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ABSTRACT

A controlled magneto-telluric depth-sounding technique
is developed in the time domain by way of the theory of
eigenfunctions. The use of Maxwell's equations leads to
a differential equation that is sol#ed by separation of
variables. This in turn leads to an eigenvalue problemn.
Both - harmonic and non-harmonic soluticns are formulated
in terms of eigenvalues.

The harmonic solution gives a result that is dependent
on frequency. A computer program was developed for the N
multi-layered case of horizontal, isotropic, and homogeneous
layers above an infinite half-space. Model curves of one
and two layers above a half-space illustrate changes in
resistivity,-layer thickness, and permeability. |

The nonharmonic solution results in an expression that
gives the time derivative of the wave impedance as a func-
tion of time. A computer program was developed to evaluate
.the multi-layéred case. Several graphs illustrate the
functicnal behavior of this time dependent function. A
comparison of time and frequency devendent solutions is
made. liodel curves are computed that include published
values for the induced volarization effect.

The theoretical development shows that the rising
slope portion of the wave impedance in the time domain

contains the sought after information; i.e. layer thickness and

iv
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reéistivities of the geo-electric section. A controlled
source magneto-telluric field technique is proposed that
employs a single straight source wire of one-half to
several kilometers in length, grounded by electrodes at each
end, and utilizing a square current pulse as input into the
ground. The receiver array would be placed at a distance
of five times the source wire length. The measurement of the
electric field would be accomplished by piacing two
straight wires, grounded by electrodes, at right angles to
eQCh other onto the earth's surface. The time rate of change
of the magnetic field is to“be*mégsun@éﬁby;ﬁ@@;ﬁériZOntal
induction coils placed at right angles to each other onto
the surface of the ground,

The field data techniques as proposed.above were not
utilized; however, field data obtained from the 'Long-
Line Experiment" serve equally well to demonstrate the
proposed theory. This experiment was conducﬁed by sending
current pulses qf five minutes duration over a high
voltage direct current transmissﬁsn line. This.power
line extends from the Columbia River to Los Angeles. Data
from this experiment dgmonstrate an example of the

application of this new technique proposed in this work.
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INTRODUCTION

The magneto-telluric depth-sounding method has seen
infrequent use as an exploration tool. This is due in
part to the difficulties associatéd with field data acquisi-
tion, and partly due to the difficulties inherent in the
theo?etical evaluation of the data.

The naturally occurring fluctuations of the earth's
maénetic field are often quite weak, if not absent, ana
they may contain only a few dominant frequency components
that can be measured. In order to construct a useful
curve that can be matched to a conventional ploﬁ of
apparent resistivities vs. a function of frequency it is
neczssary to have ﬁot only reliable amplitudes of both the
E and H fields but also frequency components over several
decades in width. To obtain representative amplitudes,
field technigues have been developed where narrow bandpass
filtering is employed. Computational transform techniques
to obtain spectral amplitudes may give unreliable results.
The motivation for this research was that a time depend-
ent rather tﬁén ffequency dependent theoreticai result
might perhaps be more useful for the evaluation of field
data. One possible approach was that of dimply computing
a function in the time domain by the use of the Pourier
transform. However, it was féelt that the solution

by the method of the separation of variables might
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lead to a more practical result. The two equations resul-
ting from thé geparation of variables were initially
solved in terms of infinite power series to insure the
most general solution. These power series were programmed
and convergence was established. However, due to cbncep-
tual difficulties and programming expense the time depen-
dent power series gpproach was iater abandoned in favor
of exponential solutions of the differential equations.
This is the approach presented in this work.

Prior to this time no theory had béen developed to
evalugte magneto-telluric data in the tiﬁe domain. The
time domain solution is intended for application in
controlled source magneto-tellurics. This techniqpe elimi-
nates problems encountered in detecting weak natural fields-
or difficﬁlties encountered with recording during periods
of low activity. Field techniques can be designed to insure
that t@e theoretical assumpticns of plane wave theory hold.
Depth soundings may be taken at several locations using
the same source. This in turn results in a moreefficient
field procedﬁfe cdmpared to the more commonly used resis-

tivity depth sounding techniques.
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THEORY

In the magneto-telluric theory for plane waves the
use of Maxwell's equations in conjunction with the
appropriate coﬁstitutive relations results in the follow-
ing equation (details of this derivation have been dis-

cussed by Keller and Frischknecht (1966)).

- 2—
:VZE= %—E--z- sué-—g' .(.1)
ot

o=

S

With the proper choice of coordinates equation (1) reduces

to the single equation:

%x _ 2 Ex €M By
9z

2" p ot 32 (2)

The solution to equation (2) making use of the method of

separation of variables is as follows:

Let

£

(2, B) = T(Y) 3(2)
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azsx
2 = T(t) zzz(z)
8z
3E_
= = T (®) 2(2)
3zﬁx
—5 = T, (t) 3(2)
.atz tt
Then
4{2—?— = .‘.’_ T._t_ + Ttt
3 0 T € —--—T
— = a2z
Where T = 91 and . ]
| . t at B zz 2
' oz
Then let
| zzz
<=
€ Ttt + P__T;t_ =_ A
T »T

C—_—

(38)

(3b)

Where A is the eigenvalue common to both (3a) and (3b)

[CAKES LIBRARY
%gRADO SCHOOL of MINES

| " GOLDEN, COLORADOQ 80401
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‘Now let Z(z) be represented by the infinite series:

3(2) =vbo +biz o+ b222 T bnz;l+... (h):
. Rewriting (3a), we have
z,, . A2 =0 | —(75)
The solution of (5) using (4) is:'
Az X A"z 2n

Z(Z) '-’bo 1 -?:—- + 30 +..."'—2—n-.r— Ftooo

3 n_2n+l :
Az Az : ;
+ bl z - -3-:—'— *ooet -__—_(Zn+l): +.00 4(6)

The quantities in parentheses above are the Taylor's series
_expansions of the sine and cosine functions; and the result
is (see Churchill,1963, p. 35) :

2(z) = b cos /X z+ b, sin Az (7)

For negative values of A , let us make the substitution "

= -m? (m real); then equation (7) becomes:

~

2(z) = bo cos im z +-blnsin im z
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Sbo coshmzz + i bl sinh mz

- b, + ib1 eMz bd - ib1
2 2

=Bcosh(mz+-y)

: 3 7.
4 -1 %/bo - b1 + 12bob1
an y = b 2 + b2

For equation (3b) we have
ewn T..+H 2T LaT=0
tt p t

Rewriting

To simplify notation let:

pe=x and’ --1-= c2
- ME

(8)
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We get

-3
+
|-

T, + A" T=0 (10)

tt

’br, geherall&ﬁ’

[}
(=]

Tee *P1Te * P T (11)

Equation (11), however, is one of the more common differen-

;”ftial equations used in mechanics, electricity, etc. The
discussion that follows is essentislly the one given by
‘Bear (1962).

‘The solution of equation (11) is:

A

rt . 2 -
e {r =+ p1~r + pz) f(12)
Where
T ep, T+p,=0 i(13)

is the auxiliary equation for (12)

From (10) we get:

£S GIBRARY!
CAX OOL of MINES
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The solutions to equation (1) are:

R R -

Or finally, for —!'-i- < Acz
- Lo 4‘

-t
_ _ 2T 2 _ 1 i 2 __1 )
T(t) = e (ao cos Ac " t ¢ a; sin 43\0 — ) ()

Or, equivalent to (16)

-t T - n
T(t) = Ae®T sin (ut + q) 2 (17);
there © =‘ch2 o1 (18)
42 .
T

i.ee, w is a function of the eigenvalue A. For negative

¢
values of A, as before, let A =-m° s the solution to

equation (10) becomes: .



-t : - .
() = ef; (aoe'm'- + ale’ut) (19)
Where us J_l-f + méc? S _.‘3'(20)

' ¥ 4t ST :

Equation (19) can be rewritten (see Keller and Frischknecht, N

1966)
,"_?. a
v 2% (] '
T(t) = 2¢ ,’aoal cosh [ ut + 1n -——al _ .(23)

Next we need to compute the wave impedance Z, defined as
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10

The approach that follows is borrowed from Keller and

. Frischknecht, 1966, p.

E = T(t) Z(2)

e

-3
~

G
—
e

215.

