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ABSTRACT

Basic theoretical foundations are discussed as a preliminary,
followed by a description of the various electrode spreads
together with the relevant mathematical and nhysical conside-

rations.

Interpretation techniques, o0l¢ and recent are nresented.

In the second part, practical work of analysis and interpre-

tation of VES data from Dire Dawa and Tendaho are discussed,

followed by remarks and conclusion.



INTRODUCTION"

Armong the various technicues of Geophysical Prospecting,
the electrical methods have branched out from a broader

and more basic discipline: Geolectricity.

Geolectricity deals with the c=lectrical state of the earth
including aspects reclated to the electrical properties of
rocks and minerals under different ceological enviranments.
It also discusses the influences of such electrical pro-

perties upon various geophysical rhenomena.

The ultimate goal in electrical exploration is to make use
of principles of geolectricity and obtain geological maps
of concealed structures, prospect for ores, minerals and
o0il, and solve many hydrogeological and engireering geology

problens.

In the pioneering days of electrical methods imsufficient
advances in technology had restricted their applicability
only to very shallew depths. Today, however recent develop-
ments and refined technicues of interpretation have increa-

sed the depth of investigation to the order of 2-10 kms.

The <lectrical methods of exploration consist cf various
principlcs and techniques and make use of stationary as
well as variable currents produced artificially by

natural ways.



- 2 -
Among thesec diverse techniqueae, the one most conmcnly
‘ us2d and the one with which this nap2yr 18 mainly. ¢oncerned
is known as the resistivity %ethod. In this, a Jdirect or
low fr2guency alternatinc current is introduced into the
ground by two or more electrodes and the potential diffe-
rence between two suitably chosen points measured. The
potential difference per unit current sent through the
around is a measure of the eclectrical resistance of the
aground between the points or probes, and@ the resistance in

turn cdepends or the ceometrical configquration of the elece-

trodes and the electrical naramcters of the around .

Resistivity measurements are classified into two catego-
ries. In the first, known as geolectric profiling or mapp-
ing, the electrodes and probes arc shifted without chanaging
their relative confiquration. This aives an idea of the
surface variation of the resistance /more preciscely resis-
tivity/ within a given depth. In the second, known as
geolectric sounding, the positions of the electrodes are
changed with respect to a fixed point. In this manner the
measured resistance values at the surface reflect the
vertical distribution of the resistivities in geological

section.



II  BASIC FOUNDATIONS TUR A LR TR (T3 TR

2. CURRENT FLOW IN FOMOGENECUS EAPTF

The vhysical princirle of conservation of charce is the
basis for the flow of current in a medium, mathemati-

cally this principle is expressed as

i = = aﬁ.
div I =t (1)
vhere J is curren® Adensity

q is the charge density

Ohm's law relates the current density J and the electric

field intensity ¥
1 1
f—J— _l' = [ — d
by 3 5 B 5 ara v

Where p is the resistivity of the medium and V is the
electric potential. Since for an isotronic medium p is
a scalar function of the point of observation, the
above ohmic relation renders J to he in the same direc-
tion as T but this is not true for an anisotropic
medium, for then J will assume a directive property and

it is not always in the Adirection of E.
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For the anisotrovic casc Ohm's law is modified, and

for a rectancular coordinate system it bccomes:

Jx = Uxx F& + ka E} + cszz

— ,
Yy = TyxPx * Oyy By + OB, ()
Jz = szEx + ozy Ey * Uzze

The six - component tensor T4y /conductivity/ is here
defined as the current density in the direction of 1
per unit celectric field in the direction of k, the
conservation principle dictates that Ok ™ o*i ; hence
in an anisotropic medium conductivity is a symmetric

tenscr.

Now, the ecuation expressing the principle of charge
conservation, also known as the equation of continuity,

reduces to the form div. J = 0 for a stationary current
(e. 34 = 0).

Replacing J by its equivalent from Ohm's law we obtain:

div (%- grad V) = 0 (3)

or expanding, we have

arad (%) . arad V + % div grad v = C (4)

This is the basic relation of “direct-current electrical

prospecting,
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For a homogeneous medium p does not depend on the
coordinates, and the above eguation reduces to
div ¢grad V =0 (5)

or
V2 v = 0 which is Laplace's eg. saying

that the clectric potential distribution for a direct
current flow in a homegencous isotronic medium satisfies

Laplace's equation.

Next we shall consider how the resistivity is related to
practically measured potential (or potential difference
to be exact) when current I is introduced into th=

ground.,

Case (i) Infinite Fomogeneous Medium

Bacause of summetry for this case the potential
at a distance r from the point of introduction
of the current, P, will be only a function of r,

and Lavlace's equation reduces to

2

%F"} + 2/r rgg) =0 (6)

whose solution is

V=G F Cy/r (6")

From the boundary condition that the potential

at infinite distance is zero we will have C1 = 0.



- 8 =
For this case, the ecuipotential surfaces given by
V = C,/r = constant (7)

or r = constnat, are clearly seen to be spherical; and
the electric field lines and current lines as well
being the gradient of the potential, point in the

radial direction.

The current density J at a distance r is given by

c c
. p ar p &'T) "5 53 | %

The total current flowing out of a srherical surface of

radius r (of surface area 4w r?) is given by

J. surface area = 4nr? J = 4ﬂr’(% ;;) = 4% Cy (2)

But this total current is equal to the original current,

I, introcduced at point P.

Hence 4 I
—C,=I » C2 = T% (10)

Case 1)
For a semi-infinite mediur (all other conditions
in case (i) remaining unchanaed).
Total current flowing out of a hemispherical
surface of radius r(of surface area 2wr?) is

given by



- T

J. surface area = 2nr?Jg

C
— 2 l 2 e 21'[
where C2 = Ip/2n (11)

Hence the potential at any point due to a current

source at the surface of a homogencous earth becomes

_ - Ip . : 3
V= Cy o+ Coffr °+ﬁ/r‘2%'r (12)

In practice, however, current is introduced into the
ground by twe electordes, not by one:

the source and the sink. Conventionally the source
gives rise to a positive potential and the sink aives
rise to a negative potential.

Hence we will have the potential at a point:

Wy - Ip/2w(1/r1) o due to source
V2 = Ip/2w(1/r2) s due to sink (13)
Where ry and r, are the distances from point of
observation, 0, of Vl and V2 respectively.
Ve have for the resultant potential
- =Ir 1 _1 4
vV = V1+v2 bl (rl 1'2) (14)



IIT FIELD PRACTICE

A. Idealised case (Homogeneous and Isotropic Earth) a

direct current I is ¢ W
introduced into the iﬂ}_ ’.4 ' \\
earth throuch two P 4 ".: “. \
point electrodes Fe w - - ~ \

f * X
A and B Ak_“ — wease Y &

the potential diffefence between any two points M and N

- _ _ I _dy _ o3 .
AV = VM VN = Ip/2m (m -Eﬁ’ (m Eﬁ) (15)

Thus, it can be seen that the resistivity is determined
from measurements of the potential at the surface and
the geometry of the electrode layout which is also meas-

ured at the surface.

Various ways of arranging A,B,M and M have been used but
the most ccmmon arrangements are
l. Symmetrical arrangement

2. Dipole arrangement.

In the symmetrical arrangement, the points A,M,N,B are

aligned on a straight line and the points M and N are
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symmetrically rlace about the center of the straight

line formed by A and P, for this symmetrical array we

have
(== { ~—=
A ¥ 0 N B3
A . S e ~ il
- Ip ~
LV = o (1/L-2 _ 1/L+2) = (1/L+0 = 1/L-%) (16)
2 2 ? 2
and from here
L L 2. A
B =g Eegena) o Ha)

The Schlumberger array, one of the two symmetrical
arrangements, has its £ much less than L(L> 5£) and so
we can approximate L?- 2?2 by .2 with an error less

than 4% ; and in this case the resistivity becomes

o ow M AV _olt AV 1 _mt B (18)
A el et ey il S .

