and the change in BRMS error for an
increase in scattering orders of 9 to 15 is about 1.5
percent (Figure 18). The computation time increases about
9 times for a solution using 9 as oppossed to 15 scattering
orders {(Figure 14}.

Since the total number of scattering orders and the
slope of the interface both affect the reliabiiity of the

solutions, and since increase in scattering orders
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increases computation time, 2 reasonable trade 6ff of the
two has to be sought for the problem being solved. The
gentler the slope, the more accurate the solution for a
given scattering order, although a similarly reliable
solution could be obtained with higher scattering orders
for a steeper slope if the computer time needed for the

computation is available.



CHAPTER 4

MAGNETOTELLURIC RESPONSE FOR CONDUCTIVE AND

RESISTIVE 3D INHOMOGENEITIES Fg

MT response for 3D inhomogeneities were computed using
different types of earth models., The models were chosen
to facilitate comparison with previous studies in the
literature. As the solution technique developed in this
study can accomodate- gently varying interfaces, a
combination of planar and non-planar interfaces are used in
order td construct the desired.inhomogeneity. (Note that
previously published models cannot be exactly duplicated by
Rayleigh-FFT technique, since this technique can best
handle only gently varying interfaces, so the comparisons
were done in a gross sense).

In- this chapter, the models are described. The
resultant fields, impedances, apparent resistivities, skew,

tipper magnitude and azimuth are presented,

4,1 3D Models.
|
The models used consist of two planar and one non-

planar interfaces (Figure 5). The non-planar interface is:



£i{x,y) = H(1 + cosT((x-dlx)d2x})) (1 + cosW({y~-dlyydz2y))

for - fdlx+d2x} < % < (dlx+d2x) and

~{dly+d2v) < v < (dly+d2v)

f{x,v}y = 0

for X > [{d1x+d2x)| and

y > [(dly+d2y)| .

Figure 19 is a cross section of the model. Values of d42x
and d2y can be varied to change the slopes of the edges of
the inhomogeneity. To reproduce a 3D inhomogeneity in a
homogeneous half-space, the mean depths to the €first and
second subsurface interfaces are chosen to be equal {i.e.
A = HD, Figure 19), and the values of resistivities in

regions 1 and 3 are also the same.

4.2 Model A,

Model A, é buried conductor, is similar to the Ting
and Hohmann {19281} model, It comprises of an inhomogeneity
buried in a more resistive half-space, the resistivity of
the regions 1 and 3 is 100 Ohm-m, and the inhomogeneity,
is S Ohm-m., The depth to the first and second interfaces
is 0.75 Km, the height of the inhomogeneity, H, is 0.5 Knm,

2dlx is 1 Km, 2dly 1is 2 Km and d2x = d2y is 1.5 Km.
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Frequency of the incident waves is 1 Hz and the repetition
distance in both x and v directions (Lx and Lvy) is 20 Km.
Figure 20a is a plot of the first subsurface interface and

Figure 20b is a cross section of the inhomogeneous zone.
4.2.1 Field Components for Model A.

The magnetic and electric field components for model A
at Z = 0 (with the magnetic field component of the incident
waves polarized in the y-direction) are shown in Figures 21
and 22. These field components were computed using a total
scattering order of 13. The root mean square errors (RMSE)
for the y-component of the magnetic field and x-component
of the eledtric field afe computed at the non-planar
interface (chapter 3) are 4.2 and 5.8 percent respectively,
As expected, the x-component of the electric field and the
y-component of the magnetic field have 1lower and higher
values respectively above the zone of the inhomogeneity
than that of the half-space, as shown in chapter 2. This
reflects the fact that the inhomogeneity is more conductive
than the half-space. Figures 23a and b show plots of two
perpendicular profiles of the normalized amplitudes of x-
component of the electric field and vy-component of the
magnetic field and their phases. The plots are similar to
those of Stodt et al. (1981) for a similar model (Figure

3).
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Figure 20. a) Topography of the non-planar interface for
scale is in meters and horizontal

model A (vertical
dimesion is 20 by 20 Km).

b) A cross-section of the model along x-axis
(not to scale).
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Figure 21. Amplitudes of the magnetic field components at

72=0 for model A.