3E
b3

3z - T(t) 2_(2)

My 1o

ot R
H T (t)

and from
2z L
,_- ) Tz(t)
Or';_ ‘Hy =‘;|Tt-rt—)- zz(z)

(22)

(23)

THUR CAKES LIBRARY

COLORADO SCHOOL of MINES

GOLDEN, C_QLORAD.Q
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Ex t 2(z2) .
Then Z = }T)“" B - | T(t) Zz(z) o (2)4-) )

- Next we need to evaluate the expression:

RS
Ty (See equatic?z}h (2L))

We will first derive this expression for equation (21),

i,e.,

) a
’r(t) = 23‘2_? /a—az' cosh (.lt + 1In ‘a—(ll )
: (o]

From (21) we get for Tt(t)

-t

. 37 : ) L
Tt(t) =2 aoal e [i}l_ cosh (ut + B) + w sinh (ut + B)] (25)
where g = 1n, 'ig_
. 31.

Equation (25) can be simplified by the following manipu-

. &
. lations:

Let a be a number such that
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or -

sEquation (27) is seen to have the form

*’-’COShzx - sinhzx =1

Equation (27) holds for an arbitrary a, let a be chosen
such that

u
~° k— I =Y
cshs

1
-sinh B=§I | (28)°

dowever

€osh (x - y) =

cosh x coshy - sinh x sinhy

Finally we have from (21) - (29)

12

‘.
it



=t a1

13

cosh (u t + B) - g sinh (u t + B)}

22 vYaa 'eZT a [cosh 8 cosh (ut + B8) - sinh 8 ;'»inh (ut + B)]

-t

= - " a sinh ( - ut
= Zaaale ( )

Or!

=t
2T
Tt(t) = 2 a3, e

Dividing by (21)

itl(t) = a sinh ut
" T(t) ~ cosh (ut + B)

: where a = .’uz 1 = mc

- -1 1 -1
-a_nd _B = tagh Tl tanh
1 2.2

‘,"V 72 *me

a sinh ut

1« 412 mzc .

(30)

(31)

(32)



T-1879

;‘1k

Using & similar approach (see Bear, 1962) as before with

equétion_(17), i.ed,

-t

2t

#T(t) = Ae” " sin (ut + a)

vwe get

_t v 2, 1
- - ) -
T @ _412

sin wt
sin (wt + a)

’ -1
where @ = tan 2wt

Equation (2) ean now be treated

Cen

similarly to the approach

used in Keller and Fri chknecht, 1966, p.216. : RN

To simplify matters the following notation will be used;

let:
| G) _G) G)
’B(j) - '_u(j)Tt ()‘a t, p' ’ Q. ’ u’ ) . (éu)
T {h, ¢, o), 0), ,0))
(3) .
and Z'5° = wave impedance in layer (Jj) at depth z; :

also from

(7)
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2,(2) = [- b sin /A z+ b, cos 5y z]i 5y '.(».35)

Then(2ly) becomes

L0 . g(3) b  cos %y z; + by sin X z 65
| - ; . (
vy b, sin VA zg+ b, cos %N z 3

33 b, cos 5y Zi0 * b. sin VX Zi 0

(3) _ 1
Z; _ (37)
itl T A - b, sin X z;,, *+ by cos 5y Z5 01 -
.'T'hen _:;_9_ - ZB} /i - g3 tan ff’z. o1 |
1
+ /A tan /X z; Ziﬂ (38,)
by
Finally eliminating -
1
G): [Z(J) A+ BJ tan VA (z; - +1)] |
2D = (39)
i A [ Z(J) /% tan /% @y - 2%,) + B(J)] e

For reasons that will become apparent shortly the eigen-

. values are now restricted to = , Then (39) becomes:
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() ) .
sz) B(j) [ m+ B tanh m(zi - zi“)] _ .
[ ngi tanh m(z, - zi+1) f_B(J)] ‘.(h- )

» For the semi-infinite halfspace we get from (40) at =z

O’
i.es 2=0

»._;;(1) B(l) [(1) - 8M tann mz_ J

-‘%o_ T _ [ 2 m tanh mz_ + B(l)] (14-1) 1
But-.:li.m ‘tanh mz ‘= 1 for a- éiven m ) | ‘(u2)
oz .I e N ) .
.. (1) (1)
- (1) 2 m- B 1) T (t)
5(1) -B [ o ] B u _t S
Z Y T(t) U—L3) '

% “m l‘ zﬁil)m_B(l)]g’E

The restriction of A =-m2 » necessary to obtain a soELution
to equation (40), using (42), makes it necessary that
equation (32)- is used in the solution of the wave impedance
(see Churchill, 1963). Combining equations (32) and (43)
we obtain for the impedance at the surface of a .semi-~

infinite halfspace using (32):

ARTHUR LAXES LIBIALY

T

COLORADO SCHOOL of MINES -

GOLDEN, COLORADO £04(1}
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(1) _ sinh ut - u sinh ut - .
Zo =W C Tosh (ut + B) ¥ € cosh (ut + B) Y
Where au = —l'f + m2c2
‘ 4t
' and 8 = tann™! L
And 1B = tanh 7y

For the two-layer case, i.e. one layer above a semi-infinite

halfspace, we have from ([0) and (4l1)

(2)
(2 . _B
2y s

(1) )
) [21 m o+ B(U tanh m (z, - ,zl)]
m [mz(l) tanh m (zo - zl) + B(l) ]

1
(2) 41,
Ly F= 4

At z= 2z, we have the boundary condition 5 hence

e [ @, @ ] o .
(1) _ B .- B + B tanh m (- 21)
Z = - =
o m [_ (%) tanh m (- z)) + B(1)] Wh}eﬁare ZO ...“O

By comparison for t he harmonic solution of equation (10),

let



2 -iw 2. -
Wt -3 ac%- |

' or
] R 1 22
oy 2%~ 27 - a2 e

From equation (19) we have for comparison

N L. -1 I 2.2
’I(t)-—aoEXP (21'+ -—-4,2+mc »t + a, EXP
‘r .
2

From (L46) we gét for m

. -2 .
m2 - ~-w2 o 1w
-C TC
Ly
i
‘I!;z o 02 ue

w8

18

1 141
2T ¥ 4

W9)

2

22

- - — + M C

(

)t
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For a third type of solution (see Stratton, 1941), let

. 2
m = iq (q real), i.e., A = q

1

We get from (1L).

r2 + %‘r + q2c2 =0

. and from (16);

e

-t
27 . 2 1
T(t) = eZT a_ cos %Zcz - -—1-2— t + a; sin qzc - = t
o 41 4t~ .
" For —lf < ¢?c® we get from (33)
_'I;t_:_ _ 2 . 1 sin wt ‘ (5;))
T y° 2 sin (wt + a) s_
41 —
where w = qzc2 -v—lf " and a = tan" 12wt
Vo e e 41 R o
~ = T sin ot

i
N . = ‘
Or ¢ Sin (et + @) |

(51)

In both equations (51) and (32) we have time dependence

of the impedancgf The frequency is a function of the

separation constant.

19
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20

In the latter case equation (39) becomes applicable, i.e.

L)
Z;

e

)

i+l

(3 3]
q+8B tan q (zi - zi+1)J

"k

)
zi+1

q tan g (z; - z;,,) + 8(5)]

(52)

ARTHUR LAKES LIBRARY,
COLORADO SCHOOL of MINES®
COLDEN, COLORADO 8040j
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”

We will now modify the assumption made on page 10

(equation 22), From (22) znd (23) we have:

L

%% - - %T(t)zz (z)

Let T¢ = f T(t)dt
A »'.. o s 1 t
Then H = - ;‘-T-»(t)zz(z)

: »
o %x T z : S :
y T “t S “(53)
" _From (19) we have 1 1
(~-2-;‘-+ u)t ‘ -(-2—‘,-+ u)t
L (L) = ae + ae
~ or
a ut a
_t -ut
Tt - e 2t 2 e + 1 e
1 1
- ?‘-.'F u - -é-t-:- - u
We now introduce the condition that E_ (z,t) at t=0 . ¢
is zero, i.e.
This requires that the constant a; = -aom;}_'él"r

P -

“p {t) . éut - ut

<t(t)
+ e
1 1
Zr Fu 2 T
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Simplifying we get:

ut -ut

2rQrus ) @t 20Qr-l) | -ue

22 22
At v =1 4t u -1

22
2 -sinh ut (4t u -1) T
o " ‘ ' which, using (55)
~2t[(2tu + 1) "t + (2tu-1) éut] ' ‘

222

2t m ¢ tanh ut or, simplifying

2
2T u + tanh ut

222
‘2t m ¢ tanh ut

. S

“{ 222
'l + 4t mc + tanh ut

S : |
: Where u = —]‘z— + mzcz (55)
&t
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DISCUSSION OF THE RESﬁLTS

A computer program was written for t he n-layered case
utilizing equation (40). For the harmonic case equations
(45) and (49) were used in connection with equation (40);
the variable w being independent. For the nonharmonic case
equation (32) is used wifh equation (40); the variable m
being independent. In the discussion below the results
of the harmonic solution are discussed first;‘followed by
the results from the nonharmonic solution.