Bacause of this (ie. E = %g) this arrangement is called
a gradient arrangment. For Wenner array, the second of
the symmetrical ones, where L = 32 and here % is conven-

tionally taken as "a" (and L = 3 a) the resistivity is
p = 2ma — (19)

and this conficuration is known as a potential vonfigu-

ration (because of the presence of %g in the expression).
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The possible dipole configurations are indicated below:

M
% P
S——— \ a‘ u( i
N X I
f *4, }//l hﬂimf:;+_“_ﬂuﬁ1x
| 2N =
| Pt \ ik d
[ s wh % ".,,-f'/ A{}I
| / g
1 /-' ",—"”
| A
=7\ 68 : i - .
M
Max Nax = = = = = = = = « « = Axial Nax
MX NXx = == -« @ v @ « = = Paralilel
My Ny === ===« « =« = = Perpendicular
M Nr - - === = «« <« « = radial
Mo NHO = = = = = « & = = = = azimuthal
Meq Neq - - - = - - = « - « - equatorial

The relations for the aradient of the potential given
above indicate that the resistivity p can be determined
if one only knows how to measure the electric field
intensity E; and this can be accomplished by noting that
E=¥%¥ if the separation between M and N is small enough.
It is to be noted that the equatorial arrangement (8=90°)
is 2 special case of the parallel arrangement and it

‘ _IpL 3cos?9e-1_IpL -1, IpL
simplifies to Eeq > = 37 (77) 7%;, (20)

and for @ = O, we obtain the electric field for the

axial arrangment IpL
Eax = :E-r-g— (21)
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THE CONCEPT OF APPARENT RESISTIVITY

The formulas given so far cnable us to determine the true

resistivity of a semi~infinite homogeneous earth.

For an in homogeneous medium, a quantity known as the
apparent resistivity (pa) is defined such that it is equal
to the true resistivity of a ficticinue romogeneous and
isotropic medium which gives the same potential difference
V as in the case of the in homogeneous medium for the same

current I and the same electrode arrancement.

So the apparent resistivity of a geologic medium depends
upon the geometry and the resistivities of the various
elements constituting the giver formation.

We can write Py = K (%g) (22)

Where K is the geometrical coefficient with the dimention

of length.

From the relations for the resistivities in the different

arrays, one can see that



= 6.26a = = = = = o« -
L2-g2
= i 0,785 (—_T_*) - e e e
o LI
r I, 2 cos ©
_ 27r? et
© T2 sin © i
_ _2nx’ 1
X LR 3 cos‘e -1
L 2nr? 1 -
v 3L sin © cos €
L 2Tr S il &
eq L
3

-

(Wenner)

(Schlumberger)

Divole,

radial

dipole; animuthal

- dipole,

dipole,

dipole,

dipole,

parallel

perpend.

equatorial

axial

(23)
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FIFLD PRACTICES FOR RESISTIVITY SUPVEYS

The main components in carrying out resistivity measure-
ments include a power source, meters for measuring current
and voltage (or alternatively a combined system to measure
the resistance), electrodes, cables and reels. The power
supply can either be DC or a low frequency (less then 60HZ) Ac.
In cases where portability is given nrecedence a set of B
batteries may be connected in series to give several hundred
volts: otherwise, a motor generator havino a capacity of
several hundred watts is preferable for large scale work. It
is customary to periodically reverse the polarity of the
direct current in-.order to avoid effects of electrolytic
polarization caused by the flow of current in only one

direction.

The dc source, in addition to enabling measurement of dc
resistivity, produces undesirable effects due to sponte-
neous potentials. This requires that porous pots be used
as potential electrodes, and the spontaneous potential
effect must be noted before the source is turned on, and
then subtracted from the potential measured when current

is flowing.

In addition to the use of a.c. or rapidly interrupted d.c.

to eliminate the spontaneous notential effect, narrow-band
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amplifiers tured to the source fregquency are emnloyed to
increase the sianal-to noise ratio- however, this will

give a resistivity lower than the true resistivityv value.

Other serious problems that mav be encountered are induc-
tive coupling between current and potential cabhles,
current leakage especially onthe around; and these cffects

increase with frequency.
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VI SURVEYINC PROCEDURES

a. Electric Drilling

We have seen earlier that the depth of current penet-
ration varics with the current - electrode separation:
so the procedure in the field is to use a fixed center
with an expanding spread. This technique is particularly
suited to detect the presence of horizontal or gently
sloping heds of different resistivities: and in this

respect it is often used to determine.

i) depth of overburden

ii) depth, structure and resistivity of flat
sedimentary beds

iii) depth, structure and resistivity of bascment

Even when the main interest may be in lateral explora-
tion, it is often necessary to carry out, electric
drilling at several locations in order to establish

proper electrode spacings for the lateral search.

b. Electric Mapping

This method is mainly used in mineral exploration in

order to detect isolated bodies of varying resistivities.
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In all arrays that may be used except in those where
one of the electrocdes is located at infinity, the
apparent resistivitv is plotted at the mid--point of

the potential electrodes.

If the potential electrodes are closely spaced (as in
the schlumberger), the measurement becomes of potential
gradient at the midnoint as can be seen from the follow-

ing considerations:

Putting 22 = Ar in the relation
p_ = EEi (QE we will have
a 22 % 4 ’
2
6 = L AV (24)

a T 57
Next we shall show that when the current electrodes are
close together and remote from the potential electrodes,

the measurement is that of the second derivative (or the

curvature) of the potential field. For the double dipole:

v 4 b

¢, S P, Py
AV~ AV AV, AV _
T it s S -
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whera &Vl = Vcl at Py ~ Vc
and av2 = Vc? at D, - v
in the limit as r = 0
M. _ oV A
Ar (ar)c (ar)‘
1 g
A @Y -2 Qv
=8 G =% G
or
2
= 29°V
AV = (Ar)° 333

But, from the usual expression for the potential.

Ipa 1 1

AV = ~—— w . e

2m rl r2

and in the following notation

1

{ RS e ) W '

. (Lf‘__ == \H ‘J. PL r

-, —— > .
- —_— —_— 0 2

n

at pl
at Dl
= Ar (.._

1
T

1
LT

2]
L}
la ]

(25%)

(26)

(27)
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Then,

1 2 | £
it " TR Y ¥

AV = == (l -
r

Ipa (r?-(Ar)2-r?-rAr-r2+rAr +r?-(Ar)?

-2 r(r-Ar) (r+Ar)
_Ipa 2(Ar)? _ Ipa 2(Ax)* -Ipa (Ar)* (28)
2T r’-r(Ar) 2 r? T w1y

-
The two expressions for V must then be equal and we will

have:
g 3%y . . Tpa . AP.®
(Ax) 32T 2 = (F)
which gives
_ -7nr? 2 9%v . . we! (3%W)

The lateral exploration is best suited to detect

dipping contacts and dvkes of contrasting resistivity.
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VII INTERPRETATION TECENIQUES OF RESISTIVITY SURVFYS

a. Schlumberger

We have seen earlier that master curves prenared with

a computer on the basis of the relation:

3.0
§ R 12 (30)

P = ol 3. rerRpmRTHA

n=1

are available as an aid to interrretation the details of
which will be discussed in this section. The above
formula cenerates master curves for a two laver earth.
Two sets of theoretical two-layer. master curves are
available for (pz/pl) greater than unity, ie. ascendirc
type and for (92/91) less than unitv. For the first set
the values of (pz/pl) for which curves have been plotted
are:

p2/pl = 11/9; 372, 13/7, 2, 1/3, 3; &, S, Y1/3, 7; 9;

19, 39, 99,

and for the second set

(py/py)= 9/11, 2/3, 7/13, 1/2, 3/7. 1/3, 1/4, 1/5, 3/17,
/7, 1/9, 1/1°, 1/3%, 1/9%, O.

Apart from the possibility that three layer, four-layer
or in general multilayer master curves could be Arawn

with a computer usinc their correspondinag formulae, the
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available two-layer curves could be vsed to nlot three
layer or four layer curves for certain special cases,

as wec shall sec belovw in a sclected example:

Py = 100 &m Py = 50m Py = @

h. = 1o0m h

1 10 m h, = =

3

2

Then in the three-layer formula for the coeficient

2y (m)
rl 3 n?
Kye® ™ * Kya9 .
a. (m) = q .
1 Y pl_ 02 (p2-pl)=c I by3,
1-R129" ~Ky30 "+R;,K;q0 n=1
(31)
where
Ip H
_ 1 _ _.=2mHO B i
TEI 2R e "pl"HO (32)
H
2
Py = 57 (33)
2 HO
Py =P Pqa = P
K. = 2 I , Koo = 3 2 (34)
12 Py +pl 2 93 + 02
Hl = h1 7 H? = 2hl
P =1 P, = 2
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For the special values selected:

2

K + a n
_ Mag *T € " © . g
n=1
K + a?
. " 12a ® B
This gives e - s bnT (36)
J n=1
o n
(1+k)a(l+a) + (1-k) (-g) (1-9) _ y 1@
2(1-g?) n=1
1 +K 1-K
ABNOLE. gl wipy anl e
) 2
and we will have
9. . z bn%
a y%=+ ¢ 5= = I bn
1 a l+g n=1
and on expansion into a series
& 5 qn
alg+g? + g*+ .....) + cl-g -g? ~g%...) = L 0
n=1

This gives

by =b, =by ...... = a - c (37)
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with these values for b the expression for 5/91

becomes:
= 3
p/pl = 142 % bnd
n=1 {62 + 4n?;
1+1+4K o0 3
Wit " PR : X (38)
2 Mo o ’_3‘2 + i?niz‘fﬂ :
i 7 §2 (=12

 me— 2 by "‘-2—(-2—Tr=-—3
2 n=1£ﬁ + n ) /2

The value of 5/0l can be computed from the above
expression for certain value of Hl,(pz/pl) for diffe-

rent values of & = r/h1 = AR/2h1

For a hichly convergent series five to ten terms can
give sufficient accuracy: however for some unfavour-
able conditions it may be necessary to consider a

much larger number of terms (50 or more).

