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ELECTROMAGNETIC COUPLING WITH A COLLINEAR ARRAY ON
A TWO-LAYER ANISOTROPIC EARTH

By JEFFRey C. WYNN

ABSTRACT

The development of theoretical equations for calculating electromagnetic
coupling commonly encountered in Induced Polarization (IP) field surveys
is presented. Foran isotropic earth with a resistive basement, the magnitude
and phase angle of the electric field decrease as the induction parameter is
increased. In the case of a conductive basement, the phase angle reaches a
maximum negative shift, then increases with increasing induction
parameter until it eventually becomes a phase lead. In this case the
magnitude will also begin to increase at the higher frequencies.

For an anisotropic earth model, the magnitude may increase with
increasing induction parameter in the low-frequency region, giving risetoa
negative percent frequency effect (PFE). At higher frequencies, a “notch”
may develop, but this latter feature will have little effect on field IP
measurements.

A simple coupling-removal method is discussed and tested with model
and laboratory data. In about half the cases this method worked reasonably
well, its effectiveness diminishing as resistivities at the surface were reduced.
For a conductive basement, the method fails consistently to remove the
coupling contribution, due to the reversal of the phase shift. Because an
anisotropic-earth model has phase shifts similar to isotropic models, the
effectiveness of the removal method is not significantly reduced by the
anisotropy.

Complete program listings in Fortran IV are included along with a
representative suite of results plotted in the generalized Cartesian complex-
plane format.

INTRODUCTION

Induced polarization (IP) surveys are carried out with the
purpose of measuring the polarization parameters of the
earth (Sumner, 1976). Unfortunately, in such surveys
electromagnetic (EM) coupling produces the same general
effects on the measurements as do the polarization
parameters of the earth. The EM coupling consists of
wire-to-wire inductive coupling and coupling through induc-
tion within the earth. Unless the EM coupling contribution is
accurately removed, the IP measurements can be incorrectly
interpreted as being caused by the polarization of the earth.

The effects of EM coupling can be quite variable. Lateral
conductive inhomogeneities, whether geologic or cultural in
origin, have the greatest effects on the IP measurement. By
contrast, in many sedimentary environments lateral in-
homogeneities are not usually present, and the EM coupling
effects are more subtle. Because strong coupling effects are
more obvious, this report investigates instead the more

subtle aspects of EM coupling arising from a layered,
anisotropic earth. These subtle effects of EM coupling must
be accounted for in order to correctly interpret high-preci-
sion IP survey data.

This paper describes the theoretical development of
electromagnetic-coupling calculations for an anisotropic
two-layer earth, for two commonly used collinear arrays, the
dipole-dipole and the pole-dipole array. A computer
program was written to perform the calculations and is
included along with tabulated spectra for many different
earth models. The data are presented in a generalized form of
normalized real and imaginary components and are plotted
in the Cartesian complex plane. A method is described for
the extension of these results to percent frequency effect
(PFE) and phase angle (¢) representations. Time-domain-1P
chargeabilities can be obtained from the phase angle resuits,
and the method for this is also shown.
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Zonge. The theoretical calculations were made using the
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THEORETICAL DEVELOPMENT

DERIVATION OF THE GENERAL SOLUTION TO
EM COUPLING

The original calculations for EM coupling on a two-layer
isotropic earth were made by Sunde (1967). Derivations for a
multi-layer isotropic earth are also available in Anderson
(1975). The general solution for EM coupling over a
two-layer anisotropic earth can be obtained from boundary
conditions and Maxwell’s equations for layered media as
follows.

Use of trade names in this report is for informative or descriptive purposes only and does not
constitute endorsement by the U.S. Geological Survey.
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2 ELECTROMAGNETIC COUPLING WITH A COLLINEAR ARRAY ON A TWO-LAYER ANISOTROPIC EARTH

Let us assume a two-layer geometry as in figure 1.

@
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FIGURE |.—Two-layer anisotropic-earth model. £jy is the resistivity of the
jth layer in the vertical direction;gjpis the resistivity of the jth layer (0, 1,
or 2 in this case) in the horizontal direction; x and y directions assumed to
have the same resistivity; € j is magnetic permeability, and j is dielectric
permittivity of the jth layer. Z is the vertical direction.

Let 7']-2=iw;.:.°( FI,] +iwe; ) where i= VT for the jth layer.

In this equation, € j isthe permittivity of the medium,u ; is
the permeability of free space, w is the angular frequency,
P j is the resistivity, the inverse of the resistivity is the
conauctivity 9 , and Y ; is a propagation constant for
electromagnetic waves in the medium.

Assuming the free space values €;=€,, pj = Mg ., and

€,=1.16x10""7 in MKS units, then the quasistatic ap-

proximation (no displacement currents) can be made for the
frequency range of interest and

iwpo
Py

Writing the field equations in terms of the Hertz
potential IT (Sunde, 1968, p. 102), we have:

> .
Y§2iwpgoy= )

vz

lwpo

oT,
dy

2

x>

2

i} Y. (6T[x_aT[z)’ 3)
Y iwpe \ 0, Ox
oI, 41,
—x 4
Ey ay( Ox az) @
2 g (oI, oIt
e (G ) o
H,=0, 6)
and
oI, oIl
et f (50T 0

where we have set Tty =0 for the x-z excitation case considered
here and H and E refer to the magnetic and electric field
components, respectively.

Eight equations may be developed from the condition that
requires the tangential components to be continuous across
the boundaries between the different media. Let the horizon-
tal components be labeled h; then at the earth-air interface
(z=0) and at a layer interface (z=-d) we obtain:

Layer interface

z=-d

Earth-air interface

z=0

2 2 2 2
yo][ozzylznlz’ (8a) lenlz=72z]-[2z’ (8b)

oIt all T T
2 oh _ 2 Ih (92 2 Ih _+2 Oltoh (9b)
7o 9, Ih 9, - 2) 7’Ih 9, 7'2I'| 9,
2L + oI, ol “_6]'['z
ah az ah az
:%4-3]-—[21 (10a) :%1.1-[&, (10b)
ah az Op 02
2 2 2 L2
YoTlon= Vi Ty (1a) 7 T0, =7 5, Ty (11b)

(Equations 9a, b were simplified by equations 8a, b;
equations 11a, b were simplified using equations 10a, b.)

Let us assume a general solution for the Hertz potential
(Sunde, 1968) of

0 Uiz -Ujsz
m =cosqbf° [fne1* +g(ne ™ JEAGNEY
where 1 is the total distance from the point electrode, ¢ isan

azimuthal angle, cos ¢ =x/r, A\ is an integration variable,
and J, is an nth order Bessel function of the first kind (real
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argument). The function Uj is a propagation constant, and
- (42 2\%2
for the horizontal component, and
- (2,y2\
Ujy* (X *7; v)

for the vertical component. For
horizontal components, ¢ =0.

HORIZONTAL COMPONENT SOLUTION
fe0) -
V°h=j; [f(,e>‘z +goe >‘Z] Jo (rA)dA
at z=0,
(e0] -
7’|h=f; [f,eu'hz+g|e u"‘z] Jo(rA)dA
where —-d< z<o0, and
- f®
M2h= f; fze"2h J(rA) d A
wherez <-d. Note that f; and g; are functions used to satisfy
the boundary conditions for the jth layer. Then, using the

four boundary conditions 9a, 9b, 11a, 11b, we obtain the
following equations at z=o and z=-d:

2
i (fo=90)=7hum(f-q,) , (12)
2 2
Y, (fo +g°)=)’|h(f'+g|) , (13)
2 - 2

71U (f €7Und =g, eUnd)= 75, vy, fo €200, (19)

and 2 d d d

- 2 -

7 (fie e g end)=r g f et )

At this stage we will simplify the subscript notation by:
lh —1, 1z—3, 2z —= 4, and 2h — 2.
Equations 12 to 15 can be reduced by algebra to:

c o Y5 2x(uj+uy)

| oylz A ’ (16)
and
oot rZ 2a(y-upe2ud .
Loy A ’
where

A=(u2+u|)(u,+>‘)+(u2-u,)(u|—>\)e_2“|d. (18)

If we make a temporary assumption of a homogeneous
whole space, ¥ (=Y =Y ,=7,=7,, by setting g,=0 and f,=f,
and solving the resulting equations, we obtain

f = IdS ino .
4#73)\
For wires on the surface of the earth, this gives:
imow 2\(u; +up)
4r rEA

f = 1dS (19

and

imow 2A(uj—uy) o 2ud
ar 2 '

(20)

g,=1dS

where dS is the infinitesimal segment of the source dipole
carrying a current 1.

VERTICAL COMPONENT SOLUTION
For the vertical components,

Toz = COS qbfo°° poe ™ Jj (rA)dA
at z=0,
Izzcos<1:_[;f°[p, e¥3?+ qle'“3z] Ji(ra)dx
where -d<z=0,
Up2Z
1rzl=cos¢aj;mpze *, (r\)dx

where z < -d, and the p’s and @’s are functions used to satisfy
the boundary conditions exactly like the f’s and g’s.

Using boundary conditions 8a, 8b, 10a, 10b, we can obtain

2 2
Y3(p,+a))=75p,, @21)
2 -u=d d -
73(PeT3 a3 ey el @
2 _ 2 2 2
70”3(p|'ql)'(yo‘ys)’\(fl“‘gl)"yo)‘po’ 23)

and
2 -u-d uLdy_. 2 -Uad
u375(p e 3-q,e%%) = pyu, et

(3 -4 e194get?). (24)
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We can then obtain the p’s and q’s by using algebra:
2 2 '
A A(72- 7y )(f|+9|) 4,
) u " —zuéj 1 ]
TAVRAY L AVYAY

AR

ha

*‘Jlew'-u"’)d]Ag (29)

Woan ‘2U3d ' 1
ALATe T T HALA,

and

N (7,'2_ 72‘)“ o +uz)d +g|e(u|-u3)d]A;

q-=
-2uzd -
NV NP RN
2 w_ —2uxd
Ar5-7E)(F +g) Al e™V3
R e A D
non -2U3d [} 1
AN e +A A,
where:
"_ 2 2
Ao- )\73"U37° ’
2
" 2 U4Y3
A|=72(U3— "_2 ),
74
' 2 2
Azu 2+ 7%, and
2
- Ug”3
A.-Vz(us"*—z ) @7
Ya

Now utilizing equations 4 and 5 we can obtain:

E,=7 2 [2(f +9)) To(rMd

* 563 °°s¢f;° Er(fi+a, )+us(pmq,)] T (rh1ax

and

Ey=_aay—°°s¢f;w[‘>‘(fl +g,)+us(p-q))] 3, (dx,

which reduces to

ZQ(') ] (28)

E,= IdS[-P() +=—5—

and

E, IdS[a om]’ (29)

where
1dSP (N=x, [P (fi+9) J(rA)dA and (30)
105QN=[ff+9,~ < (p~q,)]Tolr)dr. GV

These results are the anisotropic analog of Riordan and
Sunde’s (1933) derivation. They can be generalized using a
transformation similar to that suggested by Wait (1966): Let
G= 8\, B=r/5; and D=d/§, where
S =(2i)'/2 .
Ho®

In additi()]l let
xKH-— A'\"-—, alld AN2 - -
2 3 4

These parameters XKH, AN1 and AN2 are used in the
computer program in table 5. Then:

2-3‘. 2_2I

AN2...

and U=8U,=(62+2i)"%,
V=8U,=(62+2iXKH)"2,
W=8Uz=(G2+2iANI)"%,

Y=8U,=(G? + 2iAN2) 72,

and Al =AL=2iG- Ag‘s',
v 2i'XKH ANI
A= 53 [w+y AN2]’
W 2iXKH ANI
A= 3 ——[w-v AN2]

6=A,/“ko

Py

where A is the receiver dipole length, and ¢ is the generalized
induction parameter.
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The results of the transformation are:

, and

2
e o o+,
2
9 w::z:a [u-v]e2'°,
- ZiS ~(f+@) &)+ (XKH-1)(f,e™U*WID g (lU-WID) A" |
> VST
- 23(: (l-XKH)(fI e—(U+w)D +g'e(U-w)D) A,', -(f|+g,)A';e~2wo
’ Bytie "0+ nga;

A = (g+U)(U+V) +(g-U)(U-V)e 290,

Lastly:

2i
PN JE[+9] % Bg)dg (32)

and

W
Q(r)._.fom [f|+g|-€(p,-<2 )]J;)(Bg)dg -

(33)

This transformation permits a broader application of the
results of the numerical integration. Therefore, for instance,
behavior of P(r) and Q(r) depends only on a resistivity ratio
instead of on two separate values of resistivities. Results are
always tabulated in terms of a generalized induction
parameter,

6:=A./ ‘_;E,
so that with a given spectrum in the complex plane, results
can be calculated for different values of the receiver dipole
spacing, A, or surface resistivity, P, , or angular frequency,
w.

At this point we should comment on the behavior of the
two functions P and Q. For a homogeneous earth, Q is
constant and real, is frequency-independent, and contributes
the resistive component to the mutual coupling. Over a
two-layer earth, the Q function becomes dependent upon
frequency and varies with the distances between grounding
points, the interface-depth-to-dipole-length, D/ A, and the
resistivity contrast, #,/P,, between the two media. When
evaluated over the two dipoles, Q yields only four terms
dependent on distances between grounding points and is a
simple scalar function.

The P function, on the other hand, is dependent upon the
orientation of the dipoles. The mutual impedance includesa
cosine term when integrated over the two dipoles:

P=j;8f;P(r) cos¢dSds. (34

Here, ¢ is the angle between the two elements dS and ds,
referring to separate line segments. For these reasons, the P
function can be called the inductive term, and the Q function
can be called the grounding term. The behavior of these

functions is illustrated in figure 2. In this figure 6 isasum of
Q terms each of which is calculated for a separate
electrode-electrode distance. This will be examined in more
detail later.

For two infinitely long wires, Q behaves asymptotically as
1/r, and goes to zero as r becomes infinite. It goes to zero
whether the wires are parallel or perpendicular. For two
perpendicular wires over a one-dimensional earth, the P
term is zero. Therefore for two infinite, perpendicular wires,
irrespective of the layering beneath them, the total elec-
tromagnetic coupling becomes zero. For a three-electrode
array, the Q function reduces from four to two terms, and for
a two-electrode array with two infinite electrodes, Q is
further reduced to a single term. Diagrams of these arrays
are shown in figure 3. Because P must be evaluated by
integrating over both dipoles by incremental lengths, the
following results will not include coupling for three- or
two-electrode arrays. The necessary computer time for the P
term increases as the product of the incremental lengths over
which the function must be integrated, and the author felt
that the computer time necessary for accurate evaluation
was not justified in light of the infrequent use of these
geometries.
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FIGURE 2—Behavi’:)r of f f P (r)dSds. the inductive component of

EM coupling; Q, the conductive component of EM coupling; and their
sum as a function of resistivity contrast for an isotropic earth. The
functions are plotted in the Cartesian complex plane, f shows the
direction of increasing frequency, and all values are normalized by the
real dc (direct-current) component.

ARRAYS
Dipole-dipole
f A 1 NA f A i
Pole-dipole
3-electrode
o 1 NA f A 1}
2-electrode
= 1 NA r *®

FIGURE 3.—Collinear arrays commonly used in the field, presented in
order of frequency of use. N and J are multipliers of dipole length, A.

A note should also be added concerning anisotropy.
Anisotropic P and Q kernel functions (mathematical sense)
are included in the program listing in table 5 of this report

and are called ANISOP(x) and ANISOQ(x). In general
these functions require twice the computer time for
anisotropic conditions as that required for isotropic Pand Q
kernel functions. The isotropic function subroutines used for
the majority of the calculations are called PDP(x) and
PDQ(x) and are also included in the computer program
listings in table 5.

METHOD OF CALCULATION

In general, the integrals of equations 32 and 33 cannot be
evaluated analytically, so numerical integration was
employed using the following procedure. The general form
of the integrals can be represented as:

[LFAAT, (0,

where J,( Ar ) is the real component and F(\, r) is in
general the complex component. The integral was evaluated
as a sum of integrals between zeros of the Bessel function J,;.
The first term, from zero (0.0) to the first zero of the Bessel
function, was calculated using an adaptive Simpson’s rule
(Anderson, 1975), which divides the interval into smaller and
smaller pieees until the iterated calculations repeat to within
a user-specified precision. The next four terms were in-
tegrated using a sixteen-point Gaussian quadrature method,
the ensuing series of terms were then integrated using an
eight-point Gaussian quadrature method, and an Euler
transformation was used to force convergence of the series.
Precision was generally obtained to four decimal places by
the sixteenth zero of the Bessel function.

In order to calculate the coupling for collinear
dipole-dipole and pole-dipole arrays, the configuration
shown in figure 4 was used.

fe-A—=fe——NA -te JA -

P1h Piv

P2h

F1GURE 4.—Model cross section of an anisotropic earth showing collinear
dipole-dipole and pole-dipole geometries. N and J are multipliers of
dipole length A; a, b, m, and n are electrodes.

In this figure and in subsequent equations, J is a multiplier
indicating the length of the transmitter dipole with respect to
the length of the receiver dipole.