Harmonic solution

In programming the harmonic case the long-wavelegth
approximation was not utilized. This prevents erroneous
values at high frequencies. We have for the impedance (é?

at the surface of an infinite halfspace:

o) - Miw _ ipw . _f iww 1/2
‘o m T /2 - : (53)

P 2 ot+iew
(iwno-pew™)

Solving for p,, the definition for the apparent resisti-

vity'pA_becomes:

__iZ? (54)

p =
A w(sZz-u)



. Equation (53) shows that for high frequencies the impedance
will approach the constant'(u/s)l/z’.‘The results of a two-

layer case are shown in Figure 1. It was plotted in a

conventional way -

1 _—
p./p, vs. ——  where h,
‘ A""1 lel , 1

represents the thickness of the first layer, and my is a
function of the first-layer parameters. The log-log pldt
shows the usual symmetry obtained in this type of plot.
Published curvés make the assumption of infinitely conduc-
tive or resistive basement resulting in L5° slopes at low
frequencies. A three-layer case is shown in Figure 2.
Again it was plotted in a conventional manner. The corres-
ponding periods are shown in seconds (s), minutes (m),
hours (h), and days (d). For long enough periods it can

be seen that just like in the two-layer case the curves
will approach the resistivities of the underlying halfspace.
Included for comparison Figure 2 furthermore contains an
example of a change in permeability fort he second layer.
The permeability used here is that representative of a

basalt.,
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Nonharmoniec solution

The nonharmonic solution is illustrated in Figures
'3,u,5,and 6. There is no easily definable quantity like
an apparent resistivity for this type of solution. The
input to the computer program was written in terms of
ﬂp) J, and r, where t ; €. The cbnstantie»represents an
»apparent dlelectrlc constant. Répresentative values of T
were obtalned from the table on p.j63, KeIler and Frlsch-
kpgcht, 1966. Figure 3 shows (equation (l/;)) the impedance
'zg" at the surface of an infinite halfspace plotted vs.
fhe eigenvalue m, For large values of m the impedance goes
to the constant /i/c. This is the same value attained for
high frequencies iﬁ the case of the harmonic solution.
For small values of m the impedance goes to zero. For a
given value of m the impedance attains a maximum value
generally for values of t greater than 1.0. Hence for
large enough values of t the impedance becomes a function
of m only. This is also illustrated on Figure 3.

In order to compare the harmonic and nonharmonic solu-~
‘tions Figure | was included. Curve A is th° upper curve
‘on Figure 1 replotted in terms of ﬂWwﬁ7E VS perlod T.

Curve B shows the solution forthe nonharmonlc case, The

latter was plotted against T(l), where:
(3 __2n (see equation (47))

ARTHUR CAKES EIBRHY! ‘
COLORADO SCHOOL of MINES
GOLDEN, COLORADO BQAQI
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and
T = p(l)s(l), c = -_.._.1___

ASNHe)

Figure 5 was included to illustrate a two-layer case for
1argevva1ues of t and two different layer thicknesses.

To obtain a solution of the impedance vs. time the
the function for a two-layer case was integrated over a
range of the eigenvalue m. The eigenvalue m is a continous
variable. However, the summation of eigenfunctions over
some given range ié also a solution of the original
differential equation. The problem is one of synthesizing
a time function from a suitable range of eigenfunctions.

Figure 6 shows this approach.
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Since we are primarily interested in the change of the

impedance vs. time, we now compute;
3z
£14
For the impedance at the surface we have
) (D) (D)
”zo Eo {Ho
Simplirying the above notation, let

;z‘l"; Vo ¢ oy
o o [o]

or Z=—

92 1 3E E 9H
-9t H dt 2 3t

33
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Or finally

ol
o BB
S

(55)

‘v
N
]
-
wim
‘-\
tr1 |

QL
ale
!
|

- : g R
..ix%i:'f z(t,m) dm = 3% f 8z (¢, mdn
‘ o -

o =

+%€f Zss(t,m) dm
<“mZ

where Moo is the eigenvalue where the impedance Z reached

the 'steady-stat'e value Zss . However Zss is constant, hence

W o
_ ::zt(t) = -a—t-f Z(t,m) dm ™
- o
L3 [Tzss g T

~ 0
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The time derivative of the impedance was programed for

‘the proper range of eigenvalues, i.e. that eigenvalue

where the impedance attains a constant value. The results
were plotted as a ratio of Zggéggao; where Zto represents
the time derivative of the impedance at the surface of a
multi-layered earth (i.e. several layers above an infinite
half-space), and where Zto,w is the time derivative at

the surface of an infinite half-spacé posessing the same
physical parameters as the first layer of thexmulti—
layered earth, Figures 7 and 8 show graphs of model cur-
ves. In Figure 7 only the resistivity of the second layer
was changed. In Figure 8 the parameter £ was changed.
Figure 9 shows an example of two layesrs above a half-
space. Some general features emerge from the model curves.
The beginning portion of the curves represents information
on the surface layer, the last portion of the curve gives
information on the underlying half-space. The last portioe,s
of the curve approaches a limiting value that is approxi-
mately equal to the ratio of the resistivity of the half-
space to that of the first layer. For the early time por-
tion of the model curve the ratio of a multi-layer impedance
time derivative to that of the impedance>time derivgtive of
" an infinite half-space approaches 1.0, In order to utilize

this information field datas need to be recorded using time
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'intefvals of one to several millisecondé. This is not a
severe reqﬁirement when bonsidering that seismic data are
recorded on this time scale.‘ Curve matching procedures then
require that an impedance derivative needs to be found which,
when divided into the field data impedance derivative, give
the ratio 1.0 for the beginning portion of the curve. After
accomplishing this step by a simple calculation the vélug of
the resistivity of the infinite halfspace (resistive or
conductive basement) can be obtained by multiplying the late
time ratio in the flat portion of the curve by the resiétivity
of the first layer. Intermediate layers requiré the adjust-
ment of layer thicknesses, resistivities, and the parameter 7 .
A change in the parameter = is seen to have neglige-
able effects on these relationships. The parameter = primarily
produces time shifts in the model curves. "It should be
stressed that the slowly rising porticn of the impedance
as observed on the field data is best explained by using
values for ¢ in the same range of magnitudes as those pub-
lished for induced polarization data. This should not be
surprising considefing the fact that square wave current
pulses constitute the source in induced pblarization field

techniques,

THUR ' Ve
CAKES LIBRAR
CO’{%RADO SCHOOL of MINES

GOLDEN, COLORADO g4
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7
7

The development of the time domain4appr0ach as presented
here shows an approach to obtain magneto-telluric data by
way of a controlled source. Model curves can be constructed
similarly to those in use with the frequency domain approach.
In order to reduce the number of variables in the construc-
tion of model curves it might be advantageous to utilize
the variables T(=f€) and ¢(=1/7#Z ) that were introduced
in the theoretical development. Since it was not intended to
neglect the induced pclarization effect, & represents the
apparent dielectric constant. This effect is attributed
to electrode reéctions between the rock énd the pore fluid.
In the time}domain induced polarization method a square
éurrent pulse is transmitted into the ground. A transient
voltage decay and build-up is associated with each current
pulse. Assuming that the time integral of the voltage
transient represents storage capacity of the earthlmaterial
for electrical charge one arri%es at the expression TepPE
where £ is now defined as the apparent dielectric constant
of the material. The term apparent dielectric constant
has been used in the literature to differentiate these low
ffequency rock properties associated with molecular
phenomena from displacement currents asscciated wi th

electron movement.
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Evaluation of the Field Data

The field data that are analysed in this work were
not specifically gathered for the theoretical;approach
presented earlier., However they represent tﬁe best déta
currently available to:the author,

These data were collected during the "Long-Line Ex-
periment”., This experimént consisted of transmitting cur-
rent steps along a grounded powerline and measuring the
generated electro-magnetic fields some distance away. The
powerline,utilized for this experiment was the Pacific
- Northwest-Southwest High-Voltage Direct-Current (HVDC)

Trensmission Line from the Columbia Ri%er to Los Angeles.

This line is more than 1,000 km long. These data were
collected by the Geophysics Department of the Colorado
School of Mines (CSM) during the summer of 19712“fhe data
and the details of the data collection and evaluation were
supplied to the auther by the Geophjsics Department of
C3M. A field location map from an unpublished report has
been included on p. 9,

The experiment consisted of transmitting direct
current pulses of five minutés duration followed by five
minufes of off periods. The rise time of the transmission
line was within a few milliseconds and hence considered

negligible. The magnitude of the current steps was 290
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amperes. The resulting electro-magnetig fiélds were re-
corded at distances of 20 to 80 kilometers from the HVDC
powerline. For distances beyond 60 kilometers noise
interference on some of these figld data were formidable.
The closest surveys were at about 20 kilometers from the
1ﬁne. JFurthermore both the eieétric and magnetic fields
were noé recorded at every station.