The above expnression can further be simplified (ie.
expressed in terms of p«: p of two layer earth with

p, = © and ) p of two layer earth with p, = 0 ,

o -
enablinc one to use the two layer curve for nlotting

the three - laver curve.
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To see this; let us write the familiar relation for
a two layer earth:

o §3K"

p = py (142 T ;—-—453__\
n=1{6% + an2) V2

Pz ™ Py
for D? = 2 Kl2 = —-‘"—""—""*-""*"pl ry D? = 1
[+ o]
P = Py (142 I e
@ 1 'y T0n A {39)
PP
= _ 2 "¥ _ _
for 92 =0 , Fl?. = “-p—l-_i-:-b—': = 1
= w 3¢.1y0
P, =0y (142 I 82(-1 (40)

)
n=1 [57F (2n) %) ¥

In terms of these p « and Eo the expression for

5/01 becomes -

1=K, _ 1+ Koo
p = ._.2.._._.2 Do + .....__?..._..._]:_.. Dm (41)

This means if two-layer master curves for Py = 0 and
Py, = ® are available, with the help of the above formula
we can nlot the three layer master curves for the civen

case.
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The whole set of three-layer soundinc curves are
divided into four groups, depending on the relative

values of Py » Py r Py

1. W™inimum type or H type p1> Py < Py

S

S

p

AB/2

?. Double ascending type (A-type): pl < P < p3

p * S=asiid

AR /2
3. Maximum type (X-type) Py < py > P

o

AR/2

4, Double cdescending type (0O-type): P > Py> Py

;

AB/2
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From a combination of the types H,A,K and 0 there can

be only eight typmes of four-layer covers-

8
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Asymptotic Values

The apparent resistivity for a two-layer earth:

» 8%,
p/py = 142 nzl (Waﬂ

can be written as:

- ®  K'),(AB/2h,)?
p/py = 142 % —r (42)
: n=1 [(AB/2h,)? +(2n)2] %

Several limiting cases which can be derived from this

equation are:

a) P, = p, + K = 92"'91 =0
. H § 12 92+91
+ P =py (43)

i2. The apparent resistivity of a semi intinite

medium is equal to its true r. .istivity.

b) Small values of electrode separation

G+ 0+ 5 = (44)

°1
ie. For small electrode separation the apparent

resistivity of a two layer earth is equal to the true

resistiviting of the first layer.



c)

AB -

ie. The apparent resistivity is ecqual to the true
resistivity of the second layer for larage values of
electrode separation.

If we assume K = constant (or pz/p1 is constant),

1?2
the expression for 5/01 can be written in the form:

p= Py f (AE/Zhl) (46)

If p is plotted against AB/Zhl from this equation
on an arithmatic scale, different curves are obtained
for édifferent values of Py €ven for a fixed value
of hl ané similarly for each value of h1 with Py
fixed.

To avoid the influence of pl and h1 on the form of

the curve plotted we take the logarithm of the

relation:

p/py = £ (AB/2h,) (47)

log p - log p; = £' (log AB/2 - log h)) (42)
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Where f' is the new function into which f has evolved
after taking logarithms

or log (5/py) = 1log F (log 3E ) (29)

1

where log F = f!

The equation in the box shows that a plottina of p as
ordinate and %; as abasica will generate curves of

exactly the same form for any Py and hl.

The only effect of varving Py and hl would be the

vertical and lateral shifting of the curve respectively.

The conclusion is thus that the form of the VES curves,
plotted on a double logarithmic scale is independent of
the resistivity and thickness of the first layer in a

two layer section if pz/pl is constant. It can ke shown
that this is also valid for a multi-layer geolectric

section.
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Correlation of Field Curves with Master Curves

We have seen that field measurements give us the apparent

resistivity as a function of the electrode separation:

p = f (AB/2): and using logarithmic scale we

obtain:

log p = F (log AR/2) (50)

This ecuation and the master curve equation

log p - log Py = F (log %? - log hl)

are of the form % yv -b =f (x - a)

and y = f (x), which are similar to each other except
that the first curve (y - b) = £ (x ~ a) is shifted
parallel to the coordinates with respect to the second
curve plotted on logarithmic scale. This shows that the
use of logarithmic scale enables the interpretation of
field curves by matchinag with the theoretical curves.
Furthermore, we need not have different curves for each
value of Py and hl as single master curve can be used

for anv value of ?1 and hl as long as 02/01 is constant.
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The method of finding ey and hl is described with

reference to the figure helow:

\

|
i
|
1 l
|
r
!
{. l_m/_-#_q__&_*__ _ABl2h,
I i
ORI ¢ ). |
L8 loo
The field curve is plotted on a transparent double
locarithm graph paper with a medulus the same as that
for the theoretical master curve. It is then super
imposed on the master curve and moved parallel to the
coordinates until a match is obtained as indicated in

the figure. The point on the transparent sheet coincid-

ing with the origin of the master curve

(p/py = 1. 55 = 1)

gives along the abscisa, log AE/2 = log hl ie. h1 = %?

and along the ordinate it gives log p = log p, or 5=p1

Next we shall show that the assymptotic nature of the
schlurberger curves are still retained: and we will find

the asymntotic value of the apparent resistivity, when
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the second layer is of infinite resistivity.

At sufficiently large distances from the source, the
current lines will be all parallel to the surface,; and
the equipotential surfaces will be cylindrical, with

axis passing vertically through the source.

Consider an equipotential surface at a larce distance

r then,

h, J (51)
since J = E/p1 P plI/2ﬁrh1
for schlumbercer:-
p = 2mr (F/I) = (Dl/hl)r (52)

on taking logarithms we obtain

log p = loa r + loa (py/h)

]

log r - log {hl/pl) (53)

This is the equation of a straight line inclined at an

angle of 45° to the obscisa, cutting it at a distance

(hl/pl) from the oricin.
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Thus, the assymptotic value of the apparent resistivity
when the second layer is of infinite resistivity is a

straight line inclined at an angle of 45°,

Reduction of Two-layers

In a unit-~cross sectional prism of resistivity p and

thickness h.

Tm

T )
T N

9\
SN
W N

\\

,

0 J
N th

The resistance normal to the face of the prism is:

3
i

hp and the conductance parallel to the face is:

S = h/p from which we obtain:

h = /8T (54)

o = Jr/8 (55)

Thus, each value of S and T is associated with a section
which has definite values of h and p given bv the above

equations for h and p
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from the ecuations T = hp or p = T/h

we have log p = - log h+log T, and this ecuation defines
a straight line inclined at an ancle of 135° to the
h-axis and cuttinag the h-axis at a distance T from the
origin if p is plotted against h on a double logarith-

mic scale.
Similarly the ecguation S = h/p «aives log p = log h~log S
which defines a straight line inclined at an angle of

45° with the h-axis and interceptina it at a distance of

S from the origin.

Thus, the point of intersection of the two straight

lines defined by the eauations:
log. p = - log, + logg, (56)
log. p = log, = log (57)

then unicuely defines the resistivity and thickness for

a particular combination of T and S.
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If now we consider the prism to consist of n parallel
homogeneous and isotropic layers of resistivities
Py Py eee Pn and thicknesses h1 h2"" hn respecti~
vely as indicated below:
< i W o
o ) hen the current is

flowing normal to the

e base, the total resis-

1/?i/4 tance of the prism is:
ANPEI - | .
? g E % s il BB R N T
. ; ra l
Wi !j/;) = Pybyteghy + oo My
e
3 121 by g (58)

When the current is flowing parallel to the base, the

total conductance is:

n
S = B.48, * ,esv5s5a ¥ S = I (S
i B 4oy 4
n
= hl/p1+h2/p2+-... h /pn = 151 hi/pi (59)
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T and § are known as the transverse resistance and

longitudinal conductance. If and are resnecti-

Pe
vely, the longitudinal and transverse resistivities

Pe
of tha block,
pi (hy+hy) = pihy + pyh, (60)

(h,+h,) /pS = hl/p1 + hz/p?