A collinear dipole-dipole array is a specific subset of the
collinear pole-dipole array, with J=1. To obtain the mutual
impedance,
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(35)

aQ(r)
S

dZg, =dSds[P(r) cos¢ +

B

one must evaluate the following:

z. 2B A 8ot
572, POz +Qlebmon), GO

and
Zg, 2wAZ M M 2mA
S5 T 5 T P+ —— @), 67
Zo  PME m iz P,

where 6(r)=0(0m)-0(an)-0(bm)+ Q(bn).

In these equations, Zg is the mutual impedance between the
two dipoles S and s, and Z, is the dc (direct-current)
coupling (resistive only) normalization factor. M is the
number of segments that the dipoles are broken up into for
purposes of integration.

It has been observed that four-place precision can be
obtained for the pole-dipole configuration for any length of
J greater than 7 to 10. In effect then, the pole-dipole array
can be calculated with about 10 times the CPU (Central
Processing Unit) time required for a dipole-dipole calcula-
tion.

An estimate of the convergence of Zg./Z, against the
number, M, of intervals that the dipoles should be broken up
into can be obtained by comparing the homogeneous earth

A .
(with Q constant) dipole-dipole results with the results using
Millett’s (1967) equations for a summation parameter K=15

(fig. 5).

—--03
0.5
0=0.7
r'y
09 o—= Millett (1967), Kmax=15 03 7‘0-2 =
) +——+ This report M=4 - §
- ——— This report M=2 Q
a——a This report M=1 g
11 —H -01 =
a O=A /%0
1.3 p
L\ _a | ! | | I 0.0
04 9% ,05 0.6 0.7 0.8 0.9 10
REAL

FIGURE 5.—Homogeneous-earth collinear array dipole-dipole elec-
tromagnetic coupling plotted in the Cartesian complex plane, showing
convergence of the calculations with increasing number of intervals (M)
that the dipoles are divided into.

MODEL RESULTS
ISOTROPIC EARTH

A comparison of EM coupling for pole-dipole and
dipole-dipole arrays for a homogeneous earth is shown in

figure 6. All the results shown have been normalized by the
real or dc component. In this form, the pole-dipole curve has
a somewhat smaller imaginary amplitude than the
dipole-dipole curve; this is due to the diminished Q term, as
the electrodes are moved farther away. However, the
effective coupling for the pole-dipole array (especially for
PFE?’s) is greater than for an equivalent (in everything except
the J parameter) dipole-dipole configuration. This is because
of the increased contribution from the P or inductive term.

- -0.3
0=0.7 % 6=A /28
O ———— g
=7 05 T~<
o g 03703 =02 x
.9 N
07 Collinear dipole-dipole “R03 s
/ Q
o———a Collinear pole-dipcle §
1.1 / 0.9 -1 701 =
1
1.3 “{1.1
L N | | | | 0.0
04 X, 05 0.6 07 08 0.9 10
REAL

FIGURE 6.—A comparison of homogeneous-earth collinear dipole-dipole
coupling with pole-dipole coupling plotted in the Cartesian complex
plane.

As mentioned in the introduction, it is a relatively simple
matter to obtain PFE’s, phase angles, and chargeabilities
from the more general, normalized results in the complex
plane. This can be demonstrated graphically in figure 7. In
this figure, M, and M, are magnitudes at 0.1 and 1.0 Hz
(hertz)respectively, and ®, and &, are phase angles at the
same corresponding frequencies.

Newmont standard chargeabilities can be derived em-
pirically from the phase angle (®,) at 0.1 Hz by multiplying
the phase angle in milliradians by a constant factor of 1.2
(Zonge and Wynn, 1975). Loss tangents may be calculated as
L=tan(<pl+ T/2.)

Figure 2 has already demonstrated the behavior of
dipole-dipole coupling for various resistivity contrasts. In
general, the phase lag (a negative phase angle) increases
rapidly and monotonically for p; < AP, in the frequency
range of interest. For a resistivity contrast®, > P, , the
phase lag initially increases as frequency is increased, but it
soon reaches a maximum, decreases, and then crosses over
the real axis to a phase lead at the higher frequencies.

Figure 8 shows coupling curves as a function of N, where
N is a multiple of dipole spacing. Another example for
varying N (in terms of standard IP parameters) is shown in
table 1. The results here are similar to those obtained in the
field, namely that both magnitudes and phase angles change
more rapidly with increasing N-spacing. This gives rise toan
apparent layering in field pseudosections, giving increasing
coupling contribution with increasing depth or N-spacing.
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FIGURE 7.—Graphic relationship between the polar coordinate parameters of frequency domain IP and the complex resistivity spectrum
represented by the dots in the Cartesian complex plane. PFE is the percent-frequency effect.
- =02 TABLE 1.—IP parameters for a two-layer isotropic earth as a function of
P 50 3 10 N-spacing
P2 A 0.1 [PFE’s are for the 0.1-1.0 Hz decade, phase angles are in milliradians, chargeability is in
o — -0.1 millivolt-seconds per volt, and loss-tangent is dimensionless. A-spacing is 300 m; depth to interface is
60 m; first-layer resistivity is 50 ohm-meters, and second-layer resistivity is 10 ohm-meters]
0=0.2 0.3
L / ‘, ' 0.0 FFE Phase (MRAD) Charge- Loss=-
0.6 0.7 08 09 1.0 N 0.1-1.0 AY'g
0.5 decade 1.0 Hz 0.1 Hz ability  tangent
N=5 =3 4 o 1 0.8 -31 -3.9 4.7 256
0.3 0.7 3 7.3 -137 -21 25 47.6
5 17.1 -244 -46 55 21.7
1 02 10 43.2 -345  -130 156 7.6
-4 o3& N=3 2150
< P2
05 4
] 0=0.2 - -02
<
— 043 D oo
w,
om0 5 0=A\ 5 A 0.1
ha 0.5 —-04
0-3 ] _01
N=3 0.7 X
D \
= 0.2
11 - 0. 1.0 0.3 |
05 0.3 A | x
03 [ il | } 1 o' g
P _ D _ ' 05 ¢p4 06 0.7 038 09 10 | <
=02 =10 —-0.2 - 3
P2 REAL 405
0.3
-0.1 — 0.1
0.5
l | I N I | 0.0
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REAL )
FIGURE 8.—Collinear dipole-dipole EM coupling as a function of Flfdlinhgio';Z]ingagg?‘lf;gngl: rtEsl\ii rf t:;l:m]zzxas l:;nf:nctlon of D/A
N-spacing, for a conductive basement and a resistive basement, plotted P plex plane.
in the Cartesian complex plane. P .
or an infinitely shallow interface, the spectra approach the
Figure 9 demonstrates the behavior of coupling for the | results of figure 6 (the homogeneous earth). An example for
dipole-dipole configuration as a function of D/ A (depth to | a different resistivity contrast, also in terms of standard
the layer interface). In the limiting case of an infinitely deep | IP parameters, is shown in table 2.
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TABLE 2.—IP parameters for a two-layer isotropic earth as a function of
depth to the interface D/ A

[Parameters are the same as in table 1. PFE’s are for the 0.1-1.0 Hz decade, phase angles are in
milliradians, chargeability is in millivolt-seconds per volt, and loss-tangent is dimensionless.
A-spacing is 300 m; first-layer resistivity is 50 ohm-meters, and second-layer resistivity is 5

ohm-meters]
D/A o.iff.o Phase (MRAD) Charge- Loss-
decade 1.0 Hz 0.1 Hy  2Pility tangent
0.05 15.2 =240 =42 50 24
.10 14.9 =227 -41 49 24
.20 14.3 -202 -38 46 26
1.00 3.71 -41.9 -9.7 11.7 103
1.20 2.55 -35.4 -7.3 8.8 137
1.50 1.76 -33.4 -5.9 7.1 169
2.00 1.28 -35.4 -5.4 6.5 185
5.00 .97 -45.4 -5.6 6.7 179

For a rough check on these theoretical results, a field
measurement was made at Willcox Playa, Cochise County,
Ariz. The field data are compared in figure 10 with a
theoretical plot whose input parameters were derived from a
conventional dipole resistivity sounding. The results are
within the accuracy of the dipole-sounding inversion and
show that the theoretical approach is in fact based on
realistic assumptions.

ANISOTROPIC EARTH

The effects of anisotropy on the EM coupling spectra can
be measured, where the coefficient of anisotropy for the jth

layer is given as,

horizontal resistivity

A= p-i h - e
vertical re31st1V1ty

J pjv

jth layer.

Nine examples of theoretical EM coupling for an anisotropic
earth may be found in table 6. An initial examination (figure
11) shows that an anisotropic model for moderate values of
A will behave as one would intuitively expect. In the case
shown here, an anisotropic model chosen somewhere
between a homogeneous and an isotropic layered earth
model gives results that fit between the homogeneous and
isotropic cases.

As the resistive contrasts in the anistropic layer increase,
several features begin to appear that are not obtainable from
isotropic earth models. One of these features is an increase in
magnitude with increasing frequency in the dc to 0.1 Hz
range. This is noticeable in the shorter N-spacings in the
earth model of figure 12; it is especially pronounced in the
behavior of the Q term. In field measurements this peculiari-
ty would be noticed as negative PFE’s. If the earth
polarization response were weak enough, this effect could
mask the response enough to hide a significant polarization
anomaly. The maximum effect in the model of figure 12,
however, is only 2 percent on the N=3 curve. This would be
significant only if one attempted to compensate by subtrac-
ting out isotropic-earth coupling derived from resistivity
pseudosections. It should be noted that the phase shifts in the
anisotropic case are not greatly different from those of most

— 05
7.3 Hz
— -0.4
5.0 Hz
— 03
[+
<
Z
. Q
32 Hz -~ O—————0 Field data g
z &—————>a Theoretical coupling — -02 ~
D _ P _
A =02 5=01
—{ -0.1
110 Hz
128 Hz\A| | L | | l | I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
REAL

F16URE 10.—Collinear pole-dipole EM coupling at Willcox Playa, Cochise County, Ariz. Field data are compared with a theoretical model
whose parameters were derived from curve-matching dc sounding data. Data plotted in the Cartesian complex plane.
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Isotropic - —-0.3
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earth 0=0.5
— —0.2
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FIGURE 11.—Comparison of anisotropic two-layer-earth EM coupling curve with two isotropic-earth EM coupling curvesin the Cartesian
complex plane.

IMAGINARY

D/A =0.2

A =305meters |,

P1 = 50Q) - meters il

P2h = 1) - meters

P2v = 5001-meters | 4
— 0.4

FIGURE 12.—Anisotropic-earth EM coupling curves in the Cartesian
complex plane, showing the effect of changing the N-spacing in the
models. Note that anisotropy causes increasing magnitudes (and,
therefore, negative PFE’s) at the lower frequencies.

isotropic cases. Anisotropy, therefore, would not be readily
identifiable in a purely phase measuring system, or in a
time-domain system.

A final feature of interest may be observed in figure 13. In
this case, curves for two values of D/A are plotted for a
large, fixed anisotropy ratio. Compared with the curve for
D/A=0.2, the magnitude and phase changes due to EM
coupling diminish as expected in the curve for D/A=1.0. A
notchlike behavior appears, however, at the high-frequency
end of the D/ A=0.2 curve. This high-frequency notch has
been observed in field data and has been modeled in other
work (Wynn and Zonge, 1975). In the frequency range

- —05
D/A=0.2
— —-04
N =3 — -0.3
A =305 meters
P1v=~P1h = 500 meters
p2h= 10 . meters -0.2 >
P2v = 50Q1- meters D/A=1.0 z
Z
-0.1Q
10 L ‘E(
| J
0.1 0 1.1
0.1
0.2
0.3
-1 04

FIGURE 13.—Anisotropic-earth EM coupling curves in the Cartesian
complex plane, showing the effect of changing the D/ A ratio.

normally used in IP (generally less than 1.0 Hz), this
notchlike behavior would not be observed unless the earth
resistivities were less than that of seawater, which is very
unusual, but nevertheless has been encountered.

THE REAL WORLD: ROCK RESPONSE
AND COUPLING REMOVAL

Several examples of complex-plane rock spectra and a
discussion of the application of coupling removal from field
data can be found in Zonge and Wynn (1975) and Wynn and
Zonge (1975). In this section the contribution of the rock
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-0.1—
z
2
g
=
110 10
1
0.0
0.9 1.0
REAL
COMPONENTS
FREQUENCY REAL IMAGINARY
0.01 1.0000 -0.0037
.03 .9976 -.0058
.05 .9959 -.0062
.07 .9939 -.0074
.09 .0028 -.0077
.11 .9931 -.0081
.10 .9927 -.0079
.30 .9863 -.0107
.50 .9826 -.0124
.70 .9798 -.0131
.90 .9776 -.0142
1.10 .9764 -.0152
1.00 .9769 ~.0135
3.00 .9663 -.0165
5.00 .9686 -.0175
7.00 .9567 -.0182
9.00 .9537 -.0186
11.00 .9513 -.0189
10.00 .9521 -.0187
30.00 .9376 -.0193
50.00 .9308 -.0186
70.00 .9260 -.0175
90.00 .9226 -.0169
110.00 .9202 -.0161

Apparent resistivity = 1027.3 ohm-meters
Phase at 0.1 Hz = 8.0 milliradians
PFE for 0.1 to 1.0 Hz = 1.5

FIGURE 14.—Weak (barren) rock response spectrum in the
Cartesian complex plane, taken from laboratory
measurements of a core sample of fresh igneous rock; 0.1,
1.0, and 10 Hz are frequency points and PFE is percent-fre-
quency effect.

response to electromagnetic coupling and a simple coupling
removal technique will be discussed. Figures 14 and 15 show
an example of the electrical spectral response of a barren
igneous rock. This spectrum is called a type “C” response in
Zonge and Wynn (1975). The measurement was made in the
laboratory in such a manner as to avoid coupling and other

1.0 L —_— ! .JJM____L_LJ:J—Ozs
= v g
‘g 0.8 - -020 £
g 2
E
& ol -1 -015 £
g g
[T
2 oar - -0.10 §
N
# <
E,E‘ 02 - ~0.08 %
9 )
oo =——o—7— | ' -0.10
0.01 0.10 1.00 10.00 100.00
FREQUENCY, IN Hz
FREQUENCY MAGNITUDE PHASE  LOSS-TANGENT
0.01 1.0000 -0.0037 270.7431
.03 .9976 -.0059 170.8859
.05 .9959 -.0062 160.0368
.07 .9939 -.0074 134.3227
.09 .9926 -.0078 128.1578
.11 .9931 -.0081 123.1535
.10 .9927 -.0080 124.8938
.30 9864 -.0102 92.6125
.50 9827 -.0126 79.5342
.70 9799 -.0134 74.7817
.90 9777 -.0145 68.7416
1.10 9765 -.0155 64.4400
1.00 9770 -.0138 72.2468
3.00 9665 -.0170 58.6813
5.00 9608 -.0182 54.9466
7.00 9569 -.0190 52.6324
9.00 9539 -.0195 51.1506
11.00 9515 -.0199 50.3428
10.00 9523 -.0196 50.9916
30.00 9378 ~-.0205 48.6609
50.00 9310 -.0199 50.1678
70.00 9262 -.0189 52.8972
90.00 .9227 -.0183 54.6585
110.00 .9203 -.0175 57.2592

FIGURE 15.—Weak (barren) rock response spectrum of figure 14, in polar
coordinates, plotted in normalized magnitudes and phase angles.

errors. In figures 14 and 16 the triangles (A) mark the 0.1,
1.0, and 10 Hz points. Figures 16 and 17 show an example of
the electrical spectral response of an altered and mineralized
rock; this is a type “A” response as named by Zonge, Wynn,
and Young (1976).

These two laboratory data sets can be combined with three
theoretical isotropic coupling data sets from table 6 to
generate a group of synthetic field results. The data sets were
combined by assuming that the second layer was polarizable;
to be done rigorously, the coupling should be calculated fora
different resistivity for each freqeuncy. The data sets of table
6 that are used here are 2, 3, and 14. A coupling removal
technique described by Hallof (1974) can be tested on the
resulting data sets. This technique fits a straight line and a
quadratic curve to the low-frequency phase angles, and

extrapolates the results to give an estimated dc “coupling
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FREQUENCY REAL IMAGINARY
0.01 0.9983 -0.0590
.03 .9647 -.0480
.05 .9478 -.0505
.07 .9370 -.0439
.09 .9352 -.0408
.11 .9283 -.0399
.10 .9314 -.0389
.30 .9104 -.0291
.50 .9014 -.0267
.70 .8970 -.0237
.90 .9821 -.0252
1.10 .8891 -.0227
1.00 .8905 -.0231
3.00 .8768 -.0195
5.00 .8706 -.0185
7.00 .8668 -.0179
9.00 .8638 -.0177
11.00 .8619 -.0173
10.00 .8625 -.0171
30.00 .8510 -.0149
50.00 .8458 -.0133
70.00 .8423 -.0120
90.00 .8399 -.0111
110.00 .8376 -.0095

Apparent resistivity = 92.1 ohm*'meters

Phase at 0.1 Hz = 41.6 milliradians

PFE for 0.1 to 1.0 Hz = 4.4

FIGURE 16.—Mineralized- and altered-rock response spectrum, plotted in
the Cartesian complex plane; 0.1, 1.0, and 10 Hz are frequency points,
and PFE is percent-frequency effect.

free” phase angle. This extrapolation is accomplished by the
following formulas:

Extrapolated (linear) phase=[%cb‘1 - %@ 3]
for .1 and .3 Hz, and

Extrapolated (quadratic) phase =[—15— D.- _5_q>43+i¢,.5]
8 4 8
for .1, .3, and .5 Hz.

