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ABSTRACT

The present paper describes a new method designed
both at recording and processing levels for a practical solution
of the overall problem of the Earth electromagnetism, in
geophysics.

Up to now, the random character of the natural signals
prevented any measurement of reliable values of the phase shift
between the various electromagnetic components at a given
place. Hence it is impossible numerically to solve the general
linear relations binding these components simply by using
the processes of the standard harmonic analysis.

In order to overcome this difficulty the writer designed
an analysis method based on a hypothesis according to which
the natural signals are considered as real exponential functions
increasing with time.

The writer, thus, was able to work out systematically a
magneto-telluric prospection method utilizing the five standard
electromagnetic components quantitatively, and in particular
the vertical magnetic component.

The application of this method — named the M.T.-5-E.X.
— to geothermal prospection in Italy in the region of Travale
(Tuscany) obtained various practical results of particular inter-
est. They will be described in a paper which will be edited
jointly with the researchers of the International Institute for
Geothermal Research of Pisa (Italy).

Introduction

Electromagnetic methods in geothermal prospection
are of considerable importance since the responses ob-
tained by means of these methods are determined by
factors which are directly linked to the presence of
geothermal zones.

As it is pretty well known, geothermal zones are
those zones where the electrical conductivity becomes
particularly high. Now, the electromagnetic phenomena
in general are the most sensitive to the presence of such
conductive media.

It is not surprising therefore that the magneto-tel-
luric method has already been tested in geothermal ex-
ploration.

Up to now, however, considerable difficulties were
encountered when having to obtain by means of this
method information which could be employed in the
exploration and the exploitation of geothermal fields.

*G.E.M.P.,Box 6853,Santa Rosa,CA 95406

A new magneto-telluric method is now proposed
which involves a new process of data recording and
analysis. It can be applied to objectives of complex
geometry.

This method is called the Five-Component Magneto-
telluric Method with Exponential Solutions (abbrevi-
ated to M.T.-5-E.X.). It renders possible a detailed pros-
pecting based on a very close\ network of recording
stations. ' )

Thus it should be possible to bring to light con-
trasts in resistivities whatever the depths may be and
facilitate the detection and interpretation of areas which,
within a field, have different significances from a geo-
thermal point of view.

To put this to the test, the proposed method was
applied in an area which is now, and will be in the fu-
ture, the subject of much research, having shown itself
very promising from a productive point of view.

Basic principles of the traditional magneto-
telluric method

It is important to begin by reviewing the principles
underlying magneto-telluric prospecting (M. T.).

Natural electric currents, called telluric currents,
circulating in the ground are known to undergo contin-
uous fluctuations. The earth’s magnetic field is also
known to react in the same manner.

Yet the fluctuations of the telluric currents and
those of the magnetic field are not independent of one
another. Generally speaking, the variations occurring in
the three components of the magnetic field and in the
two horizontal components of the telluric field are linked
in a relatively complicated manner, but which always re-
mains quantitative, through the laws of electromagne-
tism.

As these relations depend on the electric conductiv-
ity of the underground, they make it possible to deter-
mine this conductivity. The aforesaid natural electro-
magnetic variations do not have the characteristic of
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harmonie—variations;,—but—are—of great—ecomplexity.—It
may be postulated however that they result from the
superimposition of harmonic¢ variations of different pe-
riods. More precisely it may be said that the spectrum
of the magnetic variations, and also that of the corre-
sponding telluric variations, are more or less continuous
spectra, whence it is possible to extract almost any pe-
riod T by means of appropriate filtering. It is felt there-
fore that the geophysicist may be led to use Fourier
transforms to analyse the natural electromagnetic va-
riations.

But, in fact, these natural electromagnetic varia-
tions, as mentioned above, are random phenomena, and
it will be shown in the following that any analysis-tool
in magneto-telluric, when based on the hypothesis that
natural electromagnetic variations are harmonic, is lim-
ited in practice to the case of the horizontal layered
half space.

Characteristics and limitations of the harmonic
analysis method

A brief review follows of the basic concepts used
in the traditional magneto-telluric method. This problem
has been handled by several authors such as CAGNIARD
(1953), BERDICHEWSKI (1968), TaikoNov (1950), RikI-
TAKE (1966). In this section the reader is referred to
the publication by CAGNIARD.