The field procedure for measuring the two orthogonal
E- field coﬁponents congisted of laying out two_lengths-of
wire (250 feet long) grounded through electrodes. The
magnetic field data were obtained by means of a horizontal
induction loop. This loop consisted of a multi-conductor
wire (26 turns) laid out in a Squaéé"(side length 250 feet)
on the ground. The recorded signal was filtered both with
a 20-hertz high-cut and a 60-hertz powerline interference
filter. Time fiducials were recorded at 0.9- second
intervals. The lcop served as an ihduction coil measuring
the vertical component of the time rate of change of the
magnetic field. This type of field procedure is not used

for the field data acquisition in magneto-tellurics, however,

for the conversion of vertical component magnetic field
data to horizontal component magretic field data suitable
theory was available (Keller, verbal comm.). As explained

earlier the theory converts the vertical component of the

LIBRARY
A% wﬁg@ of MINES
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magnetic field recorded with a loop at the receiver station
some distance akay from a long line wire source'to the
horizontal component of the magnetic field at right angles
to the total electric field recorded at the receivéer station
The result of this theoretical conversion is then equiva-

.lent to what would be measured by a pair of horizontal

induction coils placed onto the ground at right angles to
each other. Obviously a direct measurement of .this field
component with induction coils is_superior to that of a
theéretical,convarsion.

The events marked on Figures 10-12, 14-16, 18-20 were
digitized by hand using graph paper and a light table.
The amplitudes given are those read from the zero refe-
rence line marked on ﬁhe figures. This reference line was
established by fitting a reasonable smooth line through
the noise preceding the event. Zero reference time was
‘not recorded; hence zero time for each event was picked
where the smoothed event departs from the zero reference
line., As stated earlier the magnetid’field data were ob-
tained by placing an induction loop on the ground. This
measures the voltage induced into the coil due to the time
rate of change of the vertical component of the magnetic

field.
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aH

H? have e.m.f. = NAu 3t

where N = number of turns

-
]

area of coil
1.256 10°°

=
il

The H, field was computed by numerical integration on the
computer. The following expression was used to relate the
vertical component of the magnetic field to the horizontal

component of the magnetic field (see Keller and Frischknecht,

_1966, p. 310 for assumptions used. in its derivation):

) & where, I= line source current

Hx"?;;sig“ x= source-receiver distance
Inaccu;acies introduced by this approximation are probably
small compared to other inaccuracies introduced by the

data reduction process employed. Some difficulties are

also encountered with the electric field data. Superimposed
upon the electric field data are the d.c. components es-
tablished by the current signal input from the powerline.
These d.c. components appear to be sizable on some events.
In addition the E-fields contain éélluric noise drift .
Acorrection was applied to the E-fields forthe d.c. com-
ponents by subtracting a constant estimated from the field

records. The electric field components were taken to be at

a 90 degree angle in the computation of the resultant vector.

/
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The final computation of the impedance involves the ratio

of the total E-field and the component of the Hy field pro-

Jected onto an axis at right angles to the resultant E-field
(Mining Geoph., p. 138). The next step is the computation
Qf the derivative of the impedaﬁce.

5 The analysis of the field data was included to demon-

straté the interpretative methodology employed in evaluating

time domain data in connection with the theoretical apprqach ’

developed earlier. From all the data obtained in the "Long

'Line Experiment" the best three examples were chosen, i.e.

those with a minimum amount of noise interference. The com-
puted impedances of these three surVeyé LW, 6W, and 9W were
plotted on Figures 13, 17, 21. The field data for survey LW

are on Figures 10, 11, 12, those for survey 6W are on_

Figures 1l,, 15, 16, and those for survey 9W are on Figures 18,

19, 20. A ﬁap of the location of these surveys has been

included on page a9; Information on electrical para-

meters and layer thicknesses is contained in the ascending

portion of the slope of the impedance. It becomes immediately

apparent that it would ha¥e been preferable to record the
field data at much féééér paper speeds. Information neces-
séry to obtain surface layer information can be seen on the
model curves to be contained in about the first 20 milli-
seconds of the rising portion of thé slope. Only the best

event was picked on each field record.
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Hence it was necessary to obtain first layer reéistivity
information by other means. First layer resistivities

for the survey areas are approximately 10 ohm-meters

(Keller, verbal comm.). This value was chosen for the further
réducfion of the data; i.e. thé‘derivative of the impedance
was divided by the derivative of the impedance of an infinite
half space of resistivity of 10 ohm-meters. The resulting
data were plotted on Figure 22, This is the final form in
which the field data can then be curve-matched. Only 9W

is seen to fall into a range lending itself to the next step
of computer curve matéhing. For fhis rext step a three layer
representation appears appropriate for survey 9W.

The rising portion of the impedance is analysed, i.e.
the pésitive portion of the time derivative of the impedance
[is divided by that of an infinite half-space, and the result
is matched to a theoretically computed curve. The actual
resistivity distribution with depth at that particular location
in the Basin and Range province is of secondary interest
ogly. A possible intefpretation (s» Figure 23) would be;

235 meters of surfacefmaterial of resistivity 10 ohm-meters,
- 500. meters of sedimenfs most likely rich in clay with saline
groundwater with a‘resistivity of ,5 ohm-meters, aﬁd a more

highly resistive layer of 100 ohm-meters at a depth of 735

meters.

THUR LERARY |
e ADO EAKXECS)OL ot MXNES
cﬁ?fﬁ% Nicsnsﬁuuxa



T-1879 | U7
///
/

The field data for survey 9W has been plotted together
with a theorstical curve on Figure 23. Recalling the field
data quality and simplifying assumptions employed in the’
data reduction it appears to be a reasonable close fit through-
out the major portion of the field data. The parameters
used in the computation/ofvthe matched theoretical curve are
given on Figure 23 and in Appendix B.

The;example_of an actual curve match was included to
»demOnsﬁrate the data reduction technique. As was noted
earlier the "Long-Line Experiment" was conducted prior to
the existence of the theory presented here, hence at only
some of the 73 stations sufficient information was recorded
to be useable. Thetiocations of the field surveys are shown
on Figure 2. To serve for the purpose of demonstrating
the theory both the éiectric and magnetic fields had to be
recorded,

As a result of inexperience with the technique it took
an undue amount of time and expense in matbhing just a single
curve. However, the interpretation techniQﬁé.éan ultimately
" be made much cheapér then the conventional curve-ﬁatching
computer techniques commonly used in resiétivity work. This
requires a set of model curves to arrive at a first fit.

The final match could be accomplished by an iterative computer

curve matching program adjusting thickness; resistivity, and
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the parameter incrementally. Initially the program
utilized 5,000 to 10,000 intervals per integration;
however, a reduction to 500 intervals gives comparable
results. A reduction in the number of time intervals
used to define a curve would result in further time

savings.

L8
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CONCLUSIONS
The results of this thesis are briefly listed below:

1. A time domain theory was developed for the magneto-

telluric depth sounding technique using a current step

| for a controlled source,

2. A computer program was developéd for the geﬁération
of model curves.

3. The time domain theory was compared to the:frequency
domain approach in terms of theoretical implications,
data analysis, and field technology.

Ji. The effects of the magnetic permeability and the appa-
rent dielectric constant, both neglected heretofore,
were analyzed in'additibn to resistivity and layer
thicknesses.

Se. An example of the field data from the HVDC powerline
was analyzed to demonstrate the data reduction and in-
terpretation technique developéd here.

6. A field technique suitable for routine electrical
exploration depth sounding was proposed.

In order to compare this novel time domain electrical

sounding method with other established technology, the

controlled source MT survey could be conducted in con-
junction with a resistivity survey to obtain resistivities

independently.

ARTHUR LAKES LIBRARYi
COLORADO SCHOOL of M;NES
GOLDEN, COLORADQ B804
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The controlled source method is capable‘of overcoming‘
problems normally encountered in recording weak natural
fields often containing insufficient frequency information.
The analysis of field data in the frequency domain suffers
f?om amplitude distortions that are a result of random
signal content and signal truncation errors. These prob-
-lems are eliminated with the time domain approach. =
"7 The snalysis of the field data in the time domain
‘ilthtfateS'some of the weaknesses of the time domain ap-
proach. Noise interference can'be severe at large distan-
ces. Filtering should be applied with caution. Signal
stacking, however, can overcome most background noise
prob;ems; Field data acquisition should be modified to
employ horizontal induction coils.