1.0 —-0.25
[72]
: \‘\I\JM\U—M__L_LHJ 3
'al 08— —-0.20 3
=
§ o,s( —-0.15 %
= w
o 04 —1-0.10 3@
& Z
:(l g
= —-0.05 W
E 0.2 ® 0 §
o
Z o0 ' ! ' 0.00
0.01 0.10 1.00 10.00 100.00
FREQUENCY, IN Hz
FREQUENCY MAGNITUDE PHASE  LOSS-TANGENT
0.01 1.0000 -0.0591 16.9097
.03 .9659 -.0497 20.1062
.05 .9492 -.0532 18.7823
.07 .9380 -.0468 21.3454
.09 L9361 -.0436 22.9272
.11 .9281 -.0430 23.2516
.10 L9322 -.0417 23.9524
30 .9109 -.0319 31.3272
.50 .9018 -.0296 33.7436
.70 .8963 -.0264 37.8633
.90 .8924 -.0283 35.3569
1.10 .8894 -.0255 39.1500
1.00 .8908 -.0260 38.5017
3.00 .8770 -.0222 45.0012
5.00 .8708 ~-.0213 46.9744
7.00 .8670 -.0207 48.3297
9.00 .8639 -.0205 48.8417
11.00 .8621 -.0201 49.6880
10.00 .8627 -.0198 50.5681
30.00 .8511 -.0175 57.1147
50.00 .8459 -.0157 63.7213
70.00 .8424 -.0142 70.2471
90.00 .8400 -.0132 75.4765
110.00 .8377 -.0113 88.2485

FIGURE 17.—Mineralized- and altered-rock spectrum of figure 16, in polar
coordinates, plotted in normalized magnitudes and phase angles.

Table 3 shows the results of an experimental removal of
coupling using Hallof’s methods for three theoretical data
sets from table 6 and for the three cases of (1) non dispersive
rock, (2) type “C” rock, and (3) type “A” rock response
added. For comparative purposes the actual phase responses
as measured in the laboratory for 0.01 and 0.1 Hz are
included. For coupling case 3, the results are quite good,
with the dc “coupling free” phase angle falling somewhere
between the 0.01 and 0.1 Hz result. Case 3 is theoretical
coupling from a two-layer, isotropic, resistive basement
environment. As the basement is made more conductive, as
in case 2, the coupling removal technique begins to fail, but
only for the case in which the inherent rock response
included is weak or zero (type “C” or no rock response
added). For a sharp resistive contrast, as in coupling case 2,
the method fails entirely because the coupling-caused phase
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TABLE 3.—Comparison of coupling-removal results with actual laboratory
results for three isotropic earth coupling cases

[All data are in milliradians (MRAD)]

Coupling case Response of

rock only

.1

2 3 14 $.01

Coupling removal with no rock response added

Linear--------
Quadratic----= -260.4

-0.4
-.44

-12.0

0.
-5.8 °

0.0

Coupling removal with type "C" rock response added

Linear--=-=-==-- -304.7
Quadratic----- -266.8

-18.6
-12.0

Coupling removal with type "A" rock response added

Linear---=-----
Quadratic-—=-=--

-47.0
-49.9

-58.6

_55.5 -59.1

-41.7

shift begins to increase rapidly, eventually (by 0.5 Hz in case
2) turning over to a phase-lead. This same failure occurs for
the homogeneous earth case (though not nearly so seriously)
as the earth resistivity becomes small (less than 20
ohm-meters). In any configuration, the coupling becomes
less amenable to removal as the N-spacing is increased.
Table 4 shows EM coupling removal tests for three
anisotropic models (data sets 28, 29, and 33 of table 6).

TABLE 4.—Comparison of coupling-removal results with laboratory results
for three anisotropic earth coupling cases
[All data are in milliradians (MRAD)]

Coupling case Response of

rock only

28 29 33 $.01 4.1

Coupling removal with no rock response added

pinear---- cl4 3.0 203 4 o
Coupling removal with type "C" rock response added
Guadratio— 70 14 els 37 w80
Coupling removal with type "A" rock response added
Gumtiatic——— 40,3 _av.6 ag.y H91 ~4L7

In the previous section it was pointed out that an anisotropic
earth affects principally the magnitude at low frequencies
and not the phase angles. This observation is borne out in
table 4, where coupling removal for three “typical”

anisotropic models gives results reasonably close to the
actual rock response. The conclusion reached here, then, is
that an anisotropic earth will not complicate the coupling
removal task more than an isotropic earth.

CONCLUSIONS AND COMPUTER
RESULTS

Electromagnetic coupling usually affects phase angle
measurements more strongly than it does PFE-type
measurements, in terms of the relative contribution of
coupling as against rock response. This coupling contribu-
tion becomes significant when frequencies above 1.0 Hz are
used. In one highly conductive environment, in fact, the
coupling accounted for more than 75 percent of the phase
angle measured at 0.1 Hz. Coupling can, of course, be
minimized by using shorter dipole spacings.

The simple coupling removal technique described by
Hallof (1974) can be effectively used in possibly half of the
field conditions normally encountered. Theoretical model-
ing shows that introducing anisotropy into the environment
can lead to negative PFE’s for a collinear dipole-dipole array
but does not appreciably alter the phase angles from those
obtained over an isotropic earth. Since the method of Hallof
utilizes phase angles, this coupling removal technique should
work reasonably well in most anisotropic environments.

Further details of the theoretical calculations used in this
study may be found in table 5, containing the computer
listings, and in table 6, containing examples of elec-
tromagnetic coupling for both isotropic and
anisotropic-earth models plotted in the Cartesian complex
plane.

TABLE 5.—Computer program listings

[MAIN, Controlling main program; COMPAN, Integrating subroutine; READAN, 1/0 subroutine:
ANISOP, Anisotropic P kernel function; ANISOQ, Anisotropic Q kernel function; PDP,
Isotropic P kernel function; PDQ, Isotropic Q kernel function; BESJO, Bessel function of first
kind, zeroth order; QG8, Eight-point Gaussian quadrature; QG16, Sixteen-point Gaussian
quadrature]

MAIN PROGRAM

PROGRAM TO CALCULATE EM COUPLING FOR A POLE-DIPOLE

AND DIPOLE-DIPOLE ARRAY OVER A TWO-LAYERED EARTH.

VAL(1) = N-SPACING

VAL(2) = A SPACING IN FEET (CONVERTED TO METRIC)

VAL(3) = RHO-1, IN OHM-METRES

VAL(4) = RHO-2, IN OHM-—-METRES

VAL(5) = D, DEPTH TO THE INTER FACE IN FEET
(CONVERTED ALSO TO METRIC INTERNALLY)

VAL(6) = W.,. IF W=0, IT WILL READ IN THE THETA VALUES,
OTHERWISE IT GENERATES THE STANDARD FREQUENCY
SPECTRA ONE MIGHT ANTICIPATE IN THE FIELD,
(0.1 THRU 110 HZ IN THIS PROGRAM).

USED LATER IN PROGRAM AS CARRIER FOR THE

ANGULAR FREQUENCY W (OMEGA).

VAL(7) = J, THE LENGTH MULTIPLIER FOR THE XMTR DIPOLE

VAL(8) = M, # OF INTERVALS THAT THE DIPOLES ARE SUB-
DIVIDED INTO. THIS IS FOR INTEGRATION IN
EQUATIONS 36 AND 37 OF THE TEXT.

VAL(9) = RHO-3, SECOND LAYER VERTICAL RESISTIVITY (OHM-M).

FOR OPERATION, UTILIZE THE FOLLOWING:
ASSIGN TTY = 4
ASSIGN LPT = 5

0O A00AN0A00a0000000000000

RAARRRARARAARRRARRRARRRRRRRRRARRARARRAARRRRRRRRRRRR AR

1 COMPLEX RSLT,Z(16),ZN(16),PTEMP,QTEMP
C
C RSLT IS RESULT FROM INTEGRATION, Z IS IMPEDANCE DERIVED
c FROM P & Q FUNCTIONS, ZN IS NORMALIZED Z, PTEMP & QTEMP
4 ARE TEMPORARY STORAGE FOR P & Q CALCULATIONS.
c

COMMON /BLKl/ METHOD,VAL(9),NZERO,R,HEADER(20)
DIMENSIOR W(16),TH(16),F(16)

WRITE(4,10)

WRITE(5,10)

wewe
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conoaa

acaca

24
25

ana

26
27
28

aaca

ana

aao

anao

67
68
69

71
72

74
75

77
78

80

acoo

81

83
84

86

10
20

30

40
50
60

70
80

90

100

110

120

130

140
150

160
170

180
190

200
210

220
230

240

ELECTROMAGNETIC COUPLING WITH A COLLINEAR ARRAY ON A TWO-LAYER ANISOTROPIC EARTH

TABLE 5.—Computer program listings—Continued

FORMAT(//,” POLE-~ AND DIPOLE-DIPOLE ANISO EARTH EM COUPLING *,/
“ VERSION OF 1 JULY 1976 °,/, 1X,46(1H%*),//)

CONTINUE

CALL READAN

IVAL=4

READIN IS THE GENERALIZED READIN ROUTINE (HIGHLY SIMPLIFIED
HERE) USED TO READ IN THE INPUT PARAMETERS AND STORE THEM
IN THE COMMON ARRAYS.

WRITE(4,30)

FORMAT(® INPUT METHOD OF INTEGRATION IN I2 FORMAT:",/,

‘ 1 = GAUSSIAN QUADRATURE’,/,” 0 = CONVOLUTION")
READ(4,40) METHOD
FORMAT(I2)

IF(METHOD.EQ.0) GO TO 60
HRITE(S,50)
FORMAT(’ INTEGRATION BY GAUSSIAN QUADRATURE®)
GO TO 80
WRITE(S,70)
FORMAT(” INTEGRATION BY HANKLE TRANSFORM CONVOLUTION’)
CONTINUE
IF(METHOD.EQ.0) GO TO 100
WRITE (4,90)
FORMAT(’ INPUT THE INTEGRATION PARAMETER IVAL IN I2 FORMAT:’)

IVAL IS THE NUMBER OF INTERVALS INTEGRATED WITH QG16/QG8
BEFORE THE EULER-CONVERGENCE ROUTINE TAKES OVER.

READ(4,140) IVAL
CONTINUE

PROTECT AGAINST ZERO-LENGTH TRANSMITTER:

IF(VAL(7).GT.0) GO TO 110
VAL(7)=1.
CONTINUE

METRIC CONVERSION:

VAL(2)=VAL(2)*0.30488
VAL(5)=VAL(S5)*0.30488
IF(VAL(1).LE.0.) GO TO 340
PI=3.1415926
XNORM=1.
XMUO=PI*0.0000004
A=VAL(2)
IF(VAL(6).LE.0.) GO TO 130

GENERATE THE FREQUENCIES IF THETA. OPTION IGNORED...

W(1)=(0.0001*VAL(3))/(A*A*XMUO)
W(2)=.1
W(3)=.3
W(k)=.5
W(5)=1.
W(6)=3.
W(7)=5.
W(s)=10.
W(9)=30.
W(10)=50.
W(ll)=70.
W(l2)=90.
W(l3)=110.
LIM=13
DO 120 J=1,LIM
F(J)=W(J)
W(J)=6,2831852*F(J)
TH(J)=A*SQRT(W(J)*XMUO/VAL(3))
GO TO 230
CONTINUE
WRITE (4,150)

READ IN HOW MANY VALUES OF THETA ARE DESIRED

TH(1)=0.01
READ(4,140) NOTHET
FORMAT(I2)
FORMAT(/,”
WRITE(4,160)
NOTHET=NOTHET+1
READ(4,170) (TH(I),I=2,NOTHET)
FORMAT(/,’ INPUT VALUES IN F10.5 FORMAT:’,/)
FORMAT(15(F10.5,/))

TYPE IN THE NUMBER OF THETAS, I2 FORMAT:")

FOLLOWING SECTION WILL TRUNCATE THETA ARRAY IF IT
ENCOUNTERS A ZERO IN IT, AND RESET LIM AUTOMATICALLY

LIM=16
DO 180 I=2,16
IF(TH(1).GT.0.) GO TO 180
LIM=I-1
Go TO 190
CONTINUE
CONTINUE
IF(TH(2).GT.0.) GO TO 210
LIM=9
DO 200 K=1,8
KP=K+1
XKP=FLOAT (KP)
TH(KP)=(XKP=2.)*0.2+0.1
CONTINUE

CONVERT THETAS TO ANGULAR FREQUENCY...

DO 220 J=1,LIM
W(J)=(TH(J)*TH(J)*VAL(3))/(A*A*XMUO)
CONTINUE
WRITE(4,240) (HEADER(I),I=1,20)
WRITE(5,240) (HEADER(I),I=1,20)
FORMAT(LX,62(1H*),/,1X, 1H*,20A3,1H*,/,1X,62(1H*))
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TABLE 5.—Computer program listings—Continued.

WRITE(4,250)
WRITE(S,250)
FORMAT(/,’ N A RHO-1
w J M RHO-3
WRITE(4,260) (VAL(J),J=1,9)
WRITE(S5,260) (VAL(J),J=1,9)
FORMAT (2F7.0,2F7.1,4F7.0,F7.1)
WRITE(4,270)
WRITE(5,270)
FORMAT(26H RESULTS ARE AS FOLLOWS...,
1 /,1X,SHTHETA," FREQ REAL IMAG
2 20H QREAL QIMAG ,/,16H **xxx AkAR
32X, 4HRRRR 4X, LHARRR 2X,2(4X,4HRARR)  2X,2(4X, 4HARAR))

RHO-2 DEPTH’,

L Tl 9(TH Rkkka))

PREAL PIMAG®,
*
’

CALCULATE THE IMPEDANCES, Z...

DO 300 I=1,LIM

VAL(6)=W(I)

SKD=SQRT(2.*VAL(3) /(VAL(6)*PI*0.0000004))

SKD IS THE SKIN-DEPTH USED IN GENERALIZING THE LINEAR
VARIABLES TO MAKE THEM DIMENSIONLESS.

Z(I)=CMPLX(0.,0.)
IF(W(I).LE.0.) GO TO 300
MM=IFIX(VAL(8))
XMM=VAL(8)
MJI=IFIX(VAL(7)*VAL(8))

MM IS THE NUMBER OF INTERVALS THAT THE RECEIVER DIPOLE IS
DIVIDED INTO, AND MJ IS THE NUMBER OF INTERVALS THAT THE
TRANSMITTER IS DIVIDED INTO FOR THE DOUBLE SUMMATION.

DO 290 L=1,MJ
DO 280 M=1,MM

XL=FLOAT(L)

XM=FLOAT (M)
R=(L1.+VAL{1)+(XL-XM) /XMM) *A

R IS THE DISTANCE BETWEENR SEGMENTS OF THE DIPOLES
BEING INTEGRATED OVER.

CALL COMPAN(RSLT,1,IVAL)

FROM ZERO TO INFINITY;... 1 MEANS IT USES ANISOP,
IT USES ANISOQ FOR THE KERNEL FUNCTION.

2 MEANS
RSLT IS RETURNED,

Z(I)=Z(I)+RSLT
CONTINUE
CONTINUE

CONTRIBUTION FROM DOUBLE SUM OF P:
Z(1)=Z(I)*2,%*PIXAXAXA/(VAL(3)*XMM*XMM)
IT HAS JUST BEEN NORMALIZED BY Z(DC).

PTEMP=Z(1I)
CALL COMPAN(RSLT,2,IVAL)

CONTRIBUTION FROM Q:

QTEMP=RSLT*2,*PI*A/VAL(3)
Z(1)=Z(I)+QTEMP

CALCULATE NORMALIZED IMPEDANCES ZN...
IF(I.LE.1) XNORM=REAL(Z(I))
ZN(I)=Z(I)/XNORM

PTEMP=PTEMP/XNORM

QTEMP=QTEMP/XNORM

F(I)=W(I)/6.2831852

OUTPUT THE RESULT...