Homogeneous half space

Let us assume a homogeneous half space in which
the rectangular coordinates x and y are on the flat
ground surface and the axis z is the downward positive
vertical. Let us consider a schematic and ideal sheet of
telluric current, which we shall suppose to be uniform,
harmonic of period T, flowing in the electrically homo-
geneous medium of conductivity o. If the harmonic
sheet flows along x, the components of the Hertz vector
II (¢) along y, z are nil. Furthermore, IT (¢) depends
only on z and on t.

where ¢t is time.

And therefore the electric and magnetic fields are

The factor e~®* will be understood in the follow-

ing rather than expressed explicitly.
Referring to the quite long periods T generally
used in M.T., Maxwell’s equations are satisfied if
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VI, + dwonill, =0 €9)

In general, the electric field &(¢)and magnetic field
A (t) are expressed by:

&St) = grad div I1 (#) — VI (4

~

(2)
Tt = 4no curl II (£
and in the present case by
E, = 4nowill, E, = E, =0
all, (3)
H)’=4J"CO'—8T H,= H, =0

As in this case E is proportional to ILi, we can choose
Ex as the Hertz vector, so that

O0*E,

BTN + 4now i E, = 0

I Ty (4)
® dz

Owing to (4), Ex and Hy must be in the form

+Be—av’&‘z /‘

» (5)
&

= Ap a\Vo 2

® aVvio z —avez
H, = e' 4 /26T | —Ae + Be

/

A and B representing two arbitrary constants and a
being defined as

JT

a =2 —— (1 —1i)
vV T

In the case of a half space the terms with positive
exponents equal zero, so we have

E, = Be aVo z \
< (6)
. _ -
H, =Be % \@ZgT ¢ 2V *
At ground level (z = 0)
E, = B
o (7
=z 3
Hy =Be % 4/20T \/
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each of these axes. The first three columns indicate
recording and process characteristics.

The values of ® obtained are generally very good.
In any survey, a map of the longitudinal directions may
be obtained from them. In areas with geothermal anom-
alies, the computed longitudinal directions vary very
little as a function of t for any given station.

There is little dispersion of the values of ROALON.
The numerical value of the longitudinal conductance
may be computed from ROALON for the station con-
sidered.

Thus, it is possible to map the longitudinal con-
ductance prevailing in the surveyed region.

Numerical values listed in the ROATRA column
may sometimes show a wider dispersion in the case of
perfect cylinder geometry. This is due to the fact that,
when having to deal with a perfectly cylindrical struc-
ture, telluric currents tend to flow along the main trends,
for obvious reasons of symmetry.

Nevertheless, the numerical value of the transver-
sal conductance for each station may be computed from
ROATRA as well.

The numerical difference between the longitudinal
conductance and the transversal conductance may be
very large and particularly significant in geothermal ex-
ploration.

It should be noted that the apparent resistivities
ROX and ROY may show large differences for any
station.

The values of ROATRARE and of ROALORES
may show some dispersion. They are used only to indi-
cate, by their order of magnitude, whether or not there
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is a case of cylindrical symmetry. Sometimes, the values
of ROAVERT are also somewhat dispersed.

Only their order of magnitude is used. Small nu-
merical values of ROAVERT indicate the proximity
of a geological anomaly of some amplitude.

Conclusions

The M.T.-5-E.X. method applied to geothermal ex-
ploration defines quantitatively the directional character-
istics of electromagnetic phenomena, and thus detects
and locates abrupt anomalies in the subsurface. In a
paper to be published in Geothermics, results will be
shown of an M.T.-5-E.X. survey with 84 recording
stations, over about 30 km?® in the region of Travale

(Italy).
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We should also remember a term which is—used
constantly, that is the « depth of penetration » p, at
which the fields’ amplitudes are restricted to the fraction
1/e of the ground level value. When using the practical
units below

1
pszc V10T

Layered half space
The half space now has to be considered as being

divided up into homogeneous layers by planes z; =
o 1 hi (where z = 0 is the ground level), h; is the

ad ]| —
thickness of the j-th layer, while the thickness of the
deepest layer is assumed to be co. By ¢ (j = 1,2, ...n)

we denote the conductivity of the media forming the

1
layer (gj = 5_)

J

As we must assure the continuity of the electric

and the magnetic fields at the different interfaces, we
obtain recurrent relations yielding the values Ex and Hy
at ground level
—ic

E,. = Me

X

)

i
H, = '\’/QO’T N e

where M, N values and angles ¢, ¢ are suitably eval-

uated.
Note that the phase shift of Hy, with respect to Ex

is (—Z—+(p = w).