It appears that experience with the time domain
~method should be gained in areas well explored with other
electrical methodology. The time domain controlled magneto-
telluric method as developed here is seen to have enough
advantages where it can with proper changes in field
procedure and instrumentation repléce most conventional
methods and become a useful exploration tool for electri-

cal exploration,



66
“p-1879

APPENDIX A

Program Description - ZRATIO

Programs ZRATIO compute the ratio of the derivative
of the impedance of a multi-layered case to that of an
infinite half space. Program ZRATIOl incorporates
eéuation (32), program ZRATIO2 uses équation (5lt). The
input and output are identical in format. .All input units
have to be in the MKS system. Representative magnitudes
for the parameter 1f#P£ have been obtained from published |
values (see Keller and Frischknecht, 1966,p. 463). As a
result of numerical experimentation on the computer for
a variety of cases the range of eigenvalues used in the
integration (see equation 56)has been fixed in the program.
The numbgr of intervals used in this integraticn has also
been selected in the progran.
The program flow is as <ollows:
At a given time "t" the impedance is computed by evaluating
the integral (equation (1)) over an adequate range (XMIN,
XMMAX) of the eigenvalue. Then the derivative of the
impedgnce is done for both the multilayered case mad also
the infinite half space. The physical parameters picked
for the infinite half space are identicai to those for
1ay§r 1l in the multilayered dase. By forming the ratio of

the two time derivatives of the impedances it can be seen
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that for small enough times this ratio approaches one.
- This results in a model curve display that is more
easily interpreted.
Input Parameters:

MAXTIME total number of points on time axis for which

| program computes model cuves. Format, I2,

maximum = 30 points (subject to restriction
see TIMAX)
NUMLAY \ﬁumber of horizontal layers, including half space.
" Format Il, maximum = 5
TIMIN starting time for which curve is computed in
seconds, minimum (0.001 second)
TIMAX endtime for which model curve is computed
(subject to restriction - see MAXTIME)

The time increments are computed as follows:

Tin = ti x 1.1
U(K) permeabilities for K layers
RHO(K) resistivities for K layers

EPSﬁHO(Ki parameter for K layers

Z(K) thicknesses for horizontal layers; total
number = NUMLAY-1

The input parameters are entered into the program as

follows:
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Line

1 MAXTIME, NUMLAY

2 TIMIN, TIMAX
3 U(K)

4 RHO(K)

5 EPSRHO(K)

6  2(x)

Program Description - Data

Program DATA was written to aid in the evaluation of
the field data obtained by the "Long Line Experiment."
The program has been included in order to help expedite
the processing of field data collected with an equally
applicable field technique.

The program operates as follows: Field data that
were hand-digitized on graph paper at equal time intervals
are input into the computer. The input consists of E-field
data perpendicular to the source (Ex)’ parallel to the
source (Ey), the horizontal loop data, i.e., the time rate
of change of the magnetic field (marked H, on the field
data). Furthermore, the proper time interval and ampli-
tude interval per increment of graph paper must be listed
consistent with the MKS system. Corrections for dec-components,
if applicable, mustlbe entered for the E-{ields. Other
input data required are the number of samples, nuiber of

turns and size of loop to obtain H-fi=1ld information,
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distance of survey from éource, and source current
strength. In addition, physical parameters must be
assumed for an equivalent semi-infinite half space.
The program first converts the digitized values into
true amplitudes and times. It then computes the magni-
tude and direction of the resultant E-field. The hori-
gontal loop data are converted to the vertical component
-of the H-fiéld by numerical integration. From this
fesultvthe equivalent horizontal H-field“islcomputed and
“projected onto an axis at right angles to the resultant
E-field. The next steps are the computation of the
impedance and its time derivative. Then the raiio[is
formed from the field data time derivative and that of
'ﬁhe assumed infinite half space.

Input Parameters:

J line number identification

TURNS number of turns in hqrizontal loop

AREA loop area in me

R distance of survey from source in meters
AMP - source current in amperes

NT number of digitized samples

VEX amplitude of perpendicular .E-field in volts

per graph paper division
VEY amplitude of parallel E-field in volts per

graph paper division

THUR CAKES LIBRARY :
co%amo SCHOOL of MINES
GOLDEN, COLORADQ 8040
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VDBDT amplitude of horizontal loop data in volts
per graph paper division

TI length of time interval on graph paper in
seconds

DCX DC - component of Ex field

'DCY DC - component of Ey field

DEK() digitized E_ field data

- DEY(I) digitized Ey field data

DDBDT(I) digitized horizontal loop data

ZU(K) permeability of half space

RHO(K) resistivity of half space

EPSRHO(K) parameter of half space
THICK(K) thickness - enter zero
‘The input parameters are entered into the program as follows:

Line

1 J

TERMS, Area, R, AMP, NT

VEX, VEY, VDBDT, TI, DCX, DCY
DEX(I)

DEY(I)

DDBDT(I)

U(K)

RHO(K)

O ® 3 o UV & w n-

EPSRHO(K)

b
o

THICK(K)
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FPROGRAM. ZRATIONY (INPUT,0UTPUT,TAPZ1=I NPUT,TARE2)
DIMENSION T(30),U(3),2HO(5),EPSIHO(3),4Z2(5)
DIMEINSICN B(Z),4XINTG(ED) S

READ(L, ¥)MEXTIME, NUMLAY

XMAMAY ==

~

XMMIN=1 ,2-13
XMAX, XMMIN ARE THE MAXIMUM AND MINI4UM VALUZS OVER WHICH THEZ

_IMTEGRATION OF THE FTIGENJALUSS TS CAFRIEL QUT.

INT=200
INT CIPRUSENTS THE TOTAL NUMBER OF INTEZRVALS USZOD IN THE

LXMIN=1
INTY=1
NULZY=HU¥IAY=1

READ(L,¥)TIMIN,TIMAX .
READ{1, ¥) {U(K) 4 K=1,NUMLAY)
FEAD(1,¥) (PHO(KY .K=1 4 NUMLAY)

FEAD(L,*) (ZPSRHIUIK) K=1,NUMLAY)?
READ(L1, %) (Z(K),K=1,NULAY)
WRITE (2, IMAXTIA4S , MUMLAY

MRITEA(24¥ITIMIN,TIAAX

WETITZ(2,%)(U(K),X=1,HUMLAY)

POTT- (2 ,¥)(FHACK) oX=1 4 NUMLAY)
WRITZA(2,%){ZPSRHII(K),K=1,NUMLAY)
HEITD(2,¥00Z(K) K=1,NULAY)
NCQUNTI=2

T(1)=TIMIN
0O 3 J=1,"AXTIME
Y(Je1) =T 1) *1,.1

- .-

DO 30 "M=1,INTM
COMPUT= ZIGEZNVALUE INTERVAL
CIL XM= (XMHAX=XMMIN)/ZINT

CONTTINUEZ
D0 2 J=1,MEXTIME

1

CALL GAUSS(XMMINGZO, X527 NUMLAY Ty UsRHC,
EPSRHAD, I,J,3) ‘
SUMIGR=XIGRAGFLXM/2.

- SUMIGI=XIGCI*aTLXM/2,

XM=XMAIN+FDILXM

DO 1 I=41,INT

“ 4

CCALL GAUST(XM704XIGP, ZyMNUMLAY oT,U,43HO,

EFSRHI,I4J,y3}
XIGR=XIGR*CELXY )
SUMIG2=SUMIGR+XIGF , i

1000

FORMAT(2X,1510.3)
XM=XM+IIL XM
IF (XM AT XMMAXYIGO T0 23

23
1002

CONTINUE
CONTINUEL
FORMAT (11X s 7HNUMINT=,14)

XINTG(J)Y=SUMIGR
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T 60 T 13 .
WPTIT= (7;1nﬂ7)T(J).SJ“I
13 CONTINUE
1007 FORMAT (3Xs2HT=9F1000s3Xs 2HA=,E10.3)
2 CoONVEINYE .~~~
CALL DZLTIME(XINTG, HAXTIN: . T NUHLAY)
NUMLAY=1
- NCOUNT=NCCUNT =1
IF(NCOUNT LT+ 1)GO TO 5
GO 10 &
L 5 CONTINUE
INT=INT+LXMIN
30 CONTINUE
CALL =XIT
END
SUBROUTINE BJ (T o XMyUsBHOyEPSRHO, IydaK s3y CMP)
DIMENSION T(2000,U(5),2H0 (514 ZPSPHICS)
} DIMINSTOM B{S)

XHMM= XM* XM
TAU=ZPSRHO(K) *2,
C3=1./T211

TTAU=TAU*TAY
T1=RHI(K)Y /7 (UCK) *ZPSRHO(K) )
V=S0Q2T (VYD

C1=1./772U
HWW=XMM*yV+C1
W=SQIT(WW)

ioo1

FORMAT(2X,1£10,3)
TAUW=TAU*KW
L2=1./TAUN

"CALL ARTANH(C2,BSTA)
HT=T(J)*NW
WMT=-WT

A=y XM -
IF(WT.GT.25,1560 TO 4~
S1=A% S*(TXPLUT) = XD (WMT))