WRITE(4,310) TH(I),F(1),ZN(I),PTEMP,QTEMP
WRITE(S5,310) TH(I),F(I),ZN(I),PTEMP,QTEMP
CONTINUE
FORMAT(F7.3,F7.1,2F8.4,2X,2F8.4,2X,2F8.4)
WRITE(4,320) XNORM
WRITE(S,320) XNORM
FORMAT(/,” NORMALIZING FACTOR =‘,E12.4)
WRITE(4,330)
WRITE(S5,330)
FORMAT(1H1,//)
GO TO 20
sToP
END

COMPAN SUBROUTINE
SUBROUTINE COMPAN(RSLT,IFCIN,IVAL)
GENERALIZED INTEGRATION SUBROUTINE

COMPLEX ANISOP, ANISOQ, ANCONP,ANCONQ,ZHANKO

EXTERNAL ANISOP,ANIS0Q,ANCONP,ANCONQ

COMPLEX SSUM,GSUM,ESUM,SUMC,TEM,Y,SEVEN,SODD,FX,AMN, AMP, RSLT

COMMON /BLK1/ METHOD,VAL(9),NZERO,R, HEADER(20)

DIMENSION SUMC(7),Y(193)

DIMENSION V(4),ZERO(25)

DATA ZERO/2.40482555,5.52007811,8.65372791,11.7915344,
14.9309177,18.0710639,21.2116366,24.3524715,
27.4934791,30.6346064,33.7758202,36.9170983,
40.0584257,43.1997917,46.3411883,49,4826098,
52.6240518,55.7655107,58.9069839,62,0484691L,
65.1899648,68.3314693,71.4729816,74.6145006,
77.7560256/

DATA ICALLD/1/

IF(ICALLD.EQ.1) TEM=CMPLX(0.,0.)
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CONCLUSIONS AND COMPUTER RESULTS

TABLE 5.—Computer program listings—Continued.

ICALLD=ICALLD+10
IF(IVAL.EQ.0) IVAL=3
NZERO=1

PI=3,1415926

MAX=8

SSUM=TEM

GSUM=TEM

ESUM=TEM

RSLT=TEM

NN=0

IF(METHOD.EQ.0) GO TO 320
THE GAUSSIAN INTEGRATION METHOD:

SIMPSON INTEGRATION OVER FIRST INTERVAL OF JO

DO 10 J=1,6
SUMC(J)=TEM

DO 20 L=1,193

¥ (L)=TEM

J=0

J=J41

NN=6*(2%%J)

H=(2.4048256) /NN

IF(IFCTN-1)40,40,50

Y(1)=ANISOP(0.0)

GO TO 60

Y(1)=ANIS0Q(0.0)

CONTINUE

NP=NN+1

DO 90 I=2,NP

XI=FLOAT(I-1)
IF(IFCTN-1)70,70,80
Y(I)=ANISOP(H*XI)
GO TO 90
Y(I)=ANISOQ(H*XI)
CONTINUE
SEVEN=TEM
DO 100 K=2,8N,2
SEVEN=SEVEN+4.*Y (K)
SODD=TEM
NM=NN-1
DO 110 K=3,NM,2
SODD=SO0DD+2. *Y (K)
THE RESULT...
SUMC(J)=(H/3.)*(Y(1)+SODD+SEVEN+Y (NP))
TEST SECTION...
IF(J.LE.1) GO TO 30
FRAC1=CABS (SUMC(J)-SUMC(J-1))
FRAC2=0.00001*CABS(SUMC(J))
IF(FRACL.LE.FRAC2) GO TO 120
IF(J.LT.S) GO TO 30
SSUM=SUMC(J)
RSLT=RSLT+SSUM

GAUSSIAN 8-OR-16 POINT INTEGRATION OVER NEXT IVAL INTERVALS...

DO 190 L=1,IVAL
NZERO=L
IF(L.LE.4)GO TO 150
IF(IFCTN-1) 130,130,140
CALL QG8(ZERO(L),ZERO(L+1),ANISOP,GSUM)
G0 TO 180
CALL QG8(ZERO(L),ZERO(L+1) ,ANISO0Q,GSUM)
Go TO
IF(IFCTN-1)160,160,170
CALL QG16(ZERO(L),ZERO(L+1),ANISOP,GSUM)
GO TO 180
CALL QGL6(ZERO(L),ZERO(L+1),ANIS0Q,GSUM)
RSLT=RSLT+GSUM
CONTINUE
EPS=0.00001*CABS (RSLT)

EULER TRANSFORMATION TO FORCE CONVERGENCE OF SERIES...

NZERO=NZERO+1
DO 200 L=1,193
Y(L)=TEM
IF(MAX.LE.0) GO TO 310
I=1
M=
XL=ZERO(NZERO)
XU=ZERO(NZERO+1)
XL=LOWER BOUND, XU=UPPER BOUND FOR GAUSSIAN QUADRATURE...
IF(IFCTN-1) 220,220,210
CALL QG8(XL,XU,ANIS0Q,FX)
co TO 230
CALL QG8(XL,XU,ANISOP,FX)
CONTINUE
Y(1)=FX
ESUM=Y (1) *.5
J=0
I=I+1
IF(I1.GT.MAX) GO TO 310
NZERO=NZERO+1
XL=2ZERO(NZERO)
XU=ZERO(NZERO+1)
IF(IFCTN-1)270,270, 260
CALL QG8(XL,XU,ANISO0Q,FX)
GO TO 280
CALL QG8(XL,XU,ANISOP,FX)
AMN=FX
DO 290 K=1,M
AMP=(AMN+Y(K))*.5
Y (K)=AMN
AMN=AMP
IF(CABS(AMN).GE.CABS(¥Y(M))) GO TO 300
IF(M.GE.15) GO TO 300
M=M+1
Y (M) =AMN
AMN=. S*AMN
ESUM=ESUM+AMN
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TaBLE 5.—Computer program listings—Continued.

IF(CABS(AMN).GT.EPS*CABS(ESUM)) GO TO 240
J=J+1
IF(J.LT.S5) GO TO 250
CONTINUE
RSLT=RSLT+ESUM
RETURN
CONTINUE
CONVOLUTION/HANKLE TRANSFORM METHOD:
IF(IFCTN.EQ.2) GO TO 330

P-FUNCTION CONVOLUTION

SKD=SQRT(2.*VAL(3) /(VAL(6)*P1*0,0000004))
R=R/SKD
RSLT=ZHANKO(ALOG(R) ,ANCONP,0.0001,L) /R
RETURN

CONTINUE

Q-FUNCTION CONVOLUTION

V(1)=(VAL(1)+VAL(7))*VAL(2)
V(2)=VAL(1)*VAL(2)
V(3)=(VAL(1)+VAL(7)+1.)*VAL(2)
V(4)=(VAL(1)+1.)*VAL(2)

DO 340 K=1,4

R=V(K) /SKD

Y(K)=ZHANKO(ALOG(R) ,ANCONQ,0.0001,L) /R
CONTINUE

RSLT=Y (1)-Y(2)-Y(3)+Y(4)
RETURN

END

READAN SUBROUTINE
SUBROUTINE READAN

GENERALIZED I/0 SUBROUTINE

COMMON /BLK1/ VAL(9),NZERO,R, HEADER(20)
WRITE(4,10)
FORMAT(/,” GIVE ME A TITLE")
READ(4,20) (HEADER(J) ,J=1,20)
FORMAT (20A3)
WRITE(4,30)
FORMAT(/,” INPUT THE NINE VARIABLES *,/,
N A RHO-1 RHO-2 DEPTH TH:W=Dp J

READ(4,40) (VAL(J),J=1,9)
FORMAT (9F7.0)

RETURN

STOP

END

ANISOP FUNCTION

COMPLEX FUNCTION ANISOP(X)
ANISOTROPIC TWO-LAYERED INDUCTIVE FUNCTION.
COMPLEX U,V,DELP,DELOP,DEL1P,DELOPP,DELIPP,W
COMPLEX F1,G1,XI2,CC,XXKSK,WXKAN,XKON
COMMON /BLK1/ VAL(9),NZERO,R,HEADER(20)
PI=3.1415926
SKD=SQRT(2,*VAL(3)/(VAL(6)*PI*0.00000D4))
XK=VAL(3) /VAL(4)
AN=VAL(4) /VAL(9)
D=VAL(5)*2./SKD
IF(X-0.0001)10,20,20
X=0.0001
CONTINUE
RVAL=BESJO(X)
BLM=R/SKD
G=X/BLM
G2=G*G
XI2=2.*CMPLX(0.,1.)
U=CSQRT(G2+X12)
CC=CEXP (~U*D)
SKD2=SKD*SKD
SKD3=SKD2*SKD
XKAN=XK*AN
V=CSQRT(G2+XI2*XK)
W=CSQRT(G2+XTI2*XKAN)
DELOPP=G*XI2/SKD3
DELOP=DELQPP
XXKSK=XI2*XK/SKD3
WXKAN=W/XKAN
DEL1P=XXKSK* (U+WXKAN)
DEL1PP=XXKSK*(U~WXKAR)
DELP=(G+U) *(U+V)+(G-U)*(U-V) *CC
XKON=VAL(6)*0.0000001*G*SKD2/DELP
F1=XKON*(U+V)
G1=XKON* (U-V)*CC
ANISOP=(XI2/SKD3)*(F1+G1)*RVAL/BLM
RETURN
END

ANISOQ FUNCTION

COMPLEX FUNCTION ANISOQ(X)

ANISOTROPIC TWO-LAYERED CONDUCTIVE FUNCTION.
COMPLEX U,V,XNUM,Q,DELP,DELOP,DEL1P,DELOPP,DELLPP,W
COMPLEX DENOM,Fl,GL,P1,Ql,XI2,CC,XXKSK,WXKAN,XKON
COMMON /BLKL/ VAL(9),NZERO,R,HEADER(20)

DIMENSION Y(4),Q(4)

PI=3.1415926

SKD=SQRT(2.*VAL(3) /(VAL(6)*P1%0.00000D4))
Y(1)=((VAL(1)+VAL(7))*VAL(2))/SKD
Y(2)=VAL(1)*VAL(2) /SKD
Y(3)=((VAL(L)+VAL(7)+1.)*VAL(2))/SKD
Y(4)=({VAL(1)+1.)*VAL(2))/SKD

XK=VAL(3) /VAL(4&) v
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TABLE 5.—Computer program listings—Continued.

AN=VAL(4) /VAL(9)
XI2=2.%CMPLK(0.,1.)
D=VAL(5)*2./SKD
IF(X-0.0001) 10, 20,20
X=0.0001
CONTINUE
RVAL=BESJO(X)
DO 30 I=1,4
B=Y (I)
G=X/B
G2=G*G
U=CSQRT(G2+X12)
CC=CEXP(-U%D)
XKAN=XK*AN
SKD2=SKD*SKD
SKD3=SKD2*SKD
V=CSQRT(G2+XI2*XK)
W=CSQRT(G2+XI2*XKAN)
DELOPP=G*XI2/SKD3
DELOP=DELOPP
XXKSK=XI2*XK/SKD3
WXKAN=W/XKAN
DEL1P=XXKSK*(U+WXKAN)
DEL1PP=XXKSK#* (U-WXKAN)
XNUM=(G*XI2) /SKD3
DENOM=DEL1PP*DELOPP*CC+DELOP*DEL1P
DELP= (G+U) *(U+V)+(G-U)*(U~V)*CC
XKON=VAL(6)*0.0000001*G*SKD2/DELP
F1=XKON* (U+V)
G1=XKON* (U-V)*CC
Pl=XNUM#* (~(F14G1)*DEL1P+(XK=1.)*(F1*CC+G1)*DELOPP) /DENOM
QL=XNUM* ((1,-XK)*(F1*CC+G1)*DELOP~(F1+G1)*DEL1PP*CC) /DENOM
Q(I)=(F14G1-(U/G)*(P1-Ql))*RVAL/(B*SKD)
CONTINUE
ANIS0Q=Q(1)-Q(2)-Q(3)+Q(4)
RETURN
END

PDP FUNCTION
COMPLEX FUNCTION PDP({X)
P KERNEL FUNCTION

COMPLEX DEL3,DEL,XI,U,V,CUD,D

COMMON /BLK1/ ZERO(35),VAL(8),NZERO,R,HEADER(20)
PI=3,1415926

SKD=SQRT(2.*VAL(3) /(VAL(6)*PI*0.0000004))
XK=VAL(3) /VAL(4)

IF(X.LE.0.00005) X=0.00005

RVAL=BESJO(X)

BLM=R/SKD

G=X/BLM

G2=G*G

D=VAL(5)*2./SKD

XI=CMPLX(0.,2.)

U=CSQRT(G2+XI)

V=CSQRT(G2+XI*XK)

CUD=(U-V)*CEXP(~U*D)

DEL3=U+V+CUD

DEL=(G+U)*(U+V)+(G-U)*CUD
PDP=((DEL3/DEL) *RVAL*X) /(BLM*BLM)

RETURN

END

PDQ FUNCTION
COMPLEX FUNCTION PDQ(X)
Q KERNEL FUNCTION

COMPLEX XI,U,V,DEL,DEL1,DEL2,DEL3,Q(4)

COMPLEX UXK,CUD,UMV,UXKV,UXKPV,D

COMMON /BLKl/ ZERO(35),VAL(8),NZERO,R,HEADER(20)

DIMENSION Y(4)

PI=3.1415926

SKD=SQRT(2.*VAL(3) /(VAL(6)*PI*0.0000004))

VSKD=VAL(2) /SKD

Y(1)=(VAL(1)+VAL(7))*VSKD

Y(2)=VAL(1)*VSKD

Y(3)=(VAL(L)+VAL(7)+1.)*VSKD

Y(4)=(VAL(1)+1.)*VSKD

XK=VAL(3) /VAL(4)

XI=CMPLX(0.,2.)

D=VAL(S5)*2./SKD

IF(X.LE.0.00005) X=0.00005

RVAL=BESJO(X)

DO 10 I=1,4

B=Y(I)

G=X/B

G2=2G*G

U=CSQRT(XI+G2)

V=CSQRT(XI*XK+G2)

UXK=U*XK

CUD=CEXP (~U*D)

UMV=(U-V)*CUD

UXKV=(UXK=V)*CUD

UXKPV=UXK+V

DEL 1=UXKPV+UXKY

DEL2%(G+U) *UXKPV+(G-U)*UXKV

DEL3=U+V+UMV

DEL =(G4U)*(U+V)+{G-U)*UMV

Q(I)=(4.*(1.=XK)*G*UAU*CUD+DEL2*DEL3) *RVAL/(B*DEL*DEL1)
CONTINUE

PDQ=Q(1)-Q(2)-Q(3)+Q(4)

PDQ=Q(AC)-Q(BC)-Q(AD)+Q(BD)

RETURN

END
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BESJO FURCTION
FUNCTION BESJO(X)
COMPUTES J0(X) FOR REAL X

IF(X.G6T.3.) GO TO lo

Y=X/3.

Y2=Y*Y

Y4=Y2*rY2

Y6=Y2*Y4

Y8=Y6*Y2

Y10=Y8%Y2

Y12=Y10*Y2
BESJO0=1.-2.2499997*Y2+1.2656208*Y4-0.3163866*Y6

1 +0.0444479*Y8-0.0039444*Y10+0.0002100*Y12

GO TO 20

Z=3./X

22=2%7

23=22%7

Z4=22%22

Z5=Z3*Z2

26=23%*73
F0=0.79788456-0.00000077%2-0,00552740*%22-0.00009512%23
1 +0.00137237*%Z4-0.00072805*%25+0.00014476*26
THETA=X-0.78539816-0.04166397%Z-0.00003954*22+0.00262573*23

1 «0.00054125%24-0.00029333*25+0.00013558*26

BESJO=FO*COS(THETA) /SQRT(X)
RETURN
END

QG8 SUBROUTINE

SUBROUTINE QG8(XL,XU,FCT,Y)
8-POINT GAUSSIAN QUADRATURE,
COMPLEX FCT,Y

A=, 5% (XU+XL)

B=XU-XL

C=.4801449*B
Y=0.05061427*(FCT(A+C)+FCT(A-C))
C=.3983332*8B
Y=Y+.1111905*(FCT(A+C)+FCT(A-C))
C=.2627662*B
Y=Y+.1568533*%(FCT{A+C)+FCT(A-C))
C=0.09171732*8B
Y=B*(Y+,1813419*(FCT(A+C)+FCT(A-C)))
RETURN

END

ADAPTED FROM IBM SSP.

QGLl6 SUBROUTINE

SUBROUTINE QGl6(XL,XU,FCT,Y)
16-POINT GAUSSIAN QUADRATURE,
COMPLEX FCT,Y

A=, 5% (XU+XL)
B=XU-XL
C=,494700467496*8
Y=.,0135762297059
C=.472287511537%B
Y=Y+.031126761969

ADAPTED FROM IBM SSP.