Thus, the coeficient of anisotropy ()) and the mean

resistivity (pm) as defined earlier become:
- T I X

and = Ap_ = 1 0 PPy * thi_ (62)

s

If we now assume that the two-layer anisotropic prism
is replaced by a homogeneous and isotropic prism of
thickness he and resistivity ,_- effective thickness

and effective resistivity.

= — €3
Then p_h =T = pyhy + pzh2 (€3)

64
s = h,/py + hy/p, (64)

h_/p

e e



from which we obtain:

h,p, + h,p
| e Ry ¥ NePs K
PR e G T LR E
e ﬁl/p1+ h2/p2 Pm S

Thus, it is possible to reduce an isolated two-layer

block into a sinale homogencous and isotropic medium.

An example of a complete isolation of this kind is an
A-type curve with the third layer highly resistive and

the second layer more resistive than the first: and for

this case we can write:

Since X 1is always greater, the effective thickness of

the composite layer is greater than the total thickness

of the two layers.

Next we shall consider the case of a three-layer earth.

(65)

(66)

(67)

(68)



Casc % E. Type:

In this case the resistivity of the intermediate layer
is lower than that of the top and the bottom layers. If
the resistivity of the bottom layer is large enough, for
larce values of AB, the flow of current in the upper
layers will be approximately parallel to the horizontal
strata. Hence, for this case the transverse resistance
(T) can be neglected and the longitudinal conductance is

the sum of the two lavers.

If we replace the two upper layers by a sinole homoge-
neous layer with effective thickness h, and effective

resistivity Py r Ve can write

=
|
o
=
%
=
[3%

H ™

4]

(h1+h2)/(h1/pl+h2/p2) = pg

These are known as Hummel's paramzters; plotted on

double~logarithm paper the equation hH = h1 + h2 is a

straicht line parallel to the ordinate and the equation

hl + h2
BT BT B, ks
*1 2

is a straight line inclined at an anole of 45° to the

x-axis cuttino it at Sy *+ 8,
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The point of intersection of the two curves is called

the Hummel point H, whose coordinates aive, and hH'

Py
In practice the two equations arc used to plot what
are known as augilijary FH-point charts for a large
number of values of U, = pz/pl and different values

of V, = hz/h1

h1+h2 h2
with abscisa = xH/h1 e =1 + - 1 + v, (71)
’ 1 1
1 +v,
and ordinate vy.,/py = ——
;o | 1 + vz/u2 (72)

These auxiliary point charts are directly used to find
the H point (ie. py and h,). Although these charts are
strictly valid only for Py ==, thev can be used even
for any P sufficiently areater than Py and this is
the basis of a simple method of construction of empiri-

cal H-type curves.

Case II: -A-~Type:

In this case the intermediate layer is more resistive
than the first (pz> pl), and hence the transverse resis-

tance cannot be neglected.



In addition, since p3>-p2 , the longitudinal conduct-

ance 1is considered.

For the homogeneous layer reduced fror the top two

layers.
T » Ty#Ty ® hlpl+hz+p2 (73)
s = U1+52 = hl/pl+h2/p2 (74)
We have szen earlier that for this case
h,= /TS = A(hy+h,) = AP (75)
Op= yT/8 = e % lps (7€)

These points are the coordinates of the intersec.ion of

the © and S lines. This point is called the "anisotropy

point™.

As in the case of the H-type, the eaquations

hA = /TS = x(h1+h2) = AH and P ™ /T/S = P = Pg

are used to plot the auxiliary point charts (A) for
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various values of yu and V,. But before plottinag the

equations are rewritten as

L

xpa/hy = (1 t,/u,) (1 +v2/u2) (77)
1 +U2u2 x
Yp/Ql = (*“75—775—] (78)

The coordinates of +he point A(hA and pA) can the directly

be read off these auxiliary point charts.

Case III: K-Type

In this, the resistivity of the intermediate layer is
higher than that of the top and bottom layers. The cur-
rent in the upper two layers will be similar to case II,
especially at smaller ABR. Therefore, both T and S
should be considered. In this case however, sincs the
intermediate layer is underlain by a less resistive
layer the current flow lines within the second layer
should have a larage vertical component than that of

A-type. Hence, we expect the conditions to be different.

An examination of the theoretical curves shows in this

case that the resistivity of the reduced layer remains
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the same as in the A-type section whercas its thick-
ness is found to be greater hk = E(h1 + hz) where €

is a function of A always greater than unit.

The relationship between A and e is plotted empirical~

ly as shown below:

£ |
I-h:
)og pall )
/3¢ e
ot 4 e T
734
11,
1.4
11 12 {3 1~ 1y r¢ 11 7% 20848

The wvalues of A and the correspondinc values of € may

be tabulated as shown below:

A 1,10 1.20 1,30 1,40 1.50 1.7 2.00 2.5C 3.00

¢ 1.X7 1.17 1.29 1.32 1.33 1.36 1.381 .40 1.42

Thus, the parameter of the reduced layer is determined

by the coordinates of the point K, eiven hvy

X, = /T& (79)

/T/S (20)

Y
point k is known as the "displaced anisotropy" point.
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The equation for olotting the auxiliary noint chart (k)

can be shown to be

k=€ (v, /u,) (1+v,/u,) (81)

hy

1 +\J2 Moy 7

A T T (82)

Case IV  O-Type

In this case the resistivity of the intermediate layer is
less than that of the tcop laver, and hence the initial
part of the sounding curve is similar to that of the H-
type sections, bhut auxiliary H-point charts cannot be
used since the O-type is underlain bv a less-resistive

layer.

It is empirically found in this case that the total
thickness of the reduced layer is less than (h1+h2} by

a factor n , depending on the values of M, and v, of
the electrical section. The value of n can be read from

the curves shown Below for various values of M, and V.
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cdf

0-2

02
The effcctive resistivity of the reduced layer is .also
taken as less than the mean longitudinal resistivity by

the same factor n. Then the coordinates of N are given

by

(83)

5z = B/n

]

H
Yo = Lng (#4)

and these ecuations can be rewritten for the purpose of
pPlottine the auxiliary point charts (0) for various

valnes of u? and v9 as

Sl

(1+v,) (°5)

>
¥
>
it
]

1+ 02

1
V/py = =

(86)
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uUse of the Principle of Fauivalence

For sections of the H or A-type it is found that the
forms of the curves temain practically the same if,
within certain limits the values of h, and ?2 are multi-
plied by the same factor. In other words, H or A-type
sections are practically equivalent within certain

limits if h?/Fb = S, remains constant. These sections

2
arc called equivalent with respect to S.

Also for ¥ and O sections, the form of the curves does
not change apporeciablv if h2 is increasecd or decreased
by a certain factor and Py is correspondingly decrecased
or increased by the same factor. Thus, if h, oy =T,
remains constant. any change of h2 and Py separately
does not produce any noticeable change in the form of
the curve. Such sections may be called equivalent with

respect to T.

The principle of equivalence applies only for small
values of v, = h2/h1 which may be different for diffe-
rent valucs of W, = py/p; and u, = p3/p, . For inter-
Pretation of sounding data, it is therefore important
to know the maximum values of h,/h, beyond which the

Principle of eauivalence does not apply; and it is also
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important to know the limits within which h, and Py
may be varied, satisfyinag the equivalence of the
curvi:s. The limits Vo, OF yu, are usually obhtained by

"pylayev's nomograms”.

The principle of equivalence plays an important role
in the graphical construction of field curves as well

as in theilr interpretation.

Suppose, for example, it is necessary to find an H-type
curve with parameters My = 1/30, v, = 4 and Py ™ 1% 4

A theoretical curve with such parameters does not exist
in the scts of master curves published. The closest
theoretical curve has the value My = 1/39, Pvlaev's
nomogram shows that for the given parameters u, may be
changed within the limits of equivalence. Thus, the
corresponding value of v, is given by Vy/ Uy = 120 =
Uzl/u21 ie. v?l = 120/39 = 3.1, Thus, we can use the

curve By = 1/39, v, = 3yp3 == which is equivalent to

2
the given scction within an error of 5% 0, To get a K-
tYPe curve, equivalent with respect to T for the values
W2 = 30v, = 4 and p, = 0 we can use the relation v,t=
¥aVo/u,' and Wy'-u,v,/v, then the parameters of the new
€urve cquivalent to the aiven section are u, = 39,

V9 = 3 ang Py = 0. For Q and A-type sections the pro-

Cedurc is cxactly the same as for those of K and H-types.

e R ——
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oualitative Internretation

It is sometimes uscful to make a rapid gualitative
study of the field curves before 2 detailed quantita-
tive interpretation is under. taken. Of the several
methods available we shall discuss below a common
method. This method depends on the determination of
the total longitudinal conductance (s) of the geo-
clectric section from the right-hand asvmptotic part

of the sounding curve.