The well-known relation is obtained for the appar-
ent resistivity

(8)

However, we can agree that the modulus of the ratio

in which o, would be

Ex g
——  is equal to
¥ 26,T
the conductivity of a homogeneous formation which
would give the same modulus of the ratio between fields

whose value has been observed experimentally. The
) 1

quantity e = - is, by definition, the apparent con-

ductivity, and

Ey
H,y

0, = 02T ‘ 9)

The pratical units are as follows

1
p = —is expressed in ohm - meter (Q m);
ag

T, is expressed in seconds (s);

Hy, is expressed in gamma (Y).

In other words, after having carried out an M. T.
recording in a region characterized by a tabular resisti-
vity - depth distribution, and after having proceeded
with a harmonic analysis of the electric- and magneto-
H,
shift with respect to T can be obtained. This is achieved
by analogical or mathematical filtering or directly by
Fourier transforms.

In theory, the knowledge of the modulus of the

telluric signals, the modulus of the ratio and the phase

ratio —~ for a given period T is sufficient to obtain the

y
value of the corresponding phase shift. Unfortunately,
as experience shows, the precision offered by any hat-

Ex
monic analysis for obtaining moduli of the ratio .
i

is quite insufficient to calculate the aforesaid phase
shift with the required accuracy. For the same reason,
it is all the more difficult to measure reliable and re-
petitive phase shifts from the M. T. recordings. As
mentioned earlier, this is due to the random character
of these phenomena. In application, we can only obtain

: S
experimentally the modulus of ratio — with an unsat-

y:
isfactory accuracy, particularly when noise affects re-
cordings.

General case

In the general case, if we accept that M. T. signals
in the subsurface come from plane waves whatever the
structure and resistivities in the subsurface may be, then
all magnetic and electric components in any given lo-
cation are related by a set of linear equations with
constant coefficients (independent of ¢ but function of
T). At ground level we assume

Then, the following relations may be written,

H, = aE, + 0E,
Hy = ¢E, + dE; (10)
H, = gE, + #AE,

where the components are complex espressions, and
so are the six constants a, b, ¢, d, g, h. To know
these constants, the phase shift between the different
components of the electric and magnetic fields has to
be computed. The moduli of the ratios are no’ longer
sufficient as in the case of the horizontal layer. The
dispersion of the phase shift values obtained after any
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It becomes thoroughly impossible to solve equation sys-
tems of the type (10), and consequently it is impossible
to use the vertical magnetic component quantitatively.

Theoretical concept of M.T.-5-E.X,

When it is understood that in practice it is impos-
sible to measure the phase differences between the va-
rious electromagnetic natural components, it is then
necessary to find another method without using these
phase differences.

To this end, a solution to Maxwell’s equations in
the form of real exponentials will be considered.

To solve (2) it is enough to introduce solutions
of the type
¢
T

t t
T T

i) = MNe®, H(f) = He™ , E(f) = Ee
in which t is real and positive. The time constant T in
this method is comparable to the period T in harmonic
analysis.

It should be noted that the solutions under expo-
nential form are not justified as a true representation of
the natural electromagnetic vatiations, but are a mathe-
matical tool, which avoids the difficulty of obtaining the

phase difference.

Homogeneous half space

In this section, information will be given on the
consequences telated to apparent resistivity and depth
of penetration for the homogeneous half space, accord-
ing to the assumed hypotheses.

The relations previously computed on the basis of
a harmonic hypothesis, will now be recomputed with
the exponential solutions. All the other features of the
telluric current sheet remain. The equation (1) becomes

4no

ve iz — [, =0 (11)
and
Hy = 4no 21, H,=H, =0 |
oz /
. (12)
B, e — 288 g E, = E, =0
T

Owing to our exponential solution scheme we
obtain
ayv o z —aVvio 2z
P p AV T F g TN

— ay o 2 —ay g 2
Hy = 2 Vaor| — pe” " ° % 4 Be
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/o
a=2\/T

The term with an increasing exponential has no
physical meaning in the case of a medium with infinite
thickness. Therefore, dropping the B constant, one has