*(FCT(A+C)+FCT(A-C))

*(FCT(A+C)+FCT(A-C))

C=.43281560119*B

Y=Y+.0475792558412 *(FCT(A+C)+FCT(A-C))
C=.377702204178*B

Y=Y+.0623144856278 *(FCT(A+C)+FCT(A-C))
C=.308938122201*B

Y=Y+.0747979944083 *(FCT(A+C)+FCT(A~C))
C=,229008388829*8

Y=Y+.0845782596975 *(FCT(A+C)+FCT(A-C))

C=,14080177539*B
¥=Y+.0913017075225
C=.0475062549188%*B

Y=B*(Y+.0947253052275

RETURN

END

* (FCT(A+C)+FCT(A-C))

*(FCT(A+C)+FCT(A-C)))



CONCLUSIONS AND COMPUTER RESULTS

TABLE 6.—Examples with index of electromagnetic coupling for isotropic Example I:
and anisotropic two-layer earth models ~0.5
x
[N, dipole separation in terms of dipole length A; D/ A, depth to dipole-length ratio; F./P,h [
resistivity ratio; J, transmitter-length multiplier; A,, anisotropy ratio; IMAG, imaginary axis; + x
REAL, real axis; P, , resistivity of layer 1;P, | resistivity of layer 2P, remstmty of layer 3; W, > x
angular frequency; M, dipole multiplier; THETA, di i g p ter; FREQ, E |
frequency=W/2 w;  PREAL, real component of the inductive funcuon. PIMAG, imaginary z
component of the inductive function; QREAL, real component of the conductive function; 6 x
QIMAG, imaginary p of the conductive function. Tabulated data are facsimiles of < L X
computer printout] g x
Example N D/A J A
P / P17/P 2 . x
0.0 Lyex . " " - N N .
0.0 0.5 1.0
1 3 0.30 0.01 5 1 REAL
2 6 .50 50.0 1 1
3 6 .50 .02 1 1 N A RHO-1  RHO-2  DEPTH W J ‘u
4 6 -20 1.00 L L **w‘;k 305. 1.0 100.0 91 1 5 2
5 6 .50 20.0 1 1 RESULTS ARE AS FOLLOWS. .. : ) ’
THETA  FREQ  REAL MAG PREAL  PIMAG  QREAL  QIMAG
hkkkk Rkkkk ki dededede ke ek hkkk dededede
6 1 .50 .04 1 1 0.01 0.0 1.0000  0.0015 -0.0000 -0.0005 1.0000  0.0020
0.27 0.1 0. 9961 -0.0556 -0.0110 -0.0513 1.0071 =-0.0043
7 1 .50 .02 1 1 0.47 0.3 0.9637 -0.1485 -0.0580 -0.1238 1.0217  -0.0247
8 2 30 11 5 1 0.61 0.5 0.9201 *0.2229 <0.1159 -0.1661 1.0360 -0.0568
i . 0.86 1.0 0.7952 -0.3505 -0.2534 -0.1874 1.0487 -0.1630
9 3 .10 20.0 1 1 1.48 3.0 0.3880 -0.4589 -0.4300  0.0639 0.8180 -0.5228
1.92 5.0 0.1851 ~0.3853 -0.3180 0.2236 0.5031 -0.6089
10 3 .20 .10 1 1 2.71  10.0 0.0363 -0.2125 -0.0724  0.2096 0.1087 -0.4221
4.69  30.0 0.0144 -0.0377 =-0.0235 0.0227 0.0379 -0.0604
6.06 50.0 0.0331 -0.0014 -0.0426 0.0009 0.0757 -0.0023
7.17 70.0 0.0486 0.0080 -0.0521 -0.0037 0.1006 0.0117
11 3 -05 10.0 1 1 813 90.0 0.0578 0.0082 -0.0572 -0.0043 0.1150 0.0125
12 3 .10 5.0 1 1 8.98 110.0 0.0624  0.0061 -0.0599 -0.0037 0.1223  0.0097
13 3 10 10.0 1 1 NORMALIZING FACTOR = 0. 5509E+00
14 3 .20 10.0 1 1
15 3 1.00 10.0 1 1
Example 2:
16 3 1.20 10.0 1 1 REAL
17 3 1.50 10.0 1 1 -1.0
18 3 2.00 10.0 1 1 [}
19 3 5.00 10.0 1 1
20 1 .20 5.0 1 1
21 5 .20 5.0 1 1 >
22 10 .20 5.0 1 1 5
23 1 .20 .1 1 1 z
24 1 .20 .01 1 1 9 +5.0
25 5 .20 .01 1 1 2
26 3 .2 5.0 1 .20
27 3 .2 50. 1 .02
28 3 .2 1.0 1 50.0
29 1 .2 50. 1 .02
30 6 .2 50. 1 .02 +10.0
N A RHO-1 RHO-2  DEPTH W J M
3 l 3 l N O 50 d l * 02 Hekkkidk Rdekdekd EE3 2223 Sekdekkdk kkkkkk hekdkekik fhdeiidk dededdeied
32 3 .2 500. 1 .002 6. 305. 50.0 1.0 152, 1. 1. 2.
RESULTS ARE AS FOLLOWS. ..
33 3 .03 .01 1 20.0 THETA FREQ  REAL IMAG PREAL PIMAG  (REAL QIMAG
. O kkkkk AARRX ETT 1] hkkk ki Sk ki dededed
34 3 3 -001 5 50.0 0.01 0.0 1.0000 -0.1475 -0.1054 -0.2048 1.1054 0.0572
0.04 0.1 0.8620 -0.1801 -0.2490 -0.3183 1.1110 0.1382
0.07 0.3 0.6464 -0.0141 -0.5470 =0.4033 1.1934 0.3892
0.09 0.5 0.6320 0.1701 ~-0.6747 =0.4051 1.3067 0.5752
0.12 1.0 0.7663 0.4288 -0.7901 -0.4482 1.5564 0.8770
0.21 3.0 1.0748 0.8215 ~-1.0068 -0.8132 2.0816 1.6347
0.27 5.0 1.2434 1.1481 -1.1777  -1.1336 2.4211 2.2816
0. 38 10.0 1.5818 1.8602 -1.5095 -1.8278 3.0913 3. 6881
0.66 30.0 2.6502 4.1755 -2.5495 —4.1003 5.1997 8.2758
0. 86 50.0 3.6901 6.1254 -3.5600 -6.0224 7.2501 12.1478
1.01 70.0 4.7955 7.8439 —4.6354 -7.7220 9.4309 15.5660
1.15 90.0 5.9764 9.3666 -5.7860 =9.2330 11.7624 18.5995
1.27 110.0 7.2238 10. 7071 -7.0047 -10.5685 14.2285 21.2756
NORMALIZING FACTOR = -0.1113E-03
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ELECTROMAGNETIC COUPLING WITH A COLLINEAR ARRAY ON A TWO-LAYER ANISOTROPIC EARTH

Example 3:
-0.5¢
X
>
5 L
Z
e
2 r
0.0 a 4 N . "
0.1 0.5 1.0
REAL
N A RHO-1 RHO-2  DEPTH w M
khkkkkk Rkhkhkhkkk Rkkkkk Khkkkkk hhkkkkk ARkRERAR RRkkkAkk kA kkhk
6. 305.  50.0 2500.0 152 L. 1. 2.
RESULTS ARE AS FOLLOWS. ..
THETA  FREQ REAL IMAG PREAL PIMAG REAL QIMAG
kkkhkk Rkkkk Rkkk kRkkk Rkkk kkkk khkkk hkkk
0.0l 0,0 1.0000 -0.0010 =-0.0000 =0.0011  1.0000 0.0001
0.06 0.1 0.9993 -0.0030 -0.000l =0.0026  0.99%  =0.0004
0.07 0.3 0.9991 <-0.0082 -0.0004 =0.0077  0.9995  =0.0005
0.09 0.5 0.9987 -0.0135 =-0.0010 -0.0127  0.9996  =0.0008
0.12 1.0 0.9972 -0.0264 -0.0030 =-0.0246  1.0003  -0.0018
0.21 3.0 0.9875 -0.0742 ~-0.0172 ~0.0665  1.0047  -0.0077
0.27 5.0 0,9734 -0.1172 =0.0374 =0.1007  1.0108  =0.0165
0.38 10.0 0,9275 -0.2083 =-0.0995 -0.1596  1.0270  -0.0487
0.66 30,0 0.7014 -0.4134 =0.3326 -0.1688  1.0339  -0.2447
0.86 50.0 0.4986 -0.4740 -0.4396 -0.0401  0.9382  -0.4339
1.01  70.0 0.3444 -0.4678 -0.4438  0.0935  0.7882  -0.56l4
1.15 90.0 0.2338 -0.4331 =0.3924  0.1918  0.6262  -0.6249
1.27 110.0 0.1567 -0.3887 -0.3195  0.2497  0.4763  —0.6383

NORMALIZING FACTOR = -0.3939E-01

Example 4:

IMAGINARY

-0.3

0.0
0.4
REAL
] A RHO-1  RHO-2  DEPTH
kRRhRR RekRkkkk kRkkkkk hhkkkkk khkkkhk
6. 305. 10.0 10.0 152.

RESULTS ARE AS FOLLOWS. ..

THETA  FREQ REAL MAG PREAL
hhkk *hkkk hkkk Rk £33 13
0.01 0.0 1.0000 -0.0069  -0.0006
0.09 0.1 0.9827 -0.0642  =0.0179
0.15 0.3 0.9289 -0.1458  -0.0717
0.19 0.5 0.8724 -0.1967  -0.1282
0.27 1.0 0.7458 -0.2553  -0.2547
0.47 3.0 0.4797 -0.1980  -0.5209
0.61 5.0 0.4177 -0.0921  -0.589
0.86 10.0 0.4567  0.0169  -0.5438
1.48  30.0 0.5066 =0.0006  =0.4940
1.92  50.0 0.5026 -0.0005  -0.4980
2.27  70.0 0.5028  0.0000  -0.4977
2.57 90.0 0.5030 -0.0000  -0.4976
2.8 110.0 0.5029 -0.0001  —0.4976

NORMALIZING FACTOR = -0.5949E-02

W
KkRkkR

1.

PIMAG
REER
-0.0069
=0.0642
=0.1458
-0.1967
=0. 2553
-0.1980
=0.0921
0.0169
-0.0006
-0.0005
0.0000
-0.0001
-0.0001

J
KRkhkkK

1.

(REAL
Rk
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006
1.0006

.
AkRRhk

2.

QIMAG
AhRR
-0.0000
-0.0000
0.0000
0.0000
-0. 0000
0.0000
=0.0000
=0.0000
0.0000
0.0000
0.0000
0.0000
-0.0000

Example S:

+1.0

+2.0

+3.0

IMAGINARY

+4.0

+5.0
N A RHO-1  RHO-2  DEPTH W M
khkkkk RRXIAR RRkkhkR kkRhhk hhkkkkk kkhkhhk RRRRAX RkRAAR
6. 305. 10.0 0.5 152 1. 2.
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL MMAG PREAL  PIMAG REAL QIMAG
khkkk kRN kRkkk *hkkk *hkkkk RERRR Rk RRK ARRAX
0.0l 0.0 1.0000 -0.0803  ~0.0333 -0.1001 1.0333  0.0198
0.09 0.1 0.6654 <-0.1137  =0.4039 -0.3587 1.0692  0.2450
0.15 0.3 0.6051 0.2127  -0.6652 =-0.3686 1.2703  0.58l4
0.19 0.5 0.7119 0.3803  -0.7379 -0.3996 1.4498  0.7799
0.27 1.0 0.8967 0.5681  -0.8450 -0.5558 1.7417  1.1239
0.47 3.0 1.2442 1.1049  -1.1864 =1.0947 2.4306  2.1996
0.61 5.0 1.5210 1.5459  ~1.4582 -1.5277 2.9793  3.0736
0.86 10.0 2.1514 2.4421  -2.0754 =2.4134 4.2268  4.8555
1.48  30.0 4.6624 4.5685  =4.5465 =4.5420 9.2089  9.1105
1.92  50.0 7.0231 5.2227  -6.8955 =5.2197 13.9185  10.4425
2.27  70.0 89055 4.9992  -8.7854 =5.0134 17.6908 10.0125
2.57  90.0 10,2276 4.3413 -10.1200 -4.3608 20.3476  8.7021
2.84 110.0 11.0622 3.5410 -10.9635 -3.5582 22.0257  7.0992
NORMALIZING FACTOR = =0.2978E-03
Example 6:
-0.4
+
>
4
<
z
Q
<
2
0.0
0.7 1.0
REAL
N I RHO-1  RHO-2  DEPTH W 3 ¥
khkkkkdk hkRkk 12222 ARk rRRRAR khkrkhk kkkkRk RkkRkkk
1. 305. 50.0 1250.0 152. 1. 1. 2
RESULTS ARE AS FOLLOWS. ..
THETA  FREQ REAL DAG PREAL PIMAG  (REAL  QIMAG
Ei i1 dd RkRR kkkk *kkk RAKkk khkkk £33 2] kkkk
0.01 0.0 1.0000 -0.000L =0.0000 =0.0003 1.0000  0.0001
0.04 0.1 1.0013 0.0030 -0.0000 =0.0007 1.0013  0.0037
0.07 0.3 1.0069 0.0005 =0.0000 =0.0020 1.0069  0.0025
0.09 0.5 1.0067 -0.002¢ -0.000l -0.0033 1.0068 0.0003
0.12 1.0 1.0050 -0.0063 =0.0003 =0.0065 1.0052  0.0001
0.21 3.0 1.0039 -0.0166 -0.0018 =0.0188 1,0056  0.0021
0.27 5.0 1.0024 -0.0272 -0.0041 -0.0305 1.0065 0.0033
0.38 10.0 0.9972 -0.0521 -0.0123 =0.0574 1.0095  0.0053
0.66 30.0 0.9639 -0.1360 -0.0633 -0.1380 1.0272  0.0020
0.86 50.0 0.9208 -0.2006 -0.1245 =0.1862 1.0453 -0.0144
1.01  70.6 0.8741 -0.2505 =0.1853 -0.2114 1.0595 -0.0391
1.15  90.0 0.8267 -0.2889 -0.2416 =0.2203 1.0683 -0.0686
1.27 110.0 0.7800 -0.3180 =0.2915 =0.2174 1.0715 -0.1006

NORMALIZING FACTOR = -0.5707E+00



CONCLUSIONS AND COMPUTER RESULTS

Example 7:
-0.4 ¢
+
>
['3
g
z i ¢
[V}
q
2 +
0.0 — )
0.7 1.0
REAL
N A RHO-l  RHO-2  DEPTH
hAkkkkk Rkkhhk EITT T Kkkkkk ek ko
1. 305. 50.0  2500.0 152,

RESULTS ARE AS FOLLOWS. ..

THETA  FREQ REAL IMAG PREAL
kkk kkkk Rkkk Rkkk Rk
0.01 0.0 1.0000 -0.0051 =0.0000
0.04 0.1 0.9951  0.0035 =0.0000
0.07 0.3 1.0125  0.0155 =0.0000
0.09 0.5 1.0227  0.0070 =0.0001
0.12 1.0 1.0204 -0.0083 -0.0003
0.21 3.0 1.0129 -0.0165 =-0.0017
0.27 5.0 1.0124 -0.0266 -0.0039
0.38 10.0 1.0075 -0.0514 =0.0121
0.66  30.0 0.9752 -0.1353 -0.0638
0.86 50.0 0.9327 =0.2004 -0.1264
1.01  70.0 0.8862 =-0.2508 -0.1889
1.15  90.0 0.8389 -0.2898 -0.2470
1.27 110.0 0.7922 =0.3193  -0.2987

NORMALIZING FACTOR = -0.35695E+00

Example 8:

-0.6r

IMAGINARY

w
Rkkkkkk

1.

PIMAG
Rkk
-0.0003
-0.0007
-0.0020
~0.0033
0.0065
=0.0190
-0.0309
-0.0584
~0.1414
=0.1914
-0.2188
-0.2275
=0.2249

J
Rekkkkk

1.

REAL

Akkk
1.0000
0. 0051
1.0125
1.0228
1.0206
1.0146
1.0164
1.0197
1.0390
1.0590
1.0751
1.0858
1.0909

M
Rk Ak

2.

QIMAG
Hkkk
-0.0048
0. 0041
0.0175
0.0103
-0.0018
0. 0025
0.0043
0.0070
0.0061
-0.0089
~0.0329
~0.0622
-0.0944

0.0
0.0 0.5 1.0
REAL
N A RHO-1  RHO-2  DEPTH ]
kkkkkk Kk ok ok kkkkkk Rkkkkk kkkkkk Rkkkkk Rkkkkk Kk kkkk
2. 61. 0.4 3.5 18.0 1. 5. 2.

RESULTS ARE AS FOLLOWS. ..