We have seen earlier that the asymptotic part of the
sounding curve is a straicght line, inclined at an
angle of 45°, when the basement is of infinite rasis-
tivity, and that the intersection of this straight
line with the abscissa (ie. AB/2 at p = 1 gives the

value of the total longitudinal conductance of the

section
h. +h ‘
S = 8,48, *+ ..0o ~i-—3++ P E
12 Pg Ps

where p_ is the longitudinal resistivity of the whole

section.

(87)

In the case of a two-layer earth with a basement complex

of & h}_gh resistivity (p? = ®), the value of B for

small AB (ie. AR + O) aives p; . and the value of S read



T
from the assymptotic part gives: hl =P 8., If the
sectior underlain by the basement is a finely layered
thick sccdimentary section, the depth obhtained from
the & value anc¢ the resistivity of the surface layers
may not cive the true depth of the basement because
of the anisotropy. In this case the depth is aiven by
h = Py ¢, and it is necessary hsre to find Pg from
some indepondent measurements of the true depth (by

actual well lacging or geophysical well logaing) at a

few places where sounding curves are availahle.

It is found that Pg coes not chance much in an area
with latoral variations of the resistivity and thick-

ness of the sedimentary section.

Hience, if pg is known at a few control points, it is
Possible to map the basement from the S-part of the
sounding curves only. This procedure may be extended
for basement mappine in a multi-layer section if the
assumption of a small variation in Pg is approximately

valid

.

Thus, if conditions are favourahle it is possible to
obtain a rapid cualitative idea of the depth of basement

in an arca through an investication of the s-part of

the curve
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In the interpretation of three-layer H and A-type
field curves (p, = =) the following procedure that
requires only two-layer master curves is used for

gualitative interpretation:

a) Py and hl are obtained by matchino the left hand

part of the field curve with the two layer master

cCurves.

b) S is rcad from the intersection of the tangent to
the assymptotic vart of the field curve with the

abscissa at p =1 , and from this step

S =8, +8, (88)

h,/0q1 + hy/p,

c) If P, 1s known from some independent measurements

at certain parts of the area, then

Z

h, = s,0, , and finally, we have for the total depth

of the basement
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Using the same procedure for other points, the basement
can be mapped from a knowledae of P, and the use of

two layer master curves only.

This semi-quantitative method can bhe extended to a
multi-laycr sedimentary section underlain by a base-~

ment .

Quantitative Interpretation

In clectrical sounding, the basic problem of quantita-
tive interpretation is to determine the thickness of
the different formations having different resistivities
from the field sounding curves. The commonest inter-
pretation method is based on comparing the field curve
with curves obtained theoretically or constructed gra-

phically, havine suitably chosen parameters.

In the case of perfect coincidence of the theoretical
With the ficld curve (complete matching), the values of
the ficld parameters are the same as those of the geo-
€lectrical section for which the theoretical curves have

been constructed.
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put in practice a complete set of theoretical curves
representino all geological conditions met in the

field is not available: which makes it necessarv to
deviee means of interpreting observed field curves with
the help of a limited number of theoretical curves

available in published form.

To irterpret two-layer VES (vertical electrical sound-
ing) field curves by this method, the field curve is
first plotted on a double-logarithm transparent graph
sheet with p on the ordinate and AB/2 alonc the abscissa;
and then it is superposed on the set of two layer master
curves to obtain a cood match by shifting the curve,

keeping the axes parallel to the coordinate systaem.

The coordinates of the origin of the master curves as
read on the field curve give the values of py and hy:
the value of Uy = p?/p1 read from the matchina theore-

tical curve and Py calculated.

For a finely layered sedimentary section, Py and 0,

féPresent the mean resistivities of the top and botom

layers. If no exact match is obtained interpolation is

nNecc s S.-“-\‘ry
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Interproctation of three-layer sounding curves ars simi-
larly achieved with the help of available two - and
three layer master curves and complementary curves

known as auxiliary point charts.

Step-wis: reduction of multi-layer curves to equivalent
two or thrce-layer cases rendcrs possible their inter-
pretation using the same methods as the two and three-

layer oncs.

Effect of Dip on Intecrpreotation

The discussion so far was only in connection with a

horizontally stratified earth.

But often, clectrical sounding is carried out in regious
wherc the boundaries between different layers are inc-

lin«‘.-(_‘l .

It is thercfore necessary to examine the effect of this

Inclination of beds on vertical clectrical sounding

Curves .
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various workers have investigated this problem and
among them AL' pin (1940) has published a set of 16
two-layer master curves for schlumberger conficuration

parallel to the strike direction, an example of which

is shown bclow: . '@ y = ve-X Snl 57 i
B ! f' | |
et =T |
N ) :
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In this curve the apparent resistivity is plotted

against AB/2hl where h is the depth perpendicular

;4
(not the vertical depth h) to the boundary. The
curves are plotted for different values of the angle
of inclination a = 0°, 22°, 30°, 45°, 60°, 90°

corresponding to Pp/Py = @

Similar curves are availlable for different values of

resistivity contrast.




Another variant of master curves for a similar situa-

tion have also been recently published. One such set
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If the two-layer master curve for horizontal boundaries
are used to interpret the sounding curves for an inc-
lined two layer contact, considerable error is involved
particularly when ¢ is large. put if the angle of inc-
lination (a) is not more than 20 , the ordinary two

laycr master curves may be used without significant

error.

In practice if it is known before hand that the boundary
is inclined, guantitative interpretation can be carried
out if one of the parameters (o or 02/91) is known.

Using the master curves for inclined contact, the other

Parameter and depth of bottom layer can be determined.
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Internretation of Dipole Sounding

Wwe have seen earlier that the apparent resistivity
measured by any of the dipole arrancements, is related
to that obtained by the conventional schlumberger

arrangement -

r ax i e
Pg = Deq =
~ _ = _ bcos® @ 3 p
P TP 3 9

3 cos?6 -1
= - N 3 E

Py =P 6/3 3%
This entails the possibility of construction of dipole
electric sounding curves from conventional sounding
curves: and particularly for pg , since it is equal
to the schlumberger apparent resistivity p for the
samc¢ spacing, the master curves available for conven-

tional sounding may be used directly for azimuthal

dipole sounding; and the method of interpretation is the

same ,
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In general,dipole electric sounding differs from the
conventional sounding in its possibility for bilateral
and multilateral measurements. This is explained with

the help of illustration bhelow:

fn
’1-
M- 'J\"
R~ R
— o
& e
N—
%

For a certain position of the current dipole AB two
potential dirnoles Mt Nt and M- M- can ke placed on
either side at distances R + and R -, enabling two
values of resistivity p+ and p corresponding to the

mid voints of QO+ and QO

This arrancement is called a bilateral sounding with
the symbols + and - indicating whether the moving

€lectrodes are mvoing towards the contact or away from

it.

For a horizontally stratified earth, the values of

both resistivity pt and p~ will be the same, for an
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inclined horizon the values of pT and p will be
different and the difference will be a measure of the
inclination of the horizontal. The average of p+ and
p~ will be the resistivity corresponding to the conven-
tional soundina. This means, for dirole soundinc one

can construct three curvess: the positive, the negative

and the averacge resistivity curves.

Let us consider the case of a dipping bed as shown below:

- A M
B G 8 a. N
" ‘ h*_'_
‘k- /
"-‘,//
,«"/’f.

The conventional sounding cives the depth of the horizon
only at its center: but if the current dipole of the

bilateral sounding set-up is placed at the center, it is
possible to cet three depths from the three constructed

curves:
h+ (up-éip), h - (down-dip) and
h (center) thus,

the location of the horizon is more reliable with the

bilateral dipole soundinc than the conventional method.
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The large number of master curves availakle for conven=
tional souncding can be used directly for azimuthal

(or equatorial) dipole scunding. In addition special
theorctical curves have been constructed for the radial
(or axial) dipole sounding of a three-layer earth alona

with two scts of two-layer curves.

Theoretical curves are also available for an inclined
layer lying on an insulating or conductinc base. Examp-~
les of such curves for bilateral ecuatorial sounding

and bilateral axial sounding are shown.
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It is seen from the first figure that even for an incli-
nation of 2° the separation between the positive and
negative resistivity curves is quite noticeable, and for
the axial it is seen that an inclination of as little as
1° can be detected by the separation of the positive and

negative curves.

Since the dipole soundino is very sensitive to lateral
variations, the inhomocenieties of the surface layers can
distort the resistivity values for the deeper layers.
This is avoided by using the convertional method for
sounding up to a depth of 200 - 300; beyond that depth

the sounding may be undertaken by the dipole method.