: —2\/;7{2
L= e

and

/ o

Hy, = 2 Vast e_z\'vT

We find the resistivity in practical units

E, |2
= 0. =
0 4 wv [ H, J
while for the depth of penetration p one has

1

P =3 110 ot

Layered half space

In the case of several horizontal layers, each
having a different conductivity, the apparent resistivity
is introduced exactly the same as in the harmonic case,
with a recurrent expression for each interface. These ex-
pressions contain only real numbers and consequently
the computations are half as long as in the harmonic
case. The following expression for apparent resistivity
is obtained

E. 72
2= 0. =
0 43‘1:1:[“),}

General case

In the general case and when the source is consid-
ered at the infinite, whatever the structure of the under-
ground may be, the five electromagnetic components
at ground level are related by constant parameters
independent of time ¢ but function of the time constant
1. The same expressions are obtained (10) as in the
harmonic hypothesis, but Ex, Ey, Hy, Hy, H,, and 4, b, c,
d, g, h, are now real expressions. One is then able to
compute the apparent resistivity in any direction after
a rotation of the axis. In other words, it is possible to
consider the case of cylindrical or near-cylindrical struc-
tures by using simple computation.

Let us assume that the coordinate system used is
defined by our pick-up devices on the ground: that is,
we are recording the several electric and magnetic
components along the axes OX, OY, OZ. Let © be the
angle at the surface between the parallel OX’ to the

Z § Q gaj 5
0 s < < &, < =
< m | e = 5 = S i o) e = > %
a4 (24 o o] &,
(=4 o~
228. 6041, 11111 8.000 —1 0 56.9 0. 453.1 489.5 107918.3  37573.7 1976.2 710.9 315.3
228. 6041, 11111 7071 —1 0 56.4 0. 382.4 405.4 52967.3 38051.5 17104 569.3 284.0
228. 6041, 11111 6000 —1 0 554 0. 299.1 314.7 56171.6 36962.5  1367.7 432.6 246.7
250. 6411. 11111 5.000 1 1 56.7 1. 277.0 284.6 88086.7 53106.4 1126.4 356.9 220.6
249. 6401. 11111 4.000 9 6 56.7 1. 204.9 211.3 31009.2 11293.0 820.0 249.2 175.7
249, 6401. 11111 3.162 35 23 54.8 1. 160.0 164.7 16801.3 20508.0 689.0 183.9 143.8
250. 6691. 11111 2.646 36 23 571 1. 1439 1524 8802.7 52317.4 500.6 204.5 1229
231. 6681. 11111 2.000 89 46 55.6 1. 125.6 131.1 11894.9 6034.3 460.1 185.8 119.1

Provided that enough functions of the type U (#)
have been computed, it becomes possible at the outlet,
after some calculations, to obtain a function Q (¢) for
each component from a linear K-order combination.

We can then write
Q@) = 0 for ¢t << to, ks

the numerical value of K being chosen so that the three

conditions (16) be satisfied.
For each component, the required Maxwell’s ex-

ponential solution is represented by an expression of

the type

LI s}
e‘[e T Q (4 de

[}

The following in practice may substitute the ex-
pression of the preceding type

_t t =57 *i
er/‘ e tQ(l‘}dl‘

o

After having constructed enough sets of five solu-
tions of this type it becomes possible to operate sev-
eral statistical calculations. Threefore, we obtain the
longitudinal direction defined by the angle value « ® »
(13) and, after rotation of the axis, the various ap-
parent resistivities versus the time constant t which
are expressed under the form of the two examples
given by soundings 83 and 62. No more details are
to be given of the process outlined. Particularly it
presents a few practical problems which concern only
the specialist and that would exceedingly overload the
present text.

Presentation of results

The process described above requires a large mem-
ory capacity computer in order to handle five-com-
ponent recordings. For instance, the data above were
processed on a CDC - 7600 computer.

The best way to discuss the type of results obtained
is to examine a print-out from the computer after proces-
sing with a programme using the exponential solutions.

The two examples mentioned above are from
recordings made respectively at two stations in the area
of Travale (Italy). The duration of each recording was
1 h 30 m and the sampling rate was 2 scans/sec. The
results are shown on a fourteen column chart which will
be described summarily.