.OISN

Figure 22. Amplitudes of the electric field components at
72=0 for model A.
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4.2.2 Apparent Resistivities and other Parameters for

Model A.

The total electromagnetic field observed at the
earth”s surface along arbitrary directions x and vy changes
with time. This can be attributed to the fact that the
location of the source changes with time and several
sources may simultaneously contribute to the same field.
The changes in the total electromagnetic field result in
the variations of the calculated apparent resistivity
values determined from the values of the apparent scalar
impedances Zxy = Ex/Hy and 2Zyx = Ey/Hx (Kaufman and Reller,
1981) . These impedances usually depend on a) electrical
characteristics of the medium, b) the direction of the
sensor axis and c¢) the orientation of the arrival of the
primary field. The last factor makes it almost impossible
to interpret results based on the apparent impedance values
since the direction of polarization of the source field is
unknown. In the 1late 1950”°s, researchers devised the
impedance tensor method which uses parameters that are not
subject to the effects of elliptical polarization of the
field (Kaufman and Keller, 1981). The following is a brief
discussion of how the elements of the impedance tensor are
obtained.

Elements of the impedance tensor were obtained by
using the field components from two different source

polarizations. The relationships for the elements of the



impedance tensor as given by Vozoff (1972) are in Appendix
D. Field components were obtained for two orthogonal
source polarizations. The components of the fields in one
direction are primed, and unprimed in the second direction.
The impedance tensor elements obtained from the fields due

to the two source polarizations are;

Zxx(w) = Exl(w).Hx"(wW) + Ey ' (w).Hyl(w)

Hxl(w).Hx " (w) + Hy (w).Hvl(W)

Zyv(w) = Eyl(w).Hy (w) + Ex” (wW) .Hx1l (W)

Hy” (W) .Hyl(w)) + Hx"(wW).Hxl(w)

zxy(w) = =By’ (w).Hxl(w ) + Hy (W).Exl(w)

Hx” (W) .Hx1(w) + By (w).Hx1(W)

Zyx(w) = Ex”(w).Hyl(wW) - Hx"(W).Evl(wW)

-Hy” (w) .Hyl(w) = Hx"(W).Hx1l (W)

Using the impedance tensor elements the values of apparent
resistivities; PXX,  PYY., ny and pyx were calculated.
Details of the impedance tensor elements, apparent
resistivities, skew, tipper and other parameters are given
in Apprendix D, Figqure 24 shows the different apparent
resistivities at Z = 0. Fiqures 25a, b and c show plots
of the skew, tipper magnitude and tipper azimuth (in a

quadrant) respectively. These values compare well in a






gross sense with those of Ting and Hohmann (1981) for a
similar model (Figures 26a, b andc). The tipper azimuth
points away from the conductive inhomogeneity as expected,
and the magnitude of skew is greater than 2ero near the
corners of the inhomogeneity, and the magnitudes of tipper
is greater than zero in the zone of the inhomogeneity.

i

|

4.3 Model B.

Model B is similar to the island structure modeled by
Hibbs and Jones {(1977)., The height of the island above the
half-space basement, H, the depth of the sea water, A, and
the depth to the half-space, HD, are all equal to 2 Km
(Figure 19). Resistivity of sea water is 0.25 Ohm-m and
~ that of the island and the half-space, p2 and 03, is 1000
Ohm-m. The dimensions of the island are; 2dix is 6 Km,
2dly is 8 Km, and d2x and d2y are both equal to 8 Km,
Repetition distances in both x and y directions are 290 Km.
The incident plane wave with the magnetic field components
polarized in the y direction has a frequency of 0.001 Hz.
Figure 27a 1is a plot of the island structure, and Figure

21lb is the cross-section.