The method of interpretation for azimuthal or equatorial
dipole sounding curves is the same as in VES with AB/2

equivalent to R - (A0) in dipole sounding.

For the radial and axial curves appropriate master curves

have been prepared. The curves are plotted on double loga=

rithmic scale with 5/,01 along the ordinate and R/2h,

along the abscissa. Where R is the distance between the

current and the measurino dipoles.
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As an illustration we present below the procedure
followed in interpreting three layer radial dipole

sounding curves with the help of published curves.

a) The left hand part of the field curve is super-
posed over the two layer radial master curve set,
keeping axes parallel until a good match is obta-

ined. This step cives GO hl and u = 92/91

b) From the asymptotic part of the curve Py is quessed

and 03/91 determined.

¢) Vith the obtained 91/91 as a gquide to chose the pro-
per sat of three-layer master curves, the field curve

as a whole is matched over the selected set of three

layer curves.

The final step of matching gives u= p,/py + V= h,/hy

and P
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VIII LATEST ACHIEVEMENTS

In the followinc section we shall outline ‘recent inno-~

vations in resistivity work advanced by several workers:

1. The Method of Field Differences

In the discussion of bihole - dipole field difference
by U.C. Das and R.D. Singh. The differential apparent

resistivity (owD(a))

obtained by the technique of differential resistivity

sounding for the wenner array was defined as:

dpyw (a)
03 (a) = éa -——‘dié(—- (20)

Where p,(a) is the wenuer apparent resistivity at
clectrode separation a, ¢ is the spacing increment;
and similarly for the schlumberger array:

D ds (91)

) = —
Ps (2 as/pg(s))

apparent resis-
Whers pS(s) refers to the Schlumberger aep

S
tivity at the hal f current clectrode separation
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The transverse and longitudinal differential resis-

tivities for the schlumbercer case were also defined

D . d(s.0 )
Ps,T i8) » Sdss e/
and
po 5 (8) = —2
' als/o(s) !

respectively.

The bibole potential Vp

SR (s)
I Ps
V., (s) = [ —— ds
B T e s

(s) being defined as:

(92)

(93)

(94)

Where ps(s) is the schlumberger apparent resisitivity,

/]

1/,
B ,.46‘[

Ao

Hy

Bipole-dipole

pifferential
hibole-dipole

Ry
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Das and Singh defined the differential resistivities

for such a system as

D 1, _ d(s.PB(s
D 1 ds
p (87) = ——————
B, 3
g dls/o_(s)] {251
B .
where pE(S) is the bibole-dipole apparent resistivity
at distance S = 00Q.
relation to the agiven figure the above two equa-
tions can be expanded as
A,B AP
i T T S,Pp” ?‘(sz)-slpn 171(s,y)
B, S (97)
Sy r By
and
. g p P22 (5,)-p 171 (s))
B, L(s") = (5,+8,) .

. _AB ~a o AgB
(98)

: are the two
Where Sl = /‘81.52} and  Pp A2B2(52)

apparent resistivities at the point of measurement -

to two bibole sources A,B, and APy placed parallel to

, from the point of

¥
each other at distances S, and S
<l.2

measurement, as shown in the figure. S,/%
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The apparent resistivity field equations for the two

bibole sources are:

A.P AV
P 272 4 2
B (§,) = K, T (99)
2
AV
A b 1
Pa (Sl) = Kl ? (100)

Where K is the geometric factor, V is the potential
difference and I is the current. Combining these two

equations with the equation:

A.B
A.B : Bl
S.0.. 2. 2(8.).% SIDB (Sl)
o T(sh) = 2B -
i | S2 - S1
we obtain = av
Kzszavz K151 'Tl
T. 1
D A LSS o (101)
Iu2 1 A
" K2 32 avz-Klsl 5 fg ﬁVI
D A(AV) (102)
or o2 7(sh) =x2, 4
1 2
K,.S (103)
Where FD = 2 <



Q(QV) = ﬂVz - AV (104)

and I2 = s, Il (105)

The last two equations suggest that when the current
in A,R, and A2B2 is sent simultaneously in opposite
directions satisfying the last equation, then we can

directly measure A(AV) at the measurinc point and

D

B ! T(sl) through the equations

obtain p

D A(AV)

D .

anad K =

AV avy
—= , K, —
D - R; 39 e (106)
pBr (S) e (82- 1 AV g ﬁVz
L S T = 8
" V.. AV
_ Ky, 8,75, AV, ﬁ__l_K_g -
- T S . 2‘ 1 1
2 2 V. = ooe= o 8V,)
(ﬁ 1 Klsz 12 2
3 K,D AV;4V5 (107)
OF B o 5 (80 = g =Sy



Where
S.~S
N b 2y
L = %2 E (108)
A(AV) = bVl - sz (109)
K.S
- 2
and I, = K5, I (110)

Thus, to measure pg v L(Sl) one has to separately

send currents in A2B2 and AIBI to measure avz and avl
respectively, and then A(AV) is measured by passing
currents throuah both biboles simultaneously but in

oprosite direction satisfying the ecuation.

1 .
We obtain the required pj , L(S7) through the equa

tions

D 1 D
pp (L(ST) = K /I,  “F(FV

and K = K, 3
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The Resistivity Transform

Slichter's (1933) method of direct interpretation
of resistivity sounding data with the help of the
Kernel function has been the subject of continued
interest since its proposition. The first step of
Slichter's method is to determine the Kernel func-
tion from the field measurements and in the second
step the layer parameters are detected from the Kemel

function.

Santini and Zambrano (1981) presented a numerical
method of calculating the Kernel function which is
based on a decomposition method. The observed appa-
rent resistivity data are approximated by utilizing
a linear combination of simple fitting functions
chosen in such a way that they allow the determina-
tion of the Kernel analytically. The fitting opera=

tion is carried out by the least squares method.

This numerical method was developed for Schlumberger

Curves,

he numeri-
As an illustration we shall discuss below t

Raman~iah
cal method developped by Rakesh Kumar O E
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chowdary to calculate the Kernel function for

wenner resistivity curves.

On the surface of horizontally n-layered earth

the wenner apparent resistivity p & is oiven by
Paw = P1 1+4a of k() | Jotla)"Jo(?la) di ﬁ (111)

Where a is the wenner spacing Py 1s the resistivity
of the top layer, Jo is the bessel function of the
first kind and zero order, K()A) is the Kernel func-
tion which depends on depth and reflection coeffi-
cients of the interfaces involved and can take

values between -0.5 and +oand A is the integration

variable.

aw (112)

Putting Y = —-
4P

multiplying the equation for apparent resistivity by

Jo (ax) and integrating, we obtain,

o @ o 'S

j
o =3 : dadi
! yJo d f ak(A){ Jo(ra)-J_(2)a) | J_(ax)

Y (ax) a : , t )

On applying the fourier-Bessel integral of the form

)
[ FeAr() 3 () 3, (ex) drdd = F(x) (114)
O 0



-8

to the right hand side, we get

= 2k
of v Jo(ax) da = __T(_x_)__ - k%& (115)

1f y is approximated by a linear combination of
suitable functions f(a, €4) chosen in such a way that

they allow the Kernel to be determined analytically:

m
I oblvElayiy) (116)
i-1

<
]

Kumar and chowdary found that the best fitting such
function was

a e (117)

J/al+ Eiz J/4a?+ ei’

f(a, e4) =

with these substitutions the equation

& 2 k(x/2)

c{ yJo (ax) da = k;x) 3 3
bacomes :
Mo a a J_(ax)da
b. Y T.... - Sy -
1516 T /a+ e / 4at+ e’
2k*(x) _ K (x/2) (118)
- X
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It is known from the theory of bessel functions that

exp (-€x) Jo(ax) dx = 1 (119)

Yel+ a?

and application of Hankel transformation aives

e e]

a J_(ax) da = SXR_{=x) (120)

0 J/(a%+e?) ”

anc with the help of the last relation the equation

Y | " X) K (X/2)
S orpif—2 2 'Jo(ax)daez" )=k (X/
i=1 o / ufaz-l-ei2 (4az+gizﬂ X X
becomes
m 3 *
I i (exp (-€,%)- 2RLZ "”’_L 2K () K (x/2)
i=1 L

(121)

*
Substituting in the last equation we have for k ()

K (A) = bi exp (g4)) (122)

i

[ =]

1

s
This means that the Kernel can be expressed by mean

of a linear combination of functions ¢ (A,eq)
% (123)

K (\) = £ bi g(g)
gk
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€xp (-Eil)

where g (A, Ei} = % (124)

%
The actual determination of y and consequently k*(h)
depends on the number:m, on the constants ti and on

the coeficients bi.