The fourth column « RATO » shows the values of
the square root of © arranged in decreasing order from
the first row, and in function of which are explicited all
the other computed values.

The column « THETA » indicates the values of the
angle ® between the longitudinal direction and the OX
axis in the coordinate system described above.

The column « SIGTH » shows the sign of THETA,
with respect to the OX axis: «1» indicates a positive
value; « —I » indicates a negative value; « O » indi-
cates indetermination of sign. The values of ® and their
sign are computed independently of one another. The
column « NTH » indicates a possible weighting con-
cerning the computed sign.

The columns « ROALON, ROATRA, ROALO-
RES, ROATRARE, ROAVERT » give respectively ap-
parent longitudinal resistivities, apparent transversal re-
sistivities, apparent residual longitudinal resistivities, ap-
parent residual transversal resistivities, and apparent
vertical resistivities, which are defined on page 5.

The columns ROX, ROY, indicate the apparent re-
sistivities which would have been obtained along the
OX and OY axes respectively, had only one telluric
component and one magnetic component been used for
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which are thus obtained are digitalized on magnetic
tape, and that the time constant t considered is large
enough with respect to the time spacing defined by the
sampling rate.

On the records six arbitrary instants #,, t,, t,, s,
t, t;, are selected: in practice it may be advantageous
to tie up the order of magnitude of the time intervals
.determined by the instant #;, to the considered 7. On
each component of the record, each instant #; cor-
responds to a sample labelled with an index ;. Five
arbitrary constants are then determined a,, a,, a,, a,, as,
so that on each component X (¢) a relation of the follow-
ing type is verified.

Xt + a X)) +a,X(t) + a,X(t) + a, X2
+ a, X(t) =0 (17)

By writing this relation for each component, we
define a linear system of five equations. So the numerical
value of the five constants mentioned above are cal-

culated.
For each considered component one constructs a

function of the type U(#) by taking instant f, as the
initial time, that is

Uty = X + o X(t+2t) + a, X(t+1,)
+oa,X(t+t) + a, X+t + e, X(t+1t) (18)

the function U (¢) = 0 for t < ¢,

Let us assume now that we have constructed six
functions of the type (18) for each component. Every
one of these six functions takes zero value until an
origin instant that we shall call respectively

£

fop  Toy  Tay fp oy fog

above
n,on, n, n, n, n

and are expressed by taking instant t, as initial time

U (), U, (t+ 1), Uylt+h), Ut+4), Uttt
U, (¢4 &),

Let us now consider the instant set defined on
each component by the samples with the indexes

Ripn Moy Moy M Mspr Tt

corresponding to instants that are respectively expres-
sed by

fopp fogrp foprp fope fspe foppr

The five constants «, {3, ¥, 8, % are now introduced
in order to satisfy the following condition for each

component

UJ (t ) + ﬁUl (t03+1) + ’YU4(t04+1)

01+1) + a U, (¢

0341
+ 6U5(t35+£) + 1 Uﬂ(toe—l—i) =0

Now, by taking instant ¢, as the initial time, we
construct a function of the following type for each
component

W@ = U + al, (t+t02) + pU, (£+ t03)

+ YU+ t) + S U (E+4) + nU(E+L)  (19)

Functions of type (19) equal zero for ¢ <ty , . We

shall call them « linear second order combination ».

SOUNDING 83 - C.N.R. - TRAVALE - ITALY - 3.7.1973

Z < 9 o >
o
> < o o~ [+ < S
2 m < 2 T E B3 = o = d % x
= =2 & $ £ & ¢ =z s 3z £ % & &
“ A & 2 2 S S
~ [ = ) &
116,  6370. 11111 8000 —1 0 327 0. 1057 1564 105057 14211 3299 578 2826
116,  6370. 11111 7071 —1 0 336 0. 904 1351 187032 13415 2965 486 2470
116,  6370. 11111 6000 0 0 334 0. 737 1084 84484 12767 2381 392 1979
238, 9550. 11111 5000 0 0 346 0. 656 959 39315 34636 2810 385 1817
238,  9550. 11111 4000 11 9 339 —l1. 56 67.6 26453 12773 18l 290 1266
235, 9550. 11111  3.162 28 16 345 —1. 408 489 23205 25858 1578 221 920
250.  9820. 11111 2646 41 21 327 —1. 382 495 11923 22634 1090 207 872