THETA  FREQ REAL MAG PREAL  PIMAG REAL  QIMAG
* kkk KAk hkkk hkkk hkkk hkkkk *kkk ok kk
0.0l 0.0 1.0000 ~0.0006 ~0.0000 =-0.0005 1.0000 -0.0001
0.09 0.1 0.9995 -0.0078 -0.0005 ~0.0066 1.0000 =-0.0012
0.16 0.3 0.9977 ~0.0223 -0.0026 -0.0186 1.0003 -0.0037
0.20 0.5 0.9951 -0.0360 ~0.0055 ~0.0296 1.0006 -0.0064
0.29 1.0 0.9868 ~0.0675 -0.0151 -0.0539 1.0019 -0.0135
0.50 3.0 0.9400 -0.1683 -0.0675 -0.1205 1.0075 -0.0478
0.65 5.0 0.8848 ~0.2424 =0.1245 -0.1545 1.0093 -0.0879
0.92  10.0 0.7435 -0.3574 -0.2463 -0.1634 0.9898 -0.1940
1.59 30,0 0.3447 -0.4209 -0.3821  0.0411 0.7268 =0.4620
2.05 50.0 0.1636 -0.3337 -0.3012  0.1599 0.4647 ~0.4936
2.42  70.0 0.0859 -0.2462 -0.2084  0.1863  0.2942 -0.4324
2.75 90.0 0.0549 -0.1786 ~0.1416  0.1717  0.1965 =0.3503
3.04 110.0 0.0452 =0.1293 -0.1003  0.1436  0.1455 -0.2729

NORMALIZING FACTOR = -0.6572E400

Example 9:
-0.3
>
4
<
Z
0
4
2
o.st
N A RHO-1  RHO-2 DEPTH
Rkkkkk Reledekk ok Rk kkAkk Akkkkk kkkkk
3 305. 50.0 2.5 30.
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL  IMAG PREAL
kkkkk Rkkk hkkk dekk ok ddkkk
0.01 0.0 1.0000 <-0.0356 =0.0077
0.04 0.1 0.9838 -0.0720 -0.0238
0.07 0.3 0.9163 -0.1530 =0.0912
0.09 0.5 0.8499 -0.1951 ~0.1583
0.12 1.0 0.7143 =0.2223 =0.2990
0.21 3.0 0.5020 -0.0768 ~0.5586
0.27 5.0 045002  0.0498 -0.6143
0.38 10.0 0.5972  0.1570 =0.6147
0.66 30.0 0.7116  0.2400 -0.6782
0.86 50.0 0.7710  0.3224 -0.7391
.01 70.0 0.8213  0.3928 -0.7879
1.15  90.0 0.8651  0.4565 ~0.8304
1.27 110.0 0.9048  0.5156 -0.8689

NORMALIZING FACTOR = -0.1661E-02

Example 10:

-0.51

IMAGINARY

w
A Rkkk

1.

PIMAG

kkk
-0.0379
-0.0775
-0.1700
-0.2241
-0.2811
-0.2288
-0.1585
-0.1263
-0.2375
-0.3149
-0.3823
=0.4435
-0.5005

3 M
kR kkkk kkkkkk
1. 2.
REAL  QIMAG
kkkk kkkk
1.0077  0.0023
1.0076  0.0055
1.0075  0.0171
1.0082  0.0291
1.0133  0.0588
1.0606  0.1520
1.1145  0.2083
1.2119  0.2832
1.3898  0.4775
1.5101  0.6373
1.6092  0.7751
1.6956  0.9000
1.7737  1.0160

0.0 . N N " . R R .
0.0 0.5 1.0
REAL
N A RHO-1  RHO-2  DEPTH ] J
kkkkkk Ak kkk Kk kokkk kkkkkk Akkkkk kA kkk Kk kikk Rkkkkk
3. 305. 1.0 10.0 6lL. 1. L. 2.

RESULTS ARE AS FOLLOWS. ..

THETA  FREQ  REAL IMAG PREAL PIMAG REAL  QIMAG

*kkkk hkkk hkkk hkkk Akkkk sk sk Rekkkk
0.01 0.0 1.0000 -0.0005 =0.0000 =0.0004  1.0000 ~0.0001
0.27 0.1 0.9928 -0.0480 -0.0080 -0.0382  1.0008 -0.0098
0.47 0.3 0.9657 -0.1259 -0.0382 -0.0938  1.0040 -0.0322
0.61 0.5 0.9316 -0.1893 -0.0751 =-0.1318  1.0068 -0.0575
0.86 1.0 0.8354 =0.3055 =0.1709 -0.1771  1.0063 -0.1284
1.48 3.0 0.4797 -0.4658 -0.4007 -0.0676  0.8804 -0.3982
1.92 5.0 0,2491 =-0.4341 =-0.4078  0.1060  0.6570 <0.5401
2,71 10.0 0.0342 -0.2386 -0.1828  0.2397  0.2170 -0.4784
4.69 30.0 0.0687 -0.0259 -0.0617  0.0328  0.1304 -0.0587
6.06 50.0 0.0806 =-0.0237 -0.0747  0.0249  0.1553 -0.0486
7.17 700 0.0757 -0.0192 =-0.0713  0.0179  0.1470 -0.0371
8.13 90.0 0.0735 -0.0l126 ~0.0706  0.0112  0.1441 ~-0.0238
8.98 110.0 0.0738 -0.0073 -0.0714  0.0065  0.1452 -0.0138

NORMALIZING FACTOR = -0.1987E400

19
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ELECTROMAGNETIC COUPLING WITH A COLLINEAR ARRAY ON A TWO-LAYER ANISOTROPIC EARTH

Example 11:

-0.3r

>

o«

«

z

<

0.0
2
0.2+
N 1 RHO-1  RHO-2  DEPTH W J M
hkkkkk kkkkkk Rk kkk dkk kR dekdekkk RkkkRR Rk kkkk Rkkkkk
3 305. 50.0 5.0 15. 1. 1. 2.

RESULTS ARE AS FOLLOWS. ..

THETA FREQ  REAL IMAG PREAL PIMAC  (REAL QIMAG

kRkkkk kkkk kkkk Aedkok Ak Rkkk% Kkkk ek
0.01 0.0 1.0000 -0.0198  -0.0029 -0.0203 1.0029  0.0005
0.04 0.1 0.9933  -0.0420  -0.0096 -0.0433 1.0029  0.0013
0.07 0.3 0.9625  -0.1013  -0.0403 -0.1053 1.0028  0.0040
0.09 0.5 0.9279  -0.1434  -0.0749 -0.1501 1.0028  0.0068
0.12 1.0 0.8425  -0.2060  -0.1606 ~-0.2199 1.0031  0.0139
0.2l 3.0 0.6057  -0.2261  -0.4046 ~0.2673 1.0103  0.0412
0.27 5.0 0.4999  -0.1538  -0.5227 -0.2169 1.0226  0.0631
0.38 10.0 0.4623  -0.0014  -0.5938 -0.0987 1.0561  0.0972
0.66 30.0 0.5776 0.0867  -0.5534 -0.0624 1.1310  0.1491
0.36  50.0 0.5989 0.0946  -0.5707 ~0.0938 1.1696  0.1884
1.0l 70.0 0.6123 0.1120  -0.589%0 ~0.1119 1.2014  0.2239
1.15 90.0 0.6260 0.1287  -0.6034 -0.1266 1.2294  0.2554
1.27 110.0 0.6388 0.1435  -0.6158 -0.1403 1.2545  0.2838

NORMALIZING FACTOR = -0.3327E-02

Example 12:

-0.3p
[+

>

19

<

z

o

<

2 0.0 -+ —+

0.5 1.0
REAL
+0.2%
N A RHO-1  RHO-2  DEPIR W M
ok ok kdkk dekdedk ok ek dedek ok dkkkkk dedkde ok dekkkkok dokkkkk Kk kk
3 305. 50.0 10.0 30. 1. 1. 2.

RESULTS ARE AS FOLLOWS. ..

THETA ~ FREQ  REAL IMAG PREAL  PIMAG REAL QIMAG
kkkk kkkR Rkkk Rkkk Rkkkk Rkkkk Rk kX Kkkkk
0.01 0.0 1.0000 =-0.0101  =-0.00l11 =-0.0106 1.0011  0.0005
0.06 0.1 0.9975  -0.0222  -0.0036 ~0.0233 1.0011  0.0011
0.07 0.3 0.9847  -0.0575  -0.0163 -0.0608 1.0010  0.0034
0.09 0.5 0.9693  -0.0859  -0.0316 ~0.0916 1.0009  0.0057
0.12 1.0 0.9270 -0.1385  -0.0738 -0.1502 1.0008  0.0117
0.21 3.0 0.7696  -0.2220  -0.2335 -0.2585 1.0032  0.0365
0.27 5.0 0.6558  -0.2211  -0.3536 ~0.2814 1.0094  0.0603
0.38 10,0 0.5137  -0.1299  -0.5208 ~0.2394 1.0345  0.1095
0.66 30.0 0.5340 0.1031  -0.6052 -0.1004 1.1391  0.2035
0.86 50.0 0.6067 0.1387  -0.5957 ~0.1073  1.2024  0.2460
1.0l 70.0  0.6391 0.1483  -0.6059 ~0.1338 1.2451  0.2821
1.15  90.0 0.6570 0.1604  -0.6229 -0.1562 1.2800  0.3166
1.27 110.0 0.6713 0.1752  -0.6401 =-0.1742 1.3114  0.3494

NORMALIZING FACTOR = ~0.6686E-02

Example 13:
-0.3
+.
+
z
« 0.0 t
Zz 04 1.0
]
< S
b
+0.4L
N A RHO-1  RHO-2  DEPTH W J
Rkkkkk dekkkokk kkkkkk Rk ki Rkkkkk KkkRXk Kkkkkk
3 305. 50.0 5.0 0. 1. L.
RESULTS ARE AS FOLLOWS. ..
THETA  FREQ REAL MAG PREAL  PIMAG  GREAL
Rk dokekk Addkk hkkk Kokkokk Rk kkk Kkkkk
0.01 0.0 1.0000 -0.0192 -0.0029 -0.0203 1.0029
0.04 0.1 0.9934  -0.0407 -0.0096 -0.0432 1.0029
0.07 0.3 0.9630  -0.0976 ~0.0397 -0.1054 1.0027
0.09 0.5 0.9289  -0.1374 -0.0737 -0.1507 1.0026
0.12 1.0 0.8455  -0.1954 =~0.1578 -0.2227 1.0033
0.2L 3.0 0.6171  -0.2026 -0.3997 -0.2837 1.0168
0.27 5.0 0.5186  -0.1222 -0.5215 ~0.2468 1.0401
0.38  10.0  0.4943 0.0436 ~0.6099 -0.1512 1.1042
0.66 30.0 0.6408 0.1666 ~0.6123 -0.1436 1.2531
0.86 50.0 0.6834 0.1998  -0.6487 -0.1969 1.3321
1.0l 70.0 0.7139 0.2389  -0.6832 -0.2361  1.3971
1.15 200  0.7424 0.2752  -0.7121 -0.2699 1.4545
1.27 110.0  0.7687 0.3082 -0.7378 -0.3010 1.5065
NORMALIZING FACTOR = -0.3337E-02
Example 14:
-0.2
0.0
o
).
14
<
z
Y]
<
2
0.5
o0.7L
N A RHO-1  RHO-2 DEPTH W J
Rkkkkk Rk Rk k kkkkkk kAR Kk kkk ek ek e dek ok ko k
3 305. 50.0 5.0 6l. 1. 1.
RESULTS ARE AS FOLLOWS. ..
THETA  FREQ REAL IMAG  PREAL PIMAG  (REAL
kkkk Rk Kkkk Rkkk rAAkRK dkkkok Kkkk
0.0 0.0 1.0000 -0.0180 -0.0028 -0.0200 1.0028
0.06 0.1 0.9936 -0.0380 -0.0091 =0.0428 1.0027
0.07 0.3 0.9642 -0.0900 -0.0382 -0.1048 1.0024
0.09 0.5 0.9315 -0.1255 -0.0707 -0.1508 1.0022
0.12 1.0 0.8520 -0.1743 -0.1512 -0.2264 1.0032
0.21 3.0 0.6399 -0.1575 -0.3870 -0.3131 1.0269
0.27 5.0 0.5546 -0.0617 -0.5140 -0.3030 1.0685
0.38 10,0 0.5526  0.1325 -0.6326 ~0.2545 1.1852
0.66 30,0 0.7602  0.3397 -0.7189 -0.3183 1.4791
0.86 50.0 0.8500  0.4327 <-0.7979 ~0.4243 1.6479
1.0l 70.0 0.9193  0.5226 -0.8690 -0.5128 1.7883
.15 90.0 0.9829  0.6051 =-0.9321 -0.5914 1.9150
1.27 1100 1.0424  0.6807 =0.9901 -0.6636 2.0325

NORMALIZING FACTOR = -0.3381E-02

M
kRAkk

2,

QIMAG

Rkkkk
0.0011
0.0025
0.0078
0.0132
0.0273
0.0811
0.1246
0.1948
0.3102
0.3968
0.4750
0.5451
0.6093

M
ek dk

2.

QIMAG

Rk kk
0.0020
0.0048
0.0148
0.0253
0.0521
0.1556
0.2413
0. 3871
0. 6580
0.8571
1.0354
1.1965
1.3443



Example 15:
-0.1p
0.0
0.
>
i
<
z
Q
<
3
0.5t
N A RHO-1  RHO-2  DEPTH
hhkkhkkk Rk ok hhkkhhk hkkkkk hhkkkkk
3 305. 50.0 5.0 305.
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL ™AG PREAL
khkkkk hkkk hkkk hkkk *hkkkk
0.01 0.0 1.0000 =0.0046 -0.0008
0.04 0.1 0.9982 =0.0097 =0.0024
0.07 0.3 0.9902 -0.0222 =-0.0097
0.09 0.5 0.9816 -0.0303 -0.0177
0.12 1.0 0.9612 =0.0403 =0.0373
0.2 3.0 0.9074 -0.0284 -0.1012
0.27 5.0 0.8834  0.0033 -0.1488
0.38 10.0 0.8752  0.0803 -0.2385
0.66 30.0 0.9707  0.2660 =0.5233
0.86 50.0 1.0884  0.3691 -0.7975
1.0l 70.0 1.2077  0.4280 =-1.0546
1,15 90.0 1.3214  0.4529 -1.2799
L.27 110.0 1.4243  0.4515 ~-1.4650
NORMALIZING FACTOR = -0.1090E-01
Example 16:
-0.1¢
+,
"
0.0 *
5> 08 1.0
[«
b REAL
z
Q
<
2
0.1F
4
0.2%-
N A RHO-1  RHO-2  DEPTH
hhkhkkk hkkkkk hkkkik hkkkkk hhkkhkk
3 305. 50.0 5.0 366.
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL IMAG PREAL
kkkkk hkkk hkkk kkkk kkkhk
0.01 0.0 1.0000 =0.0035  =0.0005
0.04 0.1 0.9987 -0.0073  -0.0017
0.07 0.3 10,9933 -0.0l173  -0.0066
0.09 0.5 0.9873 =0.0242  -0.0119
0.12 1.0 0.9732 =0.0345  =0.0250
0.21 3.0 0.9343 -0.0403  -0.0690
0.27 5.0 0.9138 -0.0313  -0.1037
0.38 10.0 0.8940 -0.0041  =0.1755
0.66 30.0 0.8997 0.0685  -0.4358
0.86 50.0 0.9296 0.1175  -0.6902
1.0l 70.0 0.9705 0.1513  -0.9126
1.15 90.0 1.0164 0.1692  -1.0863
1.27 110.0 1.0611 0.1724  -1.2080

NORMALIZ ING FACTOR = -0.1538E-01

CONCLUSIONS AND COMPUTER RESULTS

w
Hkkkkk

1.

PIMAG
*kkk
-0.0063
-0.0135
-0.0343
-0.0512
-0.0843
-0.1668
-0.2221
-0.3273
-0.6092
-0.7635
-0.8240
-0.8153
-0.7589

v

W
hhhAAk

1.

PIMAG

hhkkk
=0.0044
-0.0096
=0.0246
-0.0369
-0.0618
-0.1283
-0.1761
-0.2698
=0.5061
-0.6036
-0.6049
-0.5454
=0.4543

J
hkkkkk

L.

REAL

hhkkkk
1.0008
1.0006
1.0000
0.9993
0.9985
1.0086
1.0322
1.1137
1.4941
1.8859
2.2623
2.6013
2.8893

J
hkkkhhk

1.

REAL

kkkkk
1.0005
1.0004
0.9998
0.9992
0.9983
1.0033
1.0175
1.0695
1.3355
1.6197
1.8832
2.1026
2.2691

M
hhkkkk

2.

QIMAG

khkkk
0.0016
0.0038
0.0121
0.0209
0.0440
0.1384
0.2254
0. 4076
0.8752
1.1327
1.2520
1.2682
1.2104

Hkkkhk
2.

QIMAG

hkkkk
0. 0009
0.0023
0.0073
0.0127
0.0273
0. 0880
0. 1449
0.2657
0.5746
0.7211
0. 7562
0.7145
0.6266

NORMALIZ ING FACTOR = -0.2159E-01

Example 18:

Example 17:
-0.21
~
-0.1
>
[«
<
z
Q
<
p=
- 0.0
REAL
0.1%
N A RHO-1  RHO-2  DEPTH w 3
kkkkkk hkkkkk hhkkkkk kkkkkk Fekkhkkk kkkkkk hhkkkk
3. 305 50.0 5.0 457, 1. 1.
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL MAG PREAL PIMAG  (REAL
hkkkk hkkk hkkk hkkk hkkkk kekkkk hkkk
0.0l 0.0  1.0000 ~0.0028 -0.0004 =0.0032 1.0004
0.04 0.1  0.9991 =-0.0059 -0.00L1 ~-0.0069 !.0003
0.07 0.3  0.9954 <-0.0146 -0.0044 -0.0178  0.9997
0.09 0.5 0.9913 -0.0211 =0.0079 =0.0270 0.9992
0.12 1.0  0.9815 -0.0328 -0.0165 -0.0461  0.9981
0.21 3.0  0.9522 -0.0554 -0.0467 -0.1012 0.9990
0.27 5.0  0.9328 -0.0665 -0.0727 -0.1436 1.0055
0.38  10.0  0,8999 -0.0833 -0.1331 -0.2284  1.0330
0.66 30.0  0.8104 -0.1038 -0.3830 -0.4204 1.1934
0.86 50.0  0.7531 -0.0798 -0.6168 -0.4558 1.3699
1.0l  70.0  0.7285 =0.0423 ~-0.7915 -0.4003 1.5201
1.15 90.0  0.7269 -0.0092 -0.8993 -0.3060 1.6262
1.27 110.0  0.7373 0.0136 =-0.9513 -0.2062 1.6885

M
kkhdk

2.