*
Next we intend to determine y such that it approxima-
tes y according to the principle of least squares.

Therefore

+ m = W a 2
T “f i 2 L jz ;L yj1=m1n
: = p

Jaj A Y/ ay tey )}

————

(125)

Where Yj is the value of y at a = ﬂj

after the number m is fixed, the above equation is
solvad for the unknown coeficients by establishing

the m values of € which are chosen by first taking
thoem in a geometric progression, the desired quality

of fitting of y being dependent on the xatdc,of A

e or
progrescsion. It is suggested that one uses thre

le of
four fitting functions for each logarithmic cyc

of 1
the resistivity curve; and the extrem values

a
0.57k
can be fixed by choosing €; = 8; and G
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where 2, and 2, are the first and last abscissae

values of the observed (or extrapolated) resistivity

curve.

Continuation of the least scuares operation then

leads to a

ions for m

11
Where
5 ;
4. s’ }
Ny
Once the b

symmetric normal linear system of equat-

unknowns, the mth normal equation heing

mth, 0, M ...4 bmommsnm (126)
k+1

= I f£(a,; ¢,) £lag: e) (127)
j=1 J X J y
k+1

= A f(aﬁ: €,) Yy (128)
j=1 i

i are known as solutions of the normal

equations y* and kf(l) can be determined using

m
I bi f(a, &)

- i a

i /(a?+e,?) /(1a%-e; ")

exp(veil)

i 2
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after ¥(A) is determined, a related function, the
resistivity transform T (A) which is a useful ver-
sion of K(A) wused in the second step of interpre-

tation may be computed

TN = py | 142k ™) (129)
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PART II. PRACTICAL WORK

As outlincd in the title of this project the second
part of the work consists of analysis and internreta-

tion of data from selected sites,

Accordingly two regions were selected: one around
Dire Dawa ir the Eastern part of Ethiopia and another
around Tendaho in the Northern part., Refer to lecation

mane for precise location.

We acknowledge the Geophysics Department, Ministry of
Mines and Eneray for supplying a greater portion of

the resistivity data.

The procedures of investigation, methods of analysis

and results are reported in this paper.

A. DIRE DRWA

Geology of Dire Dawa Area

etite
Bedrocks are mainly composed of acidic madn

ndstone
Precambrian overlain by Triassic Adigrat sa !

upper sand-
Jurassic Antalo limestone and cretaceous Upk

re overlain by th
being tilted BY

e lower
stone. These formations a

Tertiary Trap series lavas. After
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block faulting, they were covered by stratoid flood

basalt which errupted after these major block faulte

ing in Mid Tertiary.

The thickness of the lower sandstone is less than
100 meters. It passes upwards into sandy limestons
throuagh a series of alternating calcareous siltstone,

marl, limestone and dolomite.

The antalo limestone which is about 175 m thick, has
as its lower part alternating shale and chalk, Drown
limecstone layvers are common and druses of auarts
occur towards the top. The lower levels contain thin
beds of dolomite. The upper part consists of grey
limestone with concretions of chert and érusses of
quartz.

The cretaceous upper sandstona is about 200 m thick;

ith small lateral extent oocur
one bed of 3-15 maters

thin lenses of marl w
freouently., Intercalated limast

has bean found in adjacent areas.

re Dawa consist of ba~
tonibritic and

The down-thrown blocks NF of DPi

saltic lavas interbedded with some

tor the maln
tuff units. Rhyolitic lavas oxtruded af
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block faulting followed by the erruption of stratoid
flood basalts along a possible swarm of parallel
fissures related to the ESE trend of faults in the

northern part of the area.

The supcrficials are presumed to have been deposited
in a lacustrine environment that existed before the
extrucssion of the floor basalts: and they are clas-
sified as belonging to the alluvial plain and the

escarpment zone.

Those of the alluvial plain comprise of alluvium,
river gravels, fans and travertine; whereas thosc of
the escarpment are mainly colluvials comprising of

talus and fluviates.

Bore-Hole Information

the
As ar aid to the Geophysical analysis to follow,

£ to
followinc bore-hole data from the region closes

the arez under investigation is included.
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ERER_GOTA PROJECT EXPLORATORY BOREHOLE (AIR PORT)

Drilled, October 1, to November 10, 1970

Total Depth, 120.7 m

Hole Diameter, 50.8 mm to 27 m and 12.7 mm to
93.7 m

Static Water Level, 16 m
Vield 12 m¥/hr draw dawn: less than 1 m

Specific Capacity,20 + m?/hr/m

0-2.1 m Upper sandy soil

2.1-8.4 Sandstonc, well cemented, brown

30-32.5 Brown siltstone, shales, limonitic
stained

32.5-70.0 Silicious tuff, with some concre-

tions of calcite

70-84.0 Hard, quartizitic snadstone grey

and greenish

84.0~87.0 Brown, brittle limonite stained
shales
87-95.5 Brownish, very hard, fine-medium,

guartizitic gnadstone
brown, slightly

95.5-101.0 sandy clay and silt,

calcareous with brown shales
101.0-105.5 Greenish clay and silt calcareous
105.5~112.0 Loose uncemented sand, a lot of fer-

rugious gravels
medium grained

139 nish, very hard,
116 Brow hard shales.

quartzitic purplish brown,
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account of the rocks found in the area together

with their ohysical properties (determined at the

Georhysical Observatory from samples aiven by the

Ministry of Mines) is stated below as a preliminary.

a) Effusive Rocks:

Represented by trachytes, stratoid basalt, =-trap
series basalt. The trachytes displayed relatively
low mean density (2.15 gm/cm’) and hich mean poro-
sity (5.01%) with nealigible density variation
and consicderable porosity variation (standard
deviation of 2.46). The correlation coeficient
between the two parameters (Rp p = 0.676) disp-

laved a favourable relationship.

A deviation from the general trend in this forma-
tion was observed for the stratoid basalts and
trap series basalts with density range for the
stratoid basalt between 2.72 and 2.77 qm/f:lﬂ3

-= .86:
(D = 2.58) and for the trap series basalt D 4

P = 4.81% and
As for porosities the former has Pgpp

the latter PT= 1,368 «
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The low porosity deviations may be accounted for
by the fact that closed pores may be present; and
these closed pores may have a far areater influe-

nce on the density than on the porosity.

Alsc the number of pores and their size was obser-
ved to vary with depth which is in conformity with
the relatively low correlation coeficient for the

stratoid basalts (R = 0.4R8), On the other

P/D ~
hand, the correlation coeficient between porosity
and density for the trap basalt was a bit higher

(-0.501).

Sedimentary Rocks:

Represented by upper and lower sandstones, and

limestones of Jurasic age.

(DLST = 2.67 gm/cmsr PLST = 1,08%)
clay, sand, etc.

This

The limestones consist of shell,

and it contains a large number of cavities.

rma-
makes the average density of the massive fo

les.
tions lower than those determined from samp
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The upper and lower sandstones displayed lower
values of density (Dyge = 2.5 g/cm’) 5A§52.29 em®,
and higher values of porosity (ﬁuss = 5,248 ;
ﬁASS = 12.06% with a high value of standard devia-
tion for both parameters.

The correlation coeficient for ASS was found to
be 6.778, and that for the limestone is high where-

as that for the upper sandstone is low.

Intrusive Rocks:

Represented by diorite, granite and dyke basalt.
The diorites displayed high density and porosity

(Dg = 2.45 gm/km’).

(P = 6.62%) with a high correlation coeficient of
a

0.788,

3
cm
The values obtained for the granite are 2.59 gn/

for density and 1.98% for porosity.

yed a high density and a low

The dyke basalt displa

ations.
porosity characteristic of such form



Geophysical Data

The data supplied by the Geophysics Department,
Ministry of Mines was VES data (vertical electrical
sounding) carried out alona seven profiles oriented
as indicated in the location map. The sounding was
done at intervals of 500 m, and the array employed
was schlumberger with a maximum current separation
of 1.5 km. The distance between the potential elect-
rodes was 1/3~1/25 of the current electrode separa-
tion. The orientation was mainly along the profiles

with only 3% perpendicular to the profiles.

It was communicated to us along with the data that
the instrument used was a Russian Auto Compensator,

A272,

5
Independent surveys along some of the same profile

ascer-
was also conducted by this project in order to

. The
tain ambicuous cases and to collect more data

c-direct
instrumentation used for this part was an RA

current resistivity meter.
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Methods of Data Analysis

To cbtain a prelirinary idea of thicknesses & resis-

tivities in the survey area, use was first made of

the conventional procedure of matching the field

curves plotted on double logarithm paper (pa versus

AR/?) with available standard master curves and

auxilliary curves.