48

axis (Figure 1).
After rotation ®, we can write

E, = E, cos ® — E,, sin O

Ey = E, sin ® + E,, cos O

o X
&
Yl
xl
Y
VZ
FiG. 1

and, by remembering (10), we obtain H,

H, = Eu [gcos ©+ Asin ©] + E,, [hcos® —gsin® ]

If the telluric sheet is parallel to the axis of the
cylinder, H, generally does not equal zero (except for
symmetrical cases which do not happen in nature) but
the contribution of E, equals zero. Consequently we
obtain

gsin ® = A cos O

In other words, the direction of axis OX’ is given by

tan @ = L (13)
g

Knowing ®, as mentioned above, it is easy to com-
pute the various following apparent resistivities after
rotation of the axis. The direction given by ® will be
called « longitudinal direction » or in more geological
terms « main trend ».

Other results may then be obtained

apparent longitudinal resistivity (along the axis OX’)

E; |2 g+
= 04 nt 7
Hy | gt —bh* + (d—a) gh

=04 m:[

apparent transversal resistivity (along the axis OY")

Ey ]2 ‘ g+ K 12
= 04 v >
H, | bg*—ch® + (d—a) gh

=04 m[

—smmmww%mmmmwmm@ww cylindrical or near-cylindrical structure axis and the OX apparent longitudinal residual resistivity

g+ n 2
ag*+dh* + b+c) gh

cf

=0.4m-[H—‘_

2
= 04 @ [

apparent transversal residual resistivity
Ey g+ k2

2 2
Hy ag*+dh> — (b+c¢) g/z}

= 04 m’{

=04 nr[

apparent vertical resistivity
E, |2 04wt
H, | g+ &

=04 nt

Thus, the use of the quantitative variations of the
vertical magnetic component is very important since it
enables to determine the longitudinal direction ® and
all the set of resistivities shown above. The physical
meaning of these quantities and their application in
geothermal prospection will be shown later on. How-
ever, it should be noted that, as long as there is a high
enough value of H, a direction will always be found,
whether the considered case is cylindrical or not. The
criteria for the cylindrical case are given by the « ap-
parent residual longitudinal resistivity » or by the « ap-
parent residual transversal resistivity », which in this
case must be infinite or at least very large.

Some applied aspects of M.T.-5-E.X.

As mentioned above, natural electromagnetic varia-
tions are no more harmonic than exponential. In either
case, it is necessary to construct solutions correspond-
ing to the type.of analysis chosen. The following will
show what the various conditions are, under which the
exponential type solution may be used, and how expo-
nential type solutions solving Maxwell’s equations may
be easily determined from field recordings.

Exponential type solution to Maxwell’s equations, con-
structed from the output signal of a magnetic sensor

Some words will be given to an illustration of a
number of topics related to the magnetic sensor. Such a
sensor consists of an air or magnetic cored coil with a
convenient number of turns.

This winding may be represented by the simple
circuit of Figure 2, regardless of its shape or its com-
plexity. One emphasises that the capacity C is either the
distributed capacity of the coil, or the distributed capac-
ity plus an external capacity added in order to create
resonance effects favourable to an increased sensitivity
in certain regions of the spectrum.