QIMAG

*kkk
0. 0004
0. 0009
0.0032
0.0059
0.0133
0.0458
0.0771
0. 1451
0.3166
0.3759
0. 3580
0.2968
0.2198

-0.3r
+
>-0.2
o
<
z
I
<
2 0.1}
A
\}
0.0 . . ;
0.5 1.0
REAL
A RHO-1  REO-2  DEPTH W 3 M
kkkkkk hhkkkkk hkkhkk hhkkkk kkkkkk Akkhkh khkkkkk hhkkkkk
3 305. 50.0 5.0 610. 1. 1. 2.
RESULTS ARE AS FOLLOWS. ..
THETA FREQ REAL IMAG PREAL PIMAG REAL QIMAG
kkkkk hhkk *kkk *kkk kkkkk kkkk hhkkk hhkkk
0.01 0.0 1.0000 -0.0025 =0.0003 -0.0024 1.0003 -0.0001
0.04 0.1 0.999 -0.0054 -0.0008 -0.0053 1.0002 ~-0,0001
0.07 0.3 0.9967 -0.0138 -0.0030 -0.0138 0.9997 0. 0000
0.09 0.5 0.9937 -0.0207 -0.0054 -0.0212 0.9991 0. 0005
0.12 1.0 0.9866 =0.0349 <0.0112 -0.0372 0.9978 0.0023
0.21 3.0 0.9618 -0.0740 -0.0334 -0.0871 0. 9952 0.0131
0.27 5.0 0.9404 -0.1030 -0.0552 -0.1277 0.9955 0.0247
0.38 10.0 0.8891 -0.1569 =0.1135 =0.2093 1.0026 0.0524
0.66 30.0 0.6984 =0.2272 <0.3741 ~0.3528 1.0725 0.1257
0. 86 50.0 0.5789 -0.1857 -0.5764 -0.3191 1.1553 0.1334
1.01 70. 0 0.5261 =0.1226 -0.6846 -0.2239 1.2107 0.1012
1.15 90.0 0.5123 -0.0690 ~0.7220 -0.1281 1.2344 0. 0591
1.27 110.0 0.5172 -0.0309 -0.7187 <0.0536 1.2358 0.0227

NORMALIZING FACTOR = -0.3855E-01

21



22

ELECTROMAGNETIC COUPLING WITH A COLLINEAR ARRAY ON A TWO-LAYER ANISOTROPIC EARTH

Example 19:

-0.3

IMAGINARY

N A RHO-1
hkkkRk RRhkRkR RRRARR
3 305. 50.0
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL
RRRRR RRkR RAhk

0.01 0.0 1.0000 -0.0025
0. 04 0.1  0.9996 -0.0056
0.07 0.3 0.9978 -0.0155
0.09 0.5 0.9958 -0.0244
0.12 1.0 0.9899 -0.0450
0.21 3.0 0.9578 -0.1113
0.27 5.0 0.9188 -0.1592
0.38 10.0 0.8214 -0.2261
0.66 30.0 0.5771 -0.2425
0.86 50.0 0.4707 -0.1801
1.01  70.0 0.4277 -0.1161
1.15 90.0 0.4175 -0.0651
1.27 110.0 0.4229 -0.0290

0.7
REAL

RHO-2

5.0

IMAG PREAL

ARAR RARRA

-0.0002
-0.0005
-0.0017
-0.0030
-0.0071
=0.0311
~0.0635
-0. 1541
0. 4042
-0.5108
-0.5531
-0.5632
-0.5578

NORMALIZING FACTOR = ~0.3398E-01

DEPTH
ARARAR ARRAAR

1524.

Example 20:
~-0.2 r

> 0.0

< o6

z

Q

< L

2

0.3
N A RHO-1 RHO=2 DEPTH W
RRRRRR RRkRRR RhkAkR RRRARR Rhkkhhk hhkkhhk
1 305. 50.0 10.0 6l. L

RESULTS ARE AS FOLLOWS. ..

THETA FREQ REAL IMAG PREAL PIMAG

E2 2 RARR RRAR RRRR Rhkkk RRRRR
0.01 0.0 1.0000 =0.0017  <0.000L ~0.0020
0.04 0.1 0.9998 =0.0039  -0.0003 —0.0046
0.07 0.3 0.9984 =0.0109  =0.00l6 =0.0130
0.09 0.5 0.9967 =0.0172  -0.0033 =0.0207
0.12 1.0 0.9914 -0.03l0  =0.0085 =0.0383
0.21 3.0 0.9649 =0.0700  -0.0344  =0.0929
0.27 5.0 0.9366 -0.0947  -0.0635 -0.1332
0.38 10.0 0.8711 =0.1214  =0.1297  =0.2009
0.66 30.0 0.7155 -0.0665  -0.3212 -0.3016
0.86 50.0 0.6654  0.0353  -0.4310 -0.3293
1.01  70.0 0.6622  0.1270  =0.5011 -0.3435
1.15 90.0 0.6801  0.2030  -0.5508  =0.3560
1.27 110.0 0.7072  0.2653  -0.58%  -0.3693

NORMALIZING FACTOR = -0.7602E-01

W J
RRARAR hRAk

1.

PIMAG  QREAL

ARARKA AR
-0.0021 1.0002
-0.0046 1.0000
-0.0127 0.9995
-0.0204 0.9988
-0.0383 0.9969
-0.0996 0.9890
0.1476 0.9824
-0.2211 0.9755
-0.2443 0.9812
0.1799 0.9815
-0.1158 0.9808
-0.0651 0.9807
-0.0290 0. 9808

M
RE RRRRKK
1. 2.

QIMAG
RRRRR
-0.0005
-0.0010
-0.0027
-0.0041
-0.0067
-0.0117
-0.0116
-0.0050
0.0018
-0.0002
-0.0003
-0.0000
0.0000

ARRRRR  RARRAR

1.

(REAL

RRRRR
1.0001
1.0001
1.0001
1.0000
0.9999
0.9993
0.9990
1.0008
1.0368
1.0964
1.1633
1.2309
1.2966

2.

*AAAR
0. 0003
0. 0007
0.0021
0.0036
0.0073
0.0226
0.0385
0.0795
0. 2352
0.3645
0. 4705
0.5590
0.6346

Example 21:

-0.3

.

IMAGINARY
[=]
o

REAL

0.4

N RHO-1  RHO-2

Rkkhhh hkkhkR RRkRkR RhkhhR

5. 305. 50.0 10.0

RESULTS ARE AS FOLLOWS...

THETA  FREQ REAL IMAG
RAhRAA Rk Rk hhkk hhkk
0.0l 0.0 1.0000 ~0.0218
0.04 0.1 0,992l ~0.0459
0.07 0.3  0.9560 ~0.1079
0.09 0.5  0.9164 ~0.1495
0.12 1.0  0.8220 ~0.2049
0.21 3.0  0.5845 ~0.1825
0.27 5.0  0.5005 ~0.0821
0.38 10.0  0.5136  0.0893
0.66 30.0  0.6739  0.1915
0.86 50.0  0.7225  0.2367
1.0l 70.0  0.7645  0.2824
1.15 90.0  0.8034  0.3219
1.27 110.0  0.8390  0.3568

NORMALIZING FACTOR = -0.1911E-02

Example 22

-0.3

DEPTH
RARARE

61.

PREAL

AkRER
-0.0036
-0.0L14
-0.0473
0. 0869
-0.1825
-0. 4408
-0.5581
-0.6297
-0. 6484
-0.7018
-0.7469
-0.7856
-0. 8209

RERRRE
1.

PIMAG

AARRR
-0.0232
=0.0492
-0.1183
-0.1672
-0.2414
-0.2889
~0.2423
=0.1514
-0. 1815
-0.2404
-0. 2838
-0.3216
-0.3556

>

g 0.0

z 0.4

[0} REAL

< L

2
0.4t

N A RHO-1  RHO-2  DEPTH W
RhkhhR RRARRR RARRRAR RRkRkR RARRRR RARRAR
10. 305. 50.0 10.0 61 1.

RESULTS ARE AS FOLLOWS. ..

THETA FREQ REAL IMAG PREAL PIMAG

RRkhR £33 RARR RRRR RARRR RRRAR
0. 01 0.0 1.0000 -0.0664 -0.0195 =0.0692
0. 04 0.1 0.9620 -0.1256 -0.0574 -0.1323
0.07 0.3 0.8258 =0.2245 0. 1944 -0.2457
0. 09 0.5 0.7150 =0.2471 -0.3081 -0.2827
0.12 1.0 0. 5467 -0.1963 -0.4893 0. 2636
0.21 3.0 0.4826 0. 0461 -0.6202 -0.0884
0. 27 5.0 0.5548 0.1007 -0.5936 -0.0612
0.38 10. 0 0.6134 0.1075 -0.5962 0. 1047
0.66 30.0 0.6822 0.1838 -0.6767 -0. 1850
0. 86 50. 0 0.7354 0.2395 =0.7299 =0. 2404
1.01 70. 0 0.7797 0. 2854 ~0.7742 -0. 2859
1.15 90.0 0.8188 0.3251 -0.8134 -0.3254
1.27 110.0 0.8546 0.3607 -0.8492 =0.3607

NORMALIZING FACTOR = -0.2978-03

J
RRRARR

1.

QREAL
RRRAK
1.0036
1.0035
1.0033
1.0033
1.0045
1.0252
1.0586
1.1433
1.3223
1. 4244
1.5114
1.5890
1.6599

J
ARAKAR

1.

QREAL

ARAR
1.0195
1.0194
1.0202
1.0231
1.0360
1.1028
1. 1484
12096
1.3589
14653
1.5539
1.6322
1.7038

M
RARRAR
2.

QIMAG

RRRRK
0.0014
0.0034
0.0104
0.0177
0.0365
0. 1064
0. 1602
0.2407
0.3730
0.4771
0.5662
0.6435
0.7124

M
AARRRR

2.

QIMAG

RARR
0.0028
0.0068
0.0212
0.0356
0.0672
0.1346
0.1619
0.2122
0.3688
0.4799
0.5713
0. 6505
0.7214



CONCLUSIONS AND COMPUTER RESULTS

Example 23:
-0.371
> 4
(4
<
r4
V]
g
2 L
0.0 *
0.8 1.0
REAL
N A RHO-1  RHO-2  DEPTH
hkkkkk Kkkkkk kkkkkk hkkkkk Kkkkkk
1. 305. 50.0  500.0 6lL.
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL MAG PREAL
kkkkk Rkkk kkkk kkkk kkkkk
0.01 0.0 1.0000 =-0.000L =0.0000
0.06 0.1 1.0001 =-0.0003 =0.0000
0,07 0.3 1.0001 -0.00l1 =0.0000
0.09 0.5 1.0001 -0.0018 -0.0000
0.12 1.0 1.0000 -0.0035 -0.0001
0.21 3.0 0.9995 ~0.0103 -0.0007
0.27 5.0 0.9987 -0.0169 -0.0016
0.38  10.0 0.9962 =-0.0326 -0.0046
0.66 300 0.9808 -0.0884 —0.0236
0.86 50.0 0.9603 ~0.1362 -0.0484
1.0l 70.0 0.9370 -0.1778 -0.0757
.15 90.0 0.9120 -0.2142 -0.1039
1.27 110.0 0.8859 -0.2462 -0.1322
NORMALIZING FACTOR = —0.1169E401
Example 24:
-0.3
>
4
<
Z
0]
<
s
\+
+
(+
0.0
0.9 1.0
REAL
N A RHO-1  REO-2  DEPTH
Khkkkkk khkkkkk kkkkkk Kkkkkk KAk kk
1. 305. 50.0  5000.0 1.
RESULTS ARE AS FOLLOWS. ..
THETA  FREQ REAL MAG PREAL
khkkk dkkk Rokkk *hkkk AkkkKk
0.01 0.0 1.0000 -0.0040 -0.0000
0.04 0.1 0.9960 -0.0030 -0.0000
0.07 0.3 0.99%9  0.0063 -0.0000
0.09 0.5 1.0013  0.0100 -0.0000
0.12 1.0 1.0l114  0.0046 ~0.000L
0.2 3.0 1.0075 -0.0100 -0.0004
0.27 5.0 1.0054 -0.0134  -0.0009
0.38  10.0 1.0048 -0.0246 -0.0029
0.66 30.0 0.9959 —0.0699 -0.0173
0.86 50.0 0.9826 -0.1107 -0.0380
1.0l 70.0 0.9664 ~0.1477 =0.0621
1.15  90.0 0.9483 -0.1812 -0.0882
1.27 110.0 0.9287 ~0.2115 -0.1151

NORMALIZING FACTOR = -0.1417E+01

w
LEETE

1.

PIMAG

L2
~0. 0001
~0. 0003
~0.0010
~0.0016
=0.0031
-0.0091
—0.0148
-0.0282
-0.0729
-0.1070
~0.1327
-0.1518
-0.1651

w
Hkkkkk

1.

PIMAG

ko
-0.0001
~0. 0003
-0.0008
~0.0013
-0.0026
-0.0078
~0.0129
-0.0250
0. 0692
-0.1035
-0.1320
~0.1546
=-0.1720

J
Tkdek ke

1.

(REAL

*hkkk
1.0000
1.0001
1.0001
1.0001
1.0001
1.0002
1.0003
1.0009
1.0044
1.0086
1.0127
1.0159
L.0181

J
kkkkkk

1.

REAL

Kkkkk
1.0000
0.9960
0.9949
1.0013
1.0114
1.0079
1.0063
1.0077
1.0132
1.0206
1.0286
1.0365
1.0438

M
dkkkkk

2.

QIMAG
*kkkk

0. 0001
0.0001
-0.0001
-0.0002
~0.0004
-0.0013
~0.0021
—0.0044
-0.0155
-0.0292
~0.0450
~0.0624
-0.0811

M
kkkkkk
2.

QIMAG
Akkkk
-0.0039
-0.0028
0.0071
0.0114
0.0072
-0.0021
-0.0005
0.0005
-0.0017
~0.0072
-0.0156
-0.0265
-0.0395

Example 25:
~0.51

>

4

<

Z

Q

<

g e
0.0

0.6
REAL

N A RHO-1  RHO-2  DEPTH

*kkkkk *kkkkk kR kX E1 82213 Akkkkk

5 305. 50.0  5000.0 6l.

RESULTS ARE AS FOLLOWS. ..

THETA FREQ REAL IMAG PREAL
hkkkk kkkk *khk Kkkk kkk
0.0l 0.0 1.0000 0.0000 -0.0000
0.04 0.1 1.0012 -0.0006 =-0.0000
0.07 0.3 1.0005 -0.0031 ~0.0001
0.09 0.5 1.0003 -0.0048 -0.0002
0.12 1.0 1.000L -0.0096 -0.0005
0.21 3.0 0.9982 =-0.0260 -0.0032
0.27 5.0 0.9953 =0.0456 —0.0073
0.38 10,0 0.9853 -0.0866 —0.0217
0.66 30,0 0.9228 -0.2199 -0.1055
0.86 50,0 0.8443 -0.3158 -0.1969
1.01  70.0 0.7618 -0.3836 -0.2777
1.15 90.0 0.6808 -0.4300 ~0.3420
1.27 110.0 0.6042 -0.4600  -0.3889

NORMALIZING FACTOR = -0.1337E+00

W
*kkkkk

1.

PIMAG

*kkkk
~0.0004
~0. 0009
-0.0027
=0.0045
-0.0088
-0.0252
~0.0405
—0.0743
-0.1598
-0.1886
~0. 1807
-0.1501
~0. 1065

J
*hkAkk

1.

REAL
Akkk
1.0000
1.0012
1.0006
1.0005
1.0007
1.0014
1.0027
1.0070
1.0283
1.0412
1.0395
1.0229
0.9931

M
ARkkRRR

2.