4,3,1 Pield Components for Model B,

The magnetic and electric field components at z=0 for

model B are calculated., Figures 28 and 29 show plots of
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Figure 27. a) Topography of the non-planar interface for
model B (vertical acale is in meters and the horizontal

dimension is 90 by 90 Km).

b) A cross-section of the model along x-axis.



the components of the electric and magnetic fields, all
components of the magnetic and electric fields show a three
dimensionality effect, 1In Pigure 30 the profiles of the
normalized amplitudes of the y-component of the magnetic
field and the x-~component of the electric field through the
center of the inhomogeneity parallel to y-axis are plotted.
The amplitudes are normalized by the values at the extreme
corner of the observation plane. These profiles compare
reasonably with those of Hibbs and Jones (1977) for a
similar model (FPigure 31). {Note that Hibbs and Jones,
1977 model is 6 Km wide whereas the model considered here
is 22 Em along the y-axis). For both the z-components of
the magnetic and electric fields, there is 180 degrees
phase change as one goes across the inhomogeneity (Figures
31 and 32). fhe profile of'the z=component of the magnetic
field is along the y-axis and that of the electric field is

along the x-axis through the center of the inhomogeneity.

4.3.2 Apparent Resistivities and other Parameters for

Model B.

The apparent resistivities at Z = 0, skew, tipper
magnitude and tipper azimuth are computed for model B as
explained for model A above. Although Lines and Jones
(1973a and b), and Hibbs and Jones {1977) used a very

similar model to calculate the the magnetic and electriec

fields at the model sea surface, they did not calculate the
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Figure 29. Amplitudes of the electric field components at
Z=0 for model B.
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apparent resistivities. A profile of the apparent
resistivity calculated by Hibbs and Jones for their model
compares reasonably with a profile through the center of
the Oxy plot along y-axis.

Figures 33 and 34 show the plots for the apvarent
resistivities, skew, tipper magnitude and tipper azimuth.
The tipper magnitude 1is higher than zero just above the
inhomogeneity and the tipper azimuth does not show two-
dimensionality. Although the results from other numerical
techniques cannot be directly duplicated by the Rayleigh-
FFT technique, due to the fact that it cannot adequately
model sharp corners, the results obtained from using this
technique compare well in a gross sense with those from
integral equation and finite difference techniques. 1In the
following ch&pter, Rayleigh-FFT technique will be used for
studying an interpretational approach of MT responses in

the vicinity of 3D inhomogeneities.
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CHAPTER 5

INTERPRETATION OF MAGNETOTELLURIC RESPONSES

In geophysical interpretation, the observed fields are
analysed to obtain physical parameters which characterise
subsurface features. In the case of MT, the magnetic and
electric field components measured at the earth”s surface
are processed to obtain values of apparent resistivity,
skew, tipper and so on. The common practice is to deduce
at one dimensional geocelectric cross—éections for each
station point, which subsequently grouped to from a two
dimensional cross—-section (Vozoff, 1972; Stanley et
al.,1977; Jiracek et al.,1979; Hermance and Pedersen, 1980;
and many others). More rarely, two dimensional TE and TM
interpretations are made (e.q. Sandberg and Hohmann,
1982) . Wannamaker et al., 1982 showed that although the 2D
TM interpretation may approximate that of a 3D
inhomogeneity for some frequencies, most 1D and 2D
interpretations can be erroneous in the presence of 3D
inhomogeneities. This is due to distortions of the
apparent resistivity near 3D inhomogeneities due to current
gathering (distortions in current flow patterns figure 2).

It is important to have an MT interpretation method that is




not "biased to give erroneously shallow depths to laver
interfaces and erroneously low (or high) wvalues of layer
resistivities" (Wannamaker et al.,1982) due to the effect
of current gathering. As a first attempt towards
understanding MT responses from 3D inhomogeneities, some
models relevant to current field problems in exploration
geophysics have been investigated.

The first study calculates the MT response for a
buried 3D conductive inhomogeneity at different
frequencies. The model is composed of a 5 Ohm-m
inhomogeneity buried 2 Km in a homogeneous half-space of
100 Ohm-m. The four apparent resistivity values, skew and
tipper magnitudes were calculated for frequencies of 10.0,
1.0, 0.1 and 0.01 Hz (Figures 35 and 36). Since Pxx and
pYY, andJny and pyx are similar, because the inhomogeneity
is symmetric, only pxx andipxy plots are shown (note the
changes in scales). In the case of the incident waves of
frequency of 10 Hz, the values of‘pxx, skew and tipper are
very small, At this frequency, the inhomogeneitv is buried
more than one skin depth (1.6 Km) away, so its effect is
weakly registered. Instead of observing low resistivity
values directly above the inhomogeneity for PXY, we
have high values (a situation similar to the layered earth
case for high frequencies). As the frequency is lowered,
the values of pxx and skew become more pronounced, and the
overshoot over the ends of the bodv for pPxY increases. 1In

the case of tipper magnitude, for the fregquencv of 10 Hz,
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Figure 35. Apparent resistivities for a S5 Ohm-m
inhomogeneity buried at a 2Km depth 100 Ohm-m half-space.
pxx at a) 10, b) 1.0, ¢) 0.1 and d) 0.01 Hz.