Let this circuit (Figure 3) be placed at the input
of an amplifier and recorder. The input impedance
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of the amplifier being £, this may be assumed to be [. [ LEC ] d;j i - ) A Construction of exponential type solutions from actual
R —— ( == dana IIIto (15), 1O 1aticr DT~ T
a pure resistance to simplify the discussion. If the t(t=0) { T ki 'ERL_H“JJ TR df(t:o) i CEL ot W recordings
f:oil is en.erg'ized by the magnetic field H x, ¥, z, ), l = = comes It is always possible to find a characteristic time
}n E}bbrev1at10n H (t), the current i flowing through & t ’ ® ot as defined by the three conditions (16) in a recording
is given by Lot 4 e T e TVIX di— VX from a single magnetic sensor along any axis. However,
oo P, _ L OoH ¢ T ( 0) . ippe . .
zle = ¥ d¢ 4 there is some difficulty in finding these three conditions
dzi di ) oH & g ¢ satisfied simultaneously on the recordings from the
—_ uias 1 = —X r o0 : g
LgC ag TG RC+L) az T (R4 3 s i 1 _ % ax three magnetic sensors energized by Hy (t), Hy (t), H, (1),
(14) by dalking - 0 o e 37 d¢ ]:O respectively. Besides, the telluric recordings [Ex (t), and
i Ey (t)] yielded by traditional telluric lines are a priori
with z - LeC (ERCH+L) R L or briefly not. justified in. satisfying the condition.s (16). Then,
T T : " various adaptations of the recording device have to be
A 1 i} ) 4q 23X . made before exponential type solutions, as described
X = paNS Tt is obwious that when g ¥ [—; e °© ( V‘X—T 81‘) dt =V*X(t=g) | = 0 above, may be constructed.
ta = apparent permeability of the core; i = 0 and d_l _ ©
a ; (t=0) A7 o) = dx X ‘ Adaptation of the recording device
N = number of turns of the coil; The texm VX~ o o whid Jsi peesst (ke Some adaptations of the recording device are
S = surface of the mean tirn of the coil, one has the integral symbol, equals zero by definition, since X briefly described in the following paragraph.
Pt 4 is an electromagnetic magnitude. In this particular case Let us assume that the three magnetic recording
= —— / e T S H (2) d¢ it becomes necessary that channels are of the above defined type and characterized
g ot by the response (14). By introducing a « distortion gener-
) . . . ° VX ((—0) = 0 ator » into each telluric recording channel we obtain,
TTTTO——UU U UL 7 00gI U Lﬂﬂ N, s s badle o Missells souadis 5 Sl gt between the output terminals of each aforesaid telluric
0 3 pe T . .
& d t or otherwise, since (15) must be verified, that ;ecmdmg channgl, an OUtp}lllt s1gn?1 of the i type.
c c — S is input impedance of the amplifiers used in the
N e R === ) PR 2 g0 " 3 " H T 1 ) . . . « . .
—ik L —— the I?OHdlltlopS UI}lsd‘?l which €1XPI?SSIOH Ii' 18 a.iv[gx' 90X = telluric recording chains, and current i is linked to the
well’s Tg ut191;. hemg affy’ clectrummgnetie MABMIUAS, 9t (t—o) variations of the electric component, for instance Ex (#),
L § X should verify the equation by the following relation, with an approach at least
w ey — 4o 22X _ 0 (15) i equal to 107* in the used spectrum
P ! L In other words, the expression £ Ie * will be a Maxwell’s
; | dzi di . QE, (¢t
' being understood that X = (x, y, z, t). solution, provided that —?:—(t n is equal to zero. Lt C aF T ERCHL) ~qf T(R+BI=-K 7)
FiG. 2 FiG. 3 Let’s consider the expression B

This relationship, which involves a second order
differential equation, only concerns the spectrum of
usual magnetic variations utilized in geothermal pros-
pection and characterized by slow variations. Under
this restriction, the output tension of the amplifier is
defined as:

U = ti

the constant K of amplification being understood.

Instant ¢ being taken as time origin until which
i equals zero, we write

sl Cgi

E I is the Laplace transform of the tension & i, function
of time ¢. Now, I is expressed by
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The requirements for Y to be a solution of (15)
are now considered from

V2Y=e?[%/ e TVIX df—V x(t:O)J
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Besides, equation (14) gives the relation

9

d

L (ERC+L)+LEC

d? (o) (t=0)

Otherwise, if to the two conditions already expressed
above

one adds

2

d#* (t=0) = S

o

| ~

all the requested conditions are met and Ie * actually

is a solution of Maxwell’s equation (15) since then

oH (¢ -
¢ at((i=0) equals zero according to the condition (=)

with L, C, and R having the same value as those of
physical components of the magnetic recorders. The
five-component recordings then have to be processed
all incoming from recording channels characterized by
identical transfer functions, and identical transient
responses to the energizing signals. The recording device
so designed otherwise offers many practical advantages,
and in particular eliminates all troubles of electrods-po-
larization on the telluric lines. It has been subject to
various patents pending in several countries.

Now let’s examine how it is possible, from records
made by devices designed as described above, to elabot-
ate exponential solutions in accordance with the con-
ditions (16). Among other possible methods, experience
proved that the simplest procedure is that which we
shall call « the linear combination method », which the
next paragraph will deal with.

Linear combination method

Assumption is made that the five-electromagnetic
components are recorded according to the device de-
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