QIMAG
ko
0.0012
0. 0003
-0.0004
0. 0004
-0.0009
-0.0028
0. 0050
-0.0123
0. 0601
-0.1272
-0.2029
~0.2799
-0.3535

Example 26:
>
[
<
k 2
©
0.2 -
2
Los
N A RHO-1 RHO-2 DEPTH W J M RHO-3
Rkkkk  hkkkk KRAREK  RRAkk KAAAkk  KAKKk ARAKKk kkkkk Akkkk
3. 305 50.0 10.0 6l. L. . 2. 50.0
RESULTS ARE AS FOLLOWS. ..
THETA FREQ  REAL ™AG PREAL PIMAG (REAL QIMAG
Fkkkk hkkk *kkk ik ki kAkAkX Akkkk ARRAX kkkkk
IFRSAFR F1OATING UNDERFLOW  PC= 3646
0.025 0.0 1.0000 -0.0033 -0.0004 ~0.0035  1.00046  0.0001
0.038 0.1 0.9998 -0.0078 -0.0012 =0.0076  1.0010  -0.0001
0.066 0.3 0.9983 -0.0228 -0.0052 -0.0200  1.0035 -0.0028
0.086 0.5 0.9958 -0.0372 ~-0.0101 =-0.0301  1.005% -0.0070
0.121 1.0 0.9866 -0.0707 -0.0236 -0.0498  1.0102 -0.0210
0.210 3.0 0.9263 -0.1746 -0.0746 -0.0883  1.0008 -0.0863
0.271 5.0 0.8518 -0.2397 -0.1135 -0.0997  0.9653 -0.1400
0.383 10.0 0.6736 -0.2969 -0.1707 -0.0956  0.8443 -0.2013
0.664 30.0 0.3645 -0.0880 -0.2172 -0.069%  0.5817 -0.0186
0.857 50.0 0.3819  0.1077 ~0.2264 -0.0789  0.6084  0.1866
1.0l4  70.0 0.4664  0.2023 -0.2378 -0.0933  0.7042  0.2956
1.149  90.0 0.5485  0.2376 -0.2500 -0.1064  0.7985  0.3440
1,271 110.0  0.6143  0.2433  -0.2616 <0.1177  0.8760  0.3610

NORMALIZING FACTOR = -0.2043E-01

23
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Example 27:

0.0

4-0.5
>
[
<
Z
Q
<
2
N A RHO-1  RHO-2  DEPTH W J M RHO-3
dhkkk hkkkk Khkkk hkkkk hkkkk dkdedkd hhkkkk  hkkkk  Rkkhkihk
3. 305  50.0 1.0 6l. 1. L 2. 50.0
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL IMAG PREAL PIMAG (REAL QIMAG
Keddekk dkdkk Kkkk kkkk Kkkkk ek ek dkkk dededkek
ZFRSAPR FLOATING UNDERFLOW PC= 3646
0.025 0.0 1.0000 =0.0110 =0.0010 =-0.0031  1.0010 -0.0079
0.038 0.1 1.0062 =-0.0356 -0.0027 -0.0058  1.0089 -0.0298
0.066 0.3 0.9969 -0.1356 =0.0085 =0.0104  1.0055 =0.1252
0.086 0.5 0.9563 -0.2244 -0.0130 -0.0120  0.9693 -0.2125
0.121 1.0 0.8079 -0.3657 -0.0197 -0.0l21  0.8275 0.3537
0.210 3.0 0.3676 -0.3810 -0.0257 -0.0106  0.3933 -0.3704
0.271 5.0 0.2205 -0.2495 -0.0272 -0.0128  0.2477 =0.2367
0.383 10,0 0.1641 -0.0672 -0.0311 =-0.0192  0.1952 -0.0480
0.664 30.0 0.2152  0.1431 =-0.0420 -0.0386  0.2572  0.1817
0.857 50.0 0.2922  0.2317 -0.0499 -0.0549  0.3420  0.2866
1.014 70.0 0.3654  0.2792 -0.0567 -0.0697  0.4221  0.3489
1.149  90.0 0.4295  0.3044 +0.0630 -0.0836  0.4925  0.3880
1.127 110.0 0.4839  0.3168 -0.0689 -0.0968  0.5529  0.4136
NORMALIZING FACTOR = -0.1763E-01
Example 28:
>
[
<
z
(V]
<
2
. N . . R . A . . 0.0
0.1 0.2 03 04 05 06 07 08 09 1.0
REAL
N A RHO-1 RHO-2 DEPTH W 3 M RHO-3
hhkkkk kkkkk Kdkkk Khkkk kksekk hhkkk Kkkkk Rkkkk edededok
3. 305  50.0  50.0 61. 1. 1. 2. 1.0
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL IMAG PREAL PIMAG  (REAL QIMAG
hkhkk hkk kkkk kkkk kkkk kkkk ik hkkk
0.025 0.0 1.0000 =0.0040  =0.0002 -0.0044 1.0002  0.0005
0.033 0.1 0.9992 -0.0086  -0.0007 -0.0101 0.9999  0.0015
0. 066 0.3 0.9963 -0.0230  -0.0035 -0.0286 0.9998  0.0056
0.086 0.5 0.9935 -0.0359  -0.0072 -0.0458 1.0007  0.0098
0.121 1.0 0.9865 -0.0660  -0.0189 -0.0846 1.0054  0.0186
0.210 3.0 0.9499 -0.1725  -0.0800 -0.2053 1.0299  0.0328
0.271 5.0 0.9007 -0.2597  -0.1487 =0.2917 1.0495  0.0320
0.383  10.0 0.7610 -0.4120  -0.3190 -0.4236 1.0800  0.0116
0.664  30.0 0.2774 -0.5898  -0.7988 -0.4888 1.0762 =0.1010
0.857  50.0 -0.0256 -0.5257  -1.0210 =0.3635 0.9954 =0.1622
1.014  70.0 =0.2021 =-0.4022  ~-1.1072 -0.2323 0.9052 =0.1699
1.149 0.0 -0.2990 -0.2723  -1.1266 -0.1297 0.8277 -0.1427
1.271  110.0 -0.3463 =0.1531  =-1.1152 =0.0576 0.7689  =-0.0955

NORMALIZING FACTOR = -0.1700E-01

Example 29:
>
o«
<
Z
(U]
<
N R . 00 2
0.4( 05 06 07 08 09 10
REAL J 0.1
N A RHO-1 RHO-2 DEPTH W 3 M RHO-3
Rkkkk hkhk dkkkk dedkkdk kkhkk Kkkkk etk Rkkhk Khkkk
1. 305  50.0 1.0 61. L. L 2. 50.0
RESULTS ARE AS FOLLOWS. ..
THETA  FREQ  REAL ™MAG PREAL PIMAG REAL QIMAG
dhkk Rkkk dkkk dkkk Rkkkk hkdkk hRkk *kkk
0.025 0.0 1.0000 -0.0001 =-0.000f =-0.0007  1.0001  0.0006
0.038 0.1 1.00l5 <-0.0016 -0.0003 =0.0015  1.0018  -0.0001
0.066 0.3 1.0061 -0.0107 =-0.0013 -0.0036  1.0074 -0.0071
0. 086 0.5 1.0090 -0.0228 —0.0023 -0.0052  1.0114 -0.0176
0.121 1.0 1.0089 <-0.0563 -0.0049 -0.0079  1.0137 -0.0484
0.210 3.0 0.9545 <-0.1661 -0.0120 =0.0126  0.9665 =-0.1534
0.271 5.0 0.8789 -0.2261 -0.0161 =-0.0146  0.8950 -0.2115
0.383  10.0 0.7227 -0.2664 =0.0215 -0.0181  0.7443 =0.2483
0.664  30.0 0.4896 -0.1694 -0.0307 =-0.0318  0.5203 =0.1376
0.857  50.0 0.4336 -0.0854 =0.0370 -0.0447  0.4706  -0.0408
1.014  70.0 0.4160 -0.0252 =-0.0424 =0.0565  0.4584  0.0314
1.149  90.0 0.4129  0.0221 -0.0474 -0.0678  0.4603  0.0898
1.271  110.0 0.4171  0.0611 -0.0521 ~-0.0785  0.4692  0.1396

NORMALIZING FACTOR = -0.1971E+00

Example 30:

- \ \
00 031 02 03 04 05 06 07 08 09
REAL 1 o1
4 02
J o3
N A RHO-1 RHO-2 DEPTH w J M RHO-3
hkkik kkkkk hkkkk hkdkk Adeddek Rk Fkkkk ek dek hekdkkk
6. 305. 50.0 1.0 61. 1. 1. 2. 50.0
RESULTS ARE AS FOLLOWS. ..
THETA FREQ REAL IMAG PREAL PIMAG R EAL QIMAG
khkik dkkk Ktk hhkk kkkk hekkkk Kkkkk dekkkk
ZFRSAPR FLOATING UNDERFLOW PC= 3640
0.025 0.0 1.0000 -0.0616 -0.0040 -0.0071 1.0040 =0, 0545
0.038 0.1 0.9840 =0.1653 -0.0094 -0.0104 0.9934 =0.1549
0.066 0.3 0.7841 -0.4082 -0.0199 =0.0104 0.8040 -0.3978
0.086 0.5 0.5653 -0.4812 =-0.0233 -0.0079 0.5886 -0.4733
0.12) 1.0 0.2360 -0.3939 =0.0243 -0.0056 0. 2603 -0.3883
0.210 3.0 0.0906 -0.0567 -0.0262 -0.0096 0.1168 -0.0470
0. 271 5.0 0.1127 0,0323 -0.0286 -0.0129 0.1413 0.0452
0. 383 10.0 0.1686 0.1335 -0.0330 -0.0195 0. 2015 0.1530
0. 664 30.0 0.3517 0.2317 ~0.0441 -0.0396 0.3958 0.2713
0.857 50.0 0. 4446 0. 2320 -0. 0522 =0.0564 0. 4968 0. 2884
1.014 70.0 0. 4930 0.2265 -0.0592 -0.0717 0.5522 0. 2982
1. 149 90. 0 0.5237 0.2269 -0.0657 -0.0860 0.589 0.3129
1.271 110.0 0. 5480 0.2319 -0.0719 -0.0997 0. 6199 0. 3315

NORMALIZING FACTOR = -0.3109E-02

IMAGINARY



Example 31:

CONCLUSIONS AND COMPUTER RESULTS

-0.2 >

4

s

0.1 G

g

L R R Foo 2

06 07 08 08 1.0
REAL
N A RHO-1 RHO-2 DEPTH 3
Rkkhk RRRRA Rk Rekkik Rhkkhk RRRAR ARk
3. 305. 50,0 1.0 305. 1.
RESULTS ARE AS FOLLOVS...

THETA  FREQ REAL ™ac PREAL PIMAG
ARRRR RAAR RRAR RhRk hkkhk Rhkkkk
0.025 0.0 1.0060  0.0004 -0.0005 -0.0022
0.038 0.1 1.0039 -0.0043 —0.0015 -0.0044
0. 066 0.3  1.0066 -0.0288 -0.0045 -0.0096
0.086 0.5 0.9997 -0.0518 -0.0070 -0.0133
0.121 1.0 0.9696 =0.0918 -0.0116 -0.0204
0.210 3.0 0.8652 -0.1332 -0.0223 -0.0421
0.271 5.0 0.8096 =0.1295 -0.0299 -0.0612
0.383  10.0 0.7460 -0.1073 -0.0474 -0.1047
0.664  30.0 0.6886 -0.0544 -0.1296 -0.2453
0.857  50.0 0.6855 -0.0384 —0.2342 =0.3431
1.014  70.0 0.6848 =-0.0397 -0.3491 =0.4003
1.149  90.0 0.6782 0.0454 —0.4620 -0.4212
1.271  110.0 0.6671 -~0.0488 -0.5639  -0.4127

NORMALIZING FACTOR = -0.2566E-01

Example 32:

M
Lid Ahkk

1. 2.

REAL

L
1.0005
1.0053
1.0111
1.0067
0.9811
0.8875
0. 8395
0.7934
0. 8182
0.9197
1.0338
1.1402
1.2311

RHO-3
RRhAR
50.0

QIMAG
ARRRR
0.0026
0.0001
-0.0192
-0.0385
-0.0714
-0.0912
-0.0683
-0. 0026
0. 1909
0.3046
0.3606
0.3759
0. 3639

Example 33:

2 "

IMAGINARY

- " N . N .
0.0 ; 02 03 04 0.5 06 0.7 0.8 0.9
0.1 REAL
N A RHO-1 RHO-2 DEPTH W 3 M
Rdedkddk Redkded hkdekk Rkkkk hRkkk khkkhk RRRhk Kkhkdh
3. 305.  500.0 1.0 6l. 1. 2.
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL THAC PREAL FIMAG REAL
E2 221 hhkdh Rekkdk Ak hRhkk khkRk *hkk
0. 025 0.4 1.0000 -0.1934 -0.0012 -0.0012  1.0012
0.012 0.1 1.0244 -0.0318 -0.0003 -0.0006  1.0246
0. 021 0.3 1.0210 -0.1323 -0.0009 -0.0011  1.0219
0. 027 0.5 0.9841 -0.2247 -0.0013 -0.0012  0.9854
0.038 1.0 0.8386 -0.3769 -0.0020 -0.0013  0.8406
0.066 3.0 0.3875 -0.4225 -0.0027 -0.00l1  0.3902
0. 086 5.0 0.2292 -0.3092 -0.0028 -0.0014  0.2320
0.12§  10.0 0.1509 -0.1632 =-0.0032 =-0.0021  0.1542
0.210  30.0 0.1158 -0.0537 -0.0043 -0.0042  0.1201
0.271  50.0 0.1073 -0.0182 =0.0051 -0.0060  0.1123
0.321 700 0.1043  0.0052 -0.0057 -0.0077  0.1100
0.363  90.0 0.1037  0.0240 -0.0062 -0.0093  0.1099
0.402 110.0 0.1046  0.0404 -0.0067 -0.0109  0.1113

NORMALIZING FACTOR = -0.1708E-01

RHO-3
*hkkk

500.0

QIMAG
dehkk
-0.1922
-0.0312
-0.1313
-0.2234
-0.3757
0. 4214
-0.3079
-0.1612
-0.0496
-0.0122
0.0129
0.0333
0.0512

4 ' ' i A A i A -y L 0.0
0.0 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1.0
REAL
N A RHO-1 RHO-2 DEPTH W 3 M RHO-3
ARRAR Rk Rhkkk ARRAR EET 227 RRARK RARAR Rhkkk hRiR
3. 305.  10.0 1000.0  6l. 1. 1. 2. 50.0
RESULTS ARE AS FOLLOWS. ..
THETA  FREQ REAL IMAG PREAL PIMAG REAL QIMAG
AkRAA RkRk RekRkk RekRk RkRidk RkRkk ARRRE hkkk
0.025 0.0 1.0000  0.0006 -0.0000 -0.0001  1.0000  0.0007
0.086 0.1 1.0057 -0.0024 -0.0000 -0.0007  1.0057 -0.0017
0.148 0.3 1.0050 -0.0067 -0.0001 -0.0020  1.0051 -0.0046
0.192 0.5 1.0049 =0.0l11 -0.0003 -0.0033  1.0052 =0.0077
0.271 1.0 1.0046 -0.0221 -0.0008 -0.0065  1.0055 -0.0156
0. 469 3.0 1.0023 -0.0660 -0.0048 -0.0174  1.0072  -0.0486
0.606 5.0 0.9977 -0.1101 =0.0105 -0.0262  1.0081  =0.0840
0.857 10.0 0.9740 -0.2191 -0.0276 -0.0403  1.0017 -0.1788
1.486 30,0 0.7378 -0.5667 -0.0867 -0.0349  0.8245 -0.5319
1.916  50.0 0.409 -0.7128 =0.1070  0.0024  0.5164 —0.7153
2.267  70.0 0.1165 -0.6958 -0.1007  0.0355  0.2172 -0.7313
2.570  90.0 -0.0928 -0.5879 -0.0828  0.0562 ~0.0100 -0.6440
2.841 1100 =0.2170 -0.4466 -0.0625  0.0657 -0.1544 -0.5123
NORMALIZING FACTOR = =0. 1314E+01
Example 34:
1-0.5
41-0.4
x
1-0.3 ¢
Z
o
1-0.2 ¢
2
-0.1
0.0
0.7 08 09 1.0
REAL
N A RHO~1 RHO-2 DEPTH 3 M RHO-3
Akikh hRkk Redkkk RhRRR Rikkk kkRRk dededeik kR RARRR
3. 305, 10.0 10000.0 9. 1 5. 2. 200.0
RESULTS ARE AS FOLLOWS...
THETA  FREQ REAL ™MAG PREAL PIMAG REAL QIMAG
RkAkAh Rkkdk ki Rk Rkkkk kR hhkk RRRRkR
0.025 0.0 1.0000 -0.0006 -0.0000 -0.0000  1.0000 -0.0006
0.086 0.1 1.0001 0.0021 -0.0000 -0.0001  1.0001  0.0022
0.148 0.3 1.0038 0.0005 -0.0000 -0.0003  1.0038  0.0008
0.192 0.5 1.0041 =-0.0020 -0.0000 -0.0005  1.0041 =0.0015
0.271 1.0 1.0033 -0.0051 =0.0000 -0.0010  1.0034 -0.0042
0,469 3.0 1.0030 -0.0149 =0.0003 -0.0028  1.0033 -0.0120
0.606 5.0 1.0028 -0.0248 -0.0006 -0.0046  1.0034 -0.0202
0.857  10.0 1.0015 -0.0497 -0.0019 -0.0087  1.0034 —0.0410
1.48  30.0 0.9859 -0.1487 -0.0101 -0.0209  0.9960 -0.1278
1.916  50.0 0.9547 -0.2413 -0.0202 -0.0278  0.9748 -0.2135
2.267  70.0 0.9117 -0.3248 -0.0303 -0.0308  0.9419  -0.2939
2.570 9.0 0.8601 -0.3980 -0.0396 -0.0310  0.8997 —0.3670
2.841 110.0 0.8026 -0.4608 -0.0477 -0.0291  0.8503 =-0.4317

NORMALIZING FACTOR = -0.3237E+02

IMAGINARY
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