BETAWT=BETA+WT
BETAWMT =-BZTAUWT
S2= 5% (TXP(RETAWT) ¢#=XP(3FTAWMT))

8(K)==-1{K)*51/52 |
GO TO 41 '

L) BETAM=-BTTE
BIK)==U(KI*A*EXP(BZTAM)
41 CONTINUZ
OMP=(-53+¢)/5,2831353
"RETURN
END

SURFJUTINS TMP(7,70, NUMLAY,T,XMsUsR40, EPSRHO s To.ds

18,0MP)
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TSUBRQUTINE IMP COMPUTZIS THE IMPEZDANZE AT THS SURFACE JF A

©

C

MULTILAYERZD HALFSPACE AT A GIVEN TIME AND GIVEN EIGENVALUE

DIMENSION T(57),Ul3),RHI(Z)yEPSRHO(S),2(5)
DIMENSION ZZ(5),3(5)
Z(0)=0,

CALL BJI(T XMy, RHG,EPSRHO,,IyJy NUMLAY y 2 ,0MF)
ZZANUMLAY)Y==-FINUMLAY) /XM
JF INUMLAY ,LE,1)GO TO 8

NUMLAY2=NUMLAY+1 o
NUMLAY1=NUMLAY-1
N0 9 L=1,NUMLAYY

L1=NUMLAY2-L
L2=11-1
13=11-2

H=Z (L3)-Z(L2)
XMH=XM*H
ZZXM=27 (L 1) *XM

HTAN=TANH(XMH)
CALL BJIT 4 XMyU,RHO,EPSRHOyI4J,yL2,8,IMP)
BL2=8¢(L2)

ZZNUY=Z7ZXM+BL2*HTAN
ZZDEN=ZZXM¥HTAN+8L2
FRAC=3L 2*77ZMUM/Z70ZN

e

ZZL2)=FRAC/XM
CONTINUE
28=7272(L2)

GO 10 7
20=7Z (NUMLAY) o

CCNTINUE

EETURN

END .

SUBPOIJTIND GAUSS (XM, 704 XIGR,ZyNUMLAY,T,U,4RHD,
CPSRHN, IJ, )

ot

Y

OO0

SUBRJUTINI GAUSS COMPUTES THE INTEGRAL OVCQ A QQNGc 0=
EIGENVALUES AT & GIVEZN TIME
DIh_ﬂhlﬂJ_*iﬁ;14Jill+ﬁﬂgi4l4L_SRHJ()) (%)

DIMENSION B(5)
DELL1=XM
CALL TMPUZ,Z0NUALAY,T,0F 1 ,U,EHO,Z3SRHO, I, ),

18,0MP)
4010 FORMAT(3X,1€HDIVISION BY ZERO)

XTGR=71

XIGI=g.
GO TO 33 |
WETITE(2,5020)0511,IMP, T(J),Z0

33 CONTINUE

020

FORMAT(3X 42HM=,1-110, 3 3X 2HF—,1 1043,3Xy2HT=,7F1043,3X,

12HA=,1%17 ,3)

_RETURN

3
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7’u

END ‘ .
SUBRQUTINT ARTANH (X, ATANH)

SUBRCUTINE ARTANH COMPUTES THz HYPZ230LIC ARCTANGENT
CP=1,+X :
CM=1."X

ALOGCP=LLGG(CP)
ALOGCM=ALOG (CM)
ATANH=,Z¥ (AL QGCO=-AL0GCY)

31
000

62 TO 32
WRITZ(2,2000)
FQRMAT (3X,12HL0GC MNZGATIVE)

32

CONTINUE
RETURN
END

SUBROJTINT DELTIME(XINTG,MAXTIME T ,4UMLAY)

SUBRJJTINE DELTIMS COMPUTEIS THE NERIVATIVE OF THZ IMPZIOANCE
NIMENSTCMN XTINTG(S0).T(59)

DIMENSICON ZT(Z0),Z2T1(2Q)
DO 4 J=1,MEXTIME

NDELT=T(J+1) =T (J) R ~
IF(NUMLAY.EQ.1)GD) TO 1

ZT (I = (XINTGUJI+1) =XINTG(J) I /DELT

GO T2 2 :

ZT1UI = (XINTG(J+1)=XINTG(J) ) /CELT
CONTINUE
FORMAT (3X,3HZT=,710.3,3%,2HT=,F10.%)

IF(NJUMLAY.53T.1)1G0 TO 3 o
RATIO=ZT(J/ZT1())
MEITZ(2,2°01)2ATIC, T (J)

CONTINUE ;
FORMAT (33X 4oHRATIN=yE10+393Xy2HT=4F13.4)
CONTINUE

PETURN
END

.)-*
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“PROGRAM 720TIO2 (INPUT OUTPUTsTAPE1=INPUT ,TAPE?2)
DIMENSION T(S7),U(5)4RHO(Z),EPSRHI(:),Z(5) 2-!
DIMENSION 3(5),XINTG(S0)
RTAD(1,*¥)MAXTIME 4HUMLAY

XMMAX=S

Y

DO

XMMIN=1,2-09
XMAX, XMMIN ARE
INTEGRATION OF

THE
THE

MAXIMUM ANJ MINIYUM JALUES DVER WHICH THE
FIGENVALUES IS CARRIZC QUT

o Ne]

INT=530
INY RZIPRISINTS
INTZGRATINON QOF

THE
THE

TOTAL NUMBER OF INTERVALS USED IN THE
STIGENYALUUES

LXMIN=1
INTM=1
MUt Ay=NUMIAY-1

PEAD(L®¥)TIMING,TIMAX »
READ (L, *) (J(K) K=1,HUMLAY)

BSAD(L, %) (3HO(K) ,K=1 ,NUMLAY)

‘READ(L, %) (EPSAHN(K) yK=1,NUMLAY)
READ(L,*) (Z(K),K=1,NULAY)
WRITE(Z (FIMAXTIH= NUMLAY

WPITEA(2,*)TIMIN,TIMAX
WRITZ (2, (U(K),K=1,U"LAY)
WETTZ[2,*)(FHI(K) %=1, NUMLAY) -

HRITE(2,4,*)(EPSRHO(K) yK=1,NUMLAY)

WEITE(2,¥)(2(K),K=1,NULAY)

NCGOUNT=2

3 T(J+1)=T( N *¥1,.1

TT(1)=TIMIN

0O 3 J=1,M4LXTIME

DO 30 M=1,IMTM

-COMPUTZ TISEINJALUE INTEZRJAL
DEL XM= (XMMBX~XMMIN) /ZINT

4

CONTINUE

00 2 J=1,MAXTIME
CALL SAUSSIXIMINGZI XTG4 74 NUMLAY,T,URHC,

1EPSRHDyI444E)

SUMIGR=XIGK¥DZLXYU/2,.
SUMIGI=XTGI*D=| X172,

CRLL GAUSSIXMsZ0+4XIGRyZ NUMLAY aT,3U4s2HD

XM=XMMIN+DIL XY
DO 1 I=1,INT

1EPSEH3,1,4Jy8)

XIGR=XIGoXNELXY

SUMIGR=SUMIGR+XTIGR

10600

FORMAT(Z2X,1510.

. XM=XM4+DELXV
IF (XM LT .xMMAX)GD 7O 23

3

23
1002

CCNTINUE
CONTINUE

FORMAT (LY, 7HNUMINT=,T4)

XINTG(J)=SUMIGR
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T 60 TO L3 o
WRITZ(2,1007)7¢J),SUMIGR

i 13 CONTINUE *
1007 FCEMATI(3IX,2HT=,F10, L,3X ZHA-,tiﬂ 3)
2 CONTINUE

CALL DILTIME(XINTG,MAXTIME T4 NUMLAY)
NUMLAY=1 —
MCOUNT=NDOYNT -4

IF (NCOUNT.LT.1)GO TO €
"GO Y0 &
5 _CONTINJE

INT=INT+LXYMIN
30 CONTINUE

CALL =X
END
SUBROUTINE BJ(T 4X*yU,RHO,ZPS5SRH0,I,4J,K»3,CMP)
C SUBROUTINE BJ CGHPUTES EXPRZSSION 31J),y, T.5. THE TIME
»>L— FUNCTION FI& 2 GIy-H LAYEZ AT A GIVIN TIMZ ANQ GIVEIN = IGENVALUE
BIMINSION T(Z7),4J(3),RHG(S),E PS&HU( )
DPIMENSIGON B(5)
XMM=X*4* XU