pxy at e) 10, £) 1.0, g) 0.1 and h) 0.01 Hz. (Note the
change in scale for oxx).



Figure 36. Skew and Tipper magnitude for a 5 Ohm-m
inhomogeneity buried at 2 Km depth in 100 Ohm-m
half-space.

Skew at a) 10., b) 1.0, ¢) 0.1 and 4) 0.01 Hz.

Tipper magnitude at e) 10, f) 1.0, g) .1 and h) .01 Hz.



the values are very low (barely over 0,02) as the frequency
is decreased to 1 Hz (target deoth to skin depth ratio is
0.4}, the values reach their maximum of about 0.15 and they
become progressively smaller as the frequency of the
incident waves decrease. Differenée between maximum and
minimum values of pxy also increase with decreasing
frequency (18 to 110 Ohm-m} for the frequencies of 10 to
0.01 Hz. From this type of 3D “depth sounding”, and
analysis, estimates can be made of the resistivity of the
inhomogeneity relative to the host rock, its lateral extent
and its approximate depth. A combined study of skew, pxv,
pxx and tipper magnitudes at different frequencies will
help in identifving the nature of the inhomogeneity.
Another useful 3D model is a magma chamber .
Interpretation of MT results £from geothermal areas are
difficult. Low resistivity values in the crust up to
depths of 30 Km could be due to: a) increased ionic
mobility with increased temperature, b) electronic or
mineral conduction, ¢) partial melting, or d) alteration
(Stanley et al., 1977). Assuming a magma chamber which is
a low resistive body, due to partial melt at a depth of 8
Km, the resistivity of the model inhomogeneity was set at
1.0 Ohm-m, and its shape and the resistivity of the half-
space was varied. The first case consists of a body 1 Km
thick and 20Km by 20 Km with the sides gently sloping
{Figure 37a) in a 100 Ohm-m resistive half-space. Apparent

resistivity values, skew and tipper were computed (Figure
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Figure 37. a) Topography of “flat” magma.
b) Topography of dome shaped magma. (vertical

scale is in meters and the horizontal dimension is 80 by
80 Km).



38) for frequencies of 0.0) and 0.001 Hz., with repitition
distances of 80 Km (this model will bhe refered to as magma
n. The other models investigated consist of a 1 Ohm-m
dome, 3 Km high and 18 Km wide at the base with its ¢top 8
Km below the model earth’s surface (Figure 37b). fThe
apparent resistivities, skew and tipper magnitudes for two
frequencies (0.01 and 0.001 Hz) for the body buried in 100
Ohm-m (magma 2) and 1000 Ohm-m {magma 3} half-space, with a
20 Ohm-m layer above the inhomogeneity and 100 Ohm-m half-
space below it (magma 4} were computed (Figures 38, 39, 490
and 41). (Magma 4 was chosen to simulate the éase when
there is an itermediate resistivity laver above a magma
chamber) . For the four cases, skew increased with
decreasing frequency, tipper magnitudes decreased, and the
apparent resistivity wvalues increased. The anomalies
produced by the inhomogeneity buried in different resistive
half-spaces remain very similar, although the skew and
tipper values are higher for the more resistive half-space.

The difference between the maximum and minimum values
of‘pxy for magma 1 is greater than that of magma 2 for the
same frequency (140 Ohm-m for magma 1 and 60 Ohm-m for
magma 2 for the 0.001 Hz frequency) and also the maximum
values ofipxx and skew are higher for magma 1. This might
be due to the fact that magma 1 has more Jlateral extent
than magma 2 at the same depth. For the overshoot in the
values oflpxy at the sides of the inhomogeneity to be

clearly observed, the measurements have to he obtained up