TAU=EZPSRHC(K) *2,
I=1,.,/TAU
TTAU=TAU*TAU

VV=FHO(K) ZLU(K) *=PSRHC(K))
V=SQRT(VV) .
Cr=1./T7T4Y : _

WH=XM1*yy +71  °
=SORT{WW)

1001 FQ‘?%AI(Z(,i £40,3%)
TAUW=TAU™W
C2=1./TAUH
WI=TC 1) *y

WMT==nT
A= 7% X
TANHRT=TANH{WT)

S1=2 ¥ TTAUSXMM*YYFTANHAWT
S2=2.FTTAU W+ TANANT
B(K)=~1J(K)*S1/S2

GO TC ui
40 RETAM=-CITR
B(K) == (K)*AXEXP(RITAM)

41 CONTINUE
CMP={~-C3+W) /6 .23313% 5
PETUXIN

END ' .
SUBROUTINE IMP(Z,Z7yNUALAY,,T4yXMyUyR40,3IPSRHI,1,J,

12,0M°) - e 2-2

C __ SUBROUTINE IMP CONMPUTES THE IMPEDANSE AT THE SUSFACE OF A
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C MULTILAYFPED HALFSPACS AT A GIVEN TIME AND GIVEN EI ENVALUE
: DIMENSIOM TI(SM ,UL5) ,8HO(5),EPSF HO( 1,7(%)

DIVINSICON ZZ(Z),3(3)

Z(0)=0,
CALL BJ{T  XM,y,PHO,EPSRHO, 1, J.NUHLA( 8,0MP)

ZZ ANUML AY)“~B(NU4LAY)/XW
IF(NUALAY.LE.1)G0 TO 3
MUMLEY2=MUMLAY+]

NUMLAY 1 =NyMLAY =1
GC 9 L=1,NUMLAY1L
ti=NyMLaYye-t

L2=L1-1
L3=L1-2
H=Z(L3)~-7(L2)

XMH=XM*H
ZZXM=ZZ (1) *XM
HTAN=TANH (XMH)

CALL 3J(TyXMyUyRHOSEPSRHOyIyJyL2,343MP) ,
BL2=8B(L2) .
ZZNUM=Z7ZXMeBL2*HTAN . .

S ZZDEN=ZZXMEFHTAN#3L?
FRAC=3L2%¥7ZMNUM/ZZ03EN
ZZ{LZ)=FRAT/XM

3 CONTINUE
. 20=ZZ1(L2)
—¢0 10 7

 B.Z7=ZZ(NUMLAY)
7~ CONTINUE

v

RPETURN

END

SUBRJOUTINT GAUSSIXM,Z74XIGR,Z,NUMLAY,T,U,RHO,
1FPSPHI, I4ds 3)

SUBEQITING GANSS CAMPUTES THE _INTEGIAL _OVER A RANGE_OFE

EIGENVALUES AT A GIVIN TIME ,
DIMENSION TUE7),U(2),RHO(5) ,ZPSRHO(3),2(F%)
nIMEMNSTON 33L& :

o N @}

DELL=XM
CALL IMP(Z,Z0,NUMLAY,T, DfLi,u,QHo,:’SQHO,I,J,
_1B8,0MP)

&Ciﬁ;FORMAT(3X.15HDIVISION 3Y ZcR0O)
XIGR=2Z0
XI16I=9,

GO T3 33
HEITZ(2,L227)02L1,0HP, T(J),Zr
33 CONTINYZ

4020 FORMAT(3Y,2HM=,1510.3,3Xy2HF=y1510,3,3X,2HT=,F10.3,3X;
12HA=,1510.3)
PETURN

END o 2-3
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SUBFOUTINE ARTANH(X,ATANH)

_SUBFOUTTING ARTANH =Z04PUTES THT HYP=2RO1ITC ARZTAMGENT

C

CP=1.+¢X
CM=1 .-X
Ll OGTO=41 QG{(CP)

ALOGCM=AL0G(CM)
ATANH=,2* (ALOGCP-ALOGCM)
GO T2 32

31
000
32

WRITZ(2,-000)
FORMAT(3Y,12HLOG HEGATIVE)
CONTINUZ

PETUXN.
END :
SUERDUTINT DO TIAZ(XINTG MAXTIMZ . T ,NUMLAY)

SUBRGUTINE DELTINS CCMPUTES THE DIR[VATIVE OF THE IMPZDANCE

DIMENSICON XINTG(30),T(SED)
DIMINSION ZT(SC0),7ZT1(E0)

DO & J=1,MAXTIME
DILT=T(Jy+1) -T (J)
IF(NUMLAYLED,1)56D TQ 1

ZT(I) = (XINTG(J+#1) -XINTG(J)I/DELT
GG TC 2
ZT1 (U= (XINTG(J+1)-XINTG(J))I/DELT

CONTINUE
FORMAT(3IX 4 2HZT=4371243,3X42HT=,F1044)
IFE(NUMLAY W57,1)50 T9 3

PATIO=ZT{(N/ZTL LN

~HWEITI(2,2001)°ATIO0,T(J)

CCNTINUF
2001 FORMAT(3X,5HRATIO=4E104393X,2HT=4F1J 454)
4 COMTINUS
SETUSY .
END
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( FROGRE&M DATA(INPUT,QUTPUT,,TAPEL=TINPIT,TAFE2)
DIMINSION DZX(203),05Y(200),3C60T(210)Y,2T7(200)
DIMENSIONM DHOT(2008),7(200),HX(2.2),7(234),0ZT(2002)
DIMEINSION UL(E),RH0(Z),ZPSRHO(Z), THIZK(5) 48(5)

> DIMENSTON XINTG (2003, ZT710200)
FPEAD(L,¥)

READ (1, ) TURNS,,AREA 4Ry AMPZNT

PZAD(Y,%) JEX, JFY,428N0T,TT,00X,NCY
REAS(1,4%)(2ZX(I),I=1,NT) o-
FEAD(L, *) (DEY(I),I=1,NT)

FEADR(L,*) (PN3OT{T) 4T=44NT)

XMMA XSS, .

XMMIN=1,0-09

1 _C XMAY , XHAMIN ARE THE MAXTMUM AND MINIAUM VALUES QVER WHICH THS =
c INTZGRATION OF THE ZIGENVALUES IS C4RrRRIED OUT
INT=22" : :
c INT =2=2KRECSENTS THE TOTAL NUMBER OF INTERVALS USED TN THE S
c "INTEGRATION OF THE EIGENVALUUES ‘
NUMLAY=1 . ,
LXMIN=1 ' s
INTM=1 B

NULAY=NUMLEY -1
AN L) (UK K1, NUMLAY)
READ(L, %) {PHO(K) ,K=1,NUMLAY)
PEAD(L,*) (EPSRHO(K) 4K=1,NUMLAY)
PFAD(L Y (THICK () .K=1 4 NULAY)
WeITZ(2,1000) 9
WEITZ(2,*)(U(K) K=1,NU"LAY)
WEITE(2,* ) (2H(K) o<=1,NUMIAY)
WEITE(2,%*)Y{EPSPHD(K) ,K=14NUMLAY)
WQITE(Z,‘)(THICK(K),K:1,NULAY)
1000 FOEMAT (32X L1 IHLINT~-NUMBER 2 IL)
WEITZ(2,1001)TURNESLARZA G ZAMPLNT
1001 FORMAT(3X 42HN= 3 T10,3,3X,2HA=,51043y3X32HR=9510s3493X,2HI=,
1?10.\),3)(- HPOJ.‘}T?—!.L“’
WRITZ(2,17° 22V /JEX,JEYLI080T,TL 2CX,423Y
1002 FORMATU{3X ZLHYEX=321043 43X 4HVEY=,51),3,3X,5HYD3DT=,
1£10.3,3X, 3HII=,E1® 3. 3X,wﬂDuX—,b10 $93X s 6HICY=4,5403.3)
DP 1 I= 1, N
WQITZ(Z,-C"?)Q X(I),UfI(I)s303°T(I)
1003 FORMAT (3N LHDEX=3"10,343Xe5HDTY=0510.3,
13Xa5HDDBDT=,Elo.3) -
1 CONTINUE
pI 0;41:9 ‘
XMU=1,255E<05
HZ=0.0
ANZTUINS*LASEA
PI2FR=2.¥PI*R
Ci=AvP/PIZ2R
C2=51%%*3 .
CO 2 I=1,NT C !

~
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TEX=DEX(I)*JEX-NCX /

EY=0EY{I)*V=Y-0CY

80

IF(EX.EQ.0,0)G0 TO 14
EYEX=EY/EX
THETA=ATANCEYZX)

14

GO TO 12
THETA=PI/ 2,

12 CONTINUZ

inrs

FORMATUEX ,3HTHETA= 3517433 3X,3HET=,2.C43)
ANDBOT=D223T(I)*VTIB0T
DBDT=ENJBDT/AN

DHOT(I)=DBDOT/XMU
T(I)=TI*I

's

EX2=£X*EX
EY2=EY*EY
EX2EY2=EX2¢+EY2
ETUI)=SORT(ZX25Y2)
DA=0HDT(II*TT

HZ=HZ+J3¢& )
IF(HZ.EQ.0.0)G0 TO &
L2=2 . %302/H7

CONTINYE
HX(IY=SQRT(C3)
PITUST =PI /2 =THETAH

pPlz=r1I/2.
IF(THETALEQ.PI2)GS TO 17
H=HX{I)*ZOS(PITHZT)

17
1c

GD TO 1%

H=HX(I)
CONTTINMUZ

N1

"IF(H,Z0,0,00G0 TO 5

Z{I)=ET(I)/H
CONTINUFE

IF(HA(I).ZQ.0.0)560 TQ 156

ZEYSEY/HX(I)
ZEX=ET(I1)/HX (1)

16

1004

CONTINUE
WRITE(2,1004)T(I),Z(T)
FORMET (3¥2HT=,510,3,3%X92H7=,:10,3)

1010
2

FORMAT(3X y4HZZY=3210434y3XK9y+HZEX=,E10.3)
CONTINUE
Z(1)=0,0_

DO 3 I=f1,NT
CZTLIN=(Z(T+1)-Z(D))/T]

13

IF(0Z7(1Y,.LT,7,160 17O 13
GO 10 419 )
MAXTIME=I

G0 10 210

———

19

CONTINUE
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3

20

CONTINUE
CONTINUE

81-

1005

FORMAT(3Y,4HIZT=,210.3493X, ZHT—a_iﬁ.))

CALL HAF”PA°(H&X61M-,NUML&Y XMMAX, XMMIN, LXMIN, INT, INT!,

1T4U4PHD ,ZOSSHN, THICK,ZNT,Z2T1)

£0 10 J=1,MAXTIMZ
RATIC=0Z7(J)¥/7ZT1 (N
WeIT-(2,1005)FRATIO,T(J)

. FORMAT{ZIX ,2HR=4E174393X42HT=,21043)
CONTINUE
CAaLL :=XIT

END

SUBRIOUTINT HAFSPAS{MAXTIMI,NUMLAY ¢ XAMAX e XMUINy LXMIN,

JINT,INTM,V,\U,PRHO,EPSKHO, THILK,VT ZTL)

[ &)

SUBROJTINR HALFSPAS COMPUTES THZ OERIVATIVE OF THE IMOEDANC*

INFIMITE HLLFSFACSE

DIMENSION T(220),U(5),2HO(S L;’PSQHO(:) THICK(EZ)

DIMZNSION 3(3),XINTG(200),2T71(230)
00 30 M=1,INTM
DEL XM= (XAMAX-XMMIN) /INT

OF AN

DO 2 J=1,MAXTIM:

CALL GAUSSIXMMIN,ZO,XIGR,THICKNUMLAY 4T,UyRHO,

J1EPSOHO,1,J,7R)

SUMI3R=XIGE*DILXM/2.
SUMIGI=XIGI*DELX"/2.
XM= XHMT H+ DI XM

CO 1 I=1,INT
CALL GAUSS(XM,Z0,XIGR,THICK,NUMLAY,T,U,RHC,

o

1000

1EPSRHD, I,y B)
XIGR=XIGR*DELXM
SUMIGR=SUMIGR+XIGR

FOPMLT(2Y41510.3)
XMaXMEDE L XM

~N

23

IF(XM.GT, XMMAXIGD TO 23
CONTINUF
CCNTTINUFE

1802

FORMAT(1X s 7HNUMINT=,14)
XINTG(J)=SUMIGR
GO T3 1%

13
1007

WRITZ(2,1007)T(J) 4SUMIGR
CONTINUE =~
FORMAT (IX ,2HT=,F10,4,3X, b 2HA=,510,3)

CONTINUE
CALL D= LTIME(XINTG,MAXTIME,T, 7T1)
INT=IHT + XMIN

30

COMTINUE
FETURN
END

—- UBQO'JTINc BJIT 4XMaU, PHO EPSRHO,I,J,K,3,CHP)
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S T SUBRJYTINT 3J COMPUTES ZXPRISSION 3(J), I.E. THE TIME
c FUNCTION #3° A GIY=N ! AYF2 AT A GIJIN TINMZ ANN GIYEN - IGFNJALUE

DIMENSION T(350),U(5),RHO(5),EPSRHO(3)
CIMENSION £(5)
XMM=XM* X4

TAU=ZPSRHO(K) *2,
C3=1./7AU
ITTAU=TA0*TAY

VV=RHI(K) /LU (K) *ZPSKHO(K)) °
V=SQRT(VV)
Ci=1,/7TTAU

W=XMM*Vy +C1
_ W=SQRT (WW)
L 10C1 FORMAT(2X,1810,3)

TAUW=TAU"W
C2=1./TAUH
WI=T(J)*W

WMT==WT
A= J¥XM
TANHKRTI=TANH [HT)

S1=2 . ¥TTAU¥XMMFVYFTENHNAT
S2=2.*TTAUYW+TANHWT
B(K)=-U(K)*S1/52

GO 10 &1
40 BETAMY=-5=Tp
BIK)=-J(K)¥AX*¥EXP(BETAM)

41 CONTINUZ
OMP=(-0C3+W) /5.,2331353

EETURN o .

END /

SUBRJOIJTINE IMPUTHICKZ Ty MNUMLAY 974Xy Uy RHCHWEPSRHD,1I,4J,
18:0MD) .

DIMENSION T(200),U(S) ,RHO(5) yEPSRHO(S) 3 THICK(5)
DIMENSION 2Z(5) 43(5) .
THICK(0)=",

CALL 3J(T,X44U,RHC,ZPSRH0+I9Jy NUMLAY ,8,CMF)
ZZANIMLAY)==B(NUMLAY) /XM

TR(NJMLAY L5110 50 TO 3
NUMLAY2=NUJYLAY#+1 '
NUMLAY1=MNUMLAY-1

DO 9 1=1,NJMLAYY .
L1=NUMLAY2-L .
L2=L1-1

L3=L1-2

H=THICK(L3) -THICK(L2)
YMH=XM*H
ZZXM=ZZ(L1)*XH
HYAN=TANH(XMH)

—

CALL BJUT 4XMyU4sRHO,EPSRHC,I,4,L2,8,IMP)

 ARTHUR CAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 8040
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“TBL2=B(L2)
ZZNUb=77XM+Bl 2*HT AN

Z7DEN=ZZXM*HTAN+3L2
FRAC=8L2%¥ZZNUM/ZZDEN

2Z (L 2)=FC AT 7XA , . -
CONTINYE :

Z6=2Z(L2) .
GO 10 7 f ' )

20=27 (NUMLAY)
CONTINUE .
EETURN S

"END
SUBROUTINE GAUSJ(X%,ZO,XIGQ,THICKyNJMLAY'T,U,QHO,
1EPIPH] . T4.1,3)

.DIMINSION T(ZJG),U(:),?duiu),apohHO(:),cHLCK(J
DIMENSICN 2(2) ' -
0ol 1=XM

Lren

CALL THMP(THICK,ZO,NUMLAY, T'DCLI,U,R40aEPS§HOa19Jo
1B, CMP)

FORMAT(3x 44 6HDIIL9LOJ 8Y 7% RO) ' : . e
XIGR=21 . .
XI1GI=9,

GO T9 33 .

33
4020

WRITE(2,4020)0D5L1,04P,T(J),20
CONTINUG

FORMAT(3IX 3 2HM=91710,343Xs2HF=41510,3 43X,2HT=,F10,3,3X,

12HA=,1510.3)

RETURN
TND

SUBROUTINT ARTANH(X, ATANH)
CP=1,+X
CM=1.-X

ALOGCP=ALCG(CP)
ALOGCM=ALOGICM)
ATANH=,Z% (AL QGCP-2LDGCM)

31

5000

GO 7032
WRITz(2,7100)

32

FORMAT (3X,12HLOG NZGATI/E) —
CONTINUE .

RETURN

END

SUBRCUTINE DELTIAE(XINTG,MAXTIMZ,T,771)
DIMENSION XINTG(2701),7(202) ' ‘
DTMENSICN 771(2013) . - —

DO & J=1,4AXTIME
DELT=TCJ+1) =T (J)
ZV710J)=(XINTG(J+1)=-XTINTG(J)) /DELT _ _

2000

FORMAT(3X,3HZT=951043,3X42HT=,F10.43%)
CONTINYE
PETURN

END
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