The main steps employed in the procedure of interpre-

tation by curve matching wers the following:

a) The left-hand part of the field curve plotted on

b)

A transparent double-logarithm araph sheet is
superposed on the set of two-layer master curves
and matched keeping axes parallel to the coordi-
nates. The coordinates of the origin of the master

curve, as read on the field curve, give and hl'

From the curve on which the match is obtained, and

£ be
by interpolation if necessary, H,; = 92/"1 i

ated”
read. Since p; is known can be calcul

rtion
In accordance with the type of the first po
esponding
of the field curve (H, X, Q, OF A) a corresp
ts origin
auxilliary set of curves is chosen and 1

superposed on the mark placed, on the £

in step (a).
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Corresponding to the oriain of the two~layer
theoretical master curves. The line on the augil-
liary curves corresponding to the value of y
obtained in step (a) is then traced on to the
field curve (keeping axes parallel) up to the

mark (+) mentioned above.

The field curve is then shifted back to the master
curves and a best coincidence with one of the
curves found, making sure that the auxiliary curve
traced on the field curve passes through the

origin.

The corresponding value of u thus obtained gives
P =0 3/y where y is the ordinate of the position

of the master-curve origin marked in this second

matching.

lected
The field curve is again superposed on the se
nt of
set of auxiliary curves ensuring that the poi
(c)
origin of master curves (+) marked in Step

7 curves,
coincides with the origin of the auxiliary

h2 x is the
and the value of V aives V) = == where

(e).
abcisa of the point (+) marked in step
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e) If there are still more portions in the fielg
curve corresponding to more types (H,K,A,0) and
hence to more lavers, the steps a-d are repeated
succesively giving rise to o, , Pg +.. etc. and
hi; h,... etec.. The method is illustrated below

in detail, taking profile 0 picket 50 as an

example -

After the iritial matching, the coordinates of

the oriain of the two-layer master curve aive:

h1 = 3.5 m
with - -y
Uy = py/py = 3/2
= 120Q-m

and this aives Py

Matching field curve and auxiliary curve gives

in
vy = hy/h; =5, from which we obta

hz = 17.5 m

r find-
Matching the second part of the curve afte

ing the K-point we read the correspondind

— 9 = 10

= 22 Q-m



we also read vy = h3/x,k =9 3 x =18

h

]
R
n
w
o
[
(=]
1]
H
(=11
(%]
=]

ek,
From the final matching of the last part of the

curve, we have My = pé/yH = 3 Yy * 30

Py = 3yH = 3%x30 = 90 O-m

The models constructed from these first approxi-
mations were then incorporated into a computer
proogram which was written to directly calculate
the theoretical curves corresponding to specified

models. The availlable computer program was writ-

ten on the basis of gosh filter method (1971) a

brief account of which is given below. The curve

thus obtained is then compared with the field curve

and modifications made on the model if a satis-

factory match is not obtained. The procedurée is

ch
reveated again and again until a reasonable mat

is attained.

e to
The cosh method uses a digital filter procedur

gral. The apparent

es of points
1ogarith-

evaluate the Stefanesco inte

resistivity is calculated at 2 seri
the
separated by one third of a decade on E
d by ©
mic scale. Also intermediate points space



- 85 =
third of a decade may be computed by choosing a

different starting point.

The method consists of:

1. To obtain the resistivity transform function
by means of a recurrence fermula, which is then

sampled at the above - mentioned interval.

2. To calculate the convolution of this resisti-
vity transform with the resistivity filter.
Dicitally speaking this means calculating the
convolution of the inverse digital filter
coeficients with the sampled values of the

resistivity transform function.

The program can handle horizontally - layered

carth models up to ten layers including the

substratum. The input consists of resistivi-

. and the
ties and thicknesses of the layers; an

hich
output is a series of plotted points Wi

ectrode
form the apparent resistivity versus el

separation curve when joined up-

ables,
Please refer to attached charts, t

dl
res for the results obtaine

araphs and figu
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DISCUSSION AND CONC.USSION

The apparent resistivity in the investigated area ran-
ges from 5 - 150 ohm - m and the values are low on the
average vecause of the alluvial overburden. The inter-
pretation of the VES curves indicates that there are on

the average about four geoelectrical layers.

The thickness of the first layer (top soil) is not more
than 2 meters with resistivity ranging from 25 - 350
ohm-meters. The relatively extreme variation of resis-
tivity in this part may be accounted by the effect of

percolating rain water.

The underlying second layer varies in thickness from

several meters to ahout a hundred meters. Test boreholes

need to be drilled to ascertain the exact ageoloaic na=

ture of this layer.

The third layer (presumed to be composed of alluvial

sands) has resistivity variations from 10 to 40 = 1 and
thickness ranages from 5 - 300 m: with minimum thick~

ness on the center of the survey area and maximum OD the
edges. A test borehole is necessary for distinguishing
Which of the several factors (composition, grain size,

causes the fluctuation

degree of water saturation etc)

in the resistivity of this layer:



- 87 ~

The 1last layer (bed rock) Presumed to be composed of
sandstones, limestones and brecambrian maanetite shows
large variations in electrical Properties, and hence
resistivity survey alone is not sufficient to make

desirec¢ differentiations among the various comnonents,

Even for a finite bed rock resistivity (400 - 600 m)
the portions of the curves that correspond to the bed
rock show an infinite resistivity due to the low resis-

tivity of the aluvium over burden.

The corresponding depth of the apparent resistivity
range (70 - 150 m), is that of the bed rock in the
central part of the survey area and of the alluvium
deposits at the edges. The zone of hich resistivity in
the central part also corresponds to shallow depth to

bed rock (not more than 100 m).

B. TENDAHO

a
General Geological Aspects of the Survey Are

triangu-
The area surveyed lies on the aAfar, a vast

0,00 sq.km area,
The

lar shaped depression of about 15

Rift;
where the three units of the Ethiopian '

£t and The
Main Fthiopian Rift, The Guld of Aden Ri

Red Sea Rift meet.
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Much of this depression lies below sea-level. On the
west it is bounded by the N-S scarp of the Ethiopian
plateau., on the scuth by the E-N E - w-g W. scarp
of the Somalian plateau, and on the north east by

the Danakil Alps horst.

From the rlains of Afar, the Awash river extends
throuch several small lakes to the closed basin of

Lake Abbe in the North.

The immense 8000 sq.km occupied by the salt plain
with an average elevation of 70 m typifies the gene-

ral lack of relief of internal Afar.

The rocks of Afar, as part of the whole rift system,
have as their basement, the extremely folded and
foliated nrecambrian, covered by mesozoic marine

strata and tertiary flood basalt.

d
Among the dominant formations are to pe found san
ecently emerged area
r and middle

(lower to middle

r part of
holocene Basaltic fissure £lows of the upper Pa
pasaltic lava flows

(present), lacustrine deposits, T
(upper Holocene), eolian sands (lowe

pleistocene), Lacustrine limestones

the stratoid series (pliestocene): ;
dencies an

of transitional nature with alkaline ten

ries (Pliople:lstocene).

the Afar stratoid se
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DISCUSSION AND CONCLUSION

The palletes of A.M. pylaev were used to interpret the

field curves obtained.

Twenty curves of VES along the main profile were inter-
preted. The types obtained were HA, HKHEA, HKHKH and

others.

The pseudo cross-section of aprarent resistivity (pa)
the graph of longitudinal conductance (s) in siemens

and the geoelectrical cross - section were plotted.

The diagram of surmarized longitudinal conductances (s)
reflects the surface relief of the hard rocks of the
basement. And the picture of the pseudo cross-section
of apparent resistivity indicates the presence of some

faults in the geoelectrical section.

ish
In the geoelectrical section we can clearly distingu
s
the conducting stratum with resistivity which varie
ral
from 1 ~ 2 ohm meters up to 6 - ? ohm-meters. In gene

this geo-
one can realy observe three or four layers in

electrical section.
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An example of the semi-quantitative interpretation pro-

cedure employed is given below, takinc VES 149 (HKH) as

an example:

Matching the initial part of the curve with a two-~layer

master curve aives:

n

D l 10 Q,"m

hl = 8m
The value of S (longitudinal conductance) is read from
the intersection of the tangent to the assymptotic part
of the field curve with the abscisa at Pa = 1. In the

five~layer case at hand, S = Sl+32+53+54

where Sl = hl/ 1
S, = hy/
Sy = h3/ 4
S, = hy/ 4

s
The value of S, thus read, for the given example give

S = 520 mhos.

tain sO
The three-layer Pylayev master CUrves also con

) which enable to de

¢ the five-layer curve

termine
called m, lines (m, = hy+hy

the depth to the third layer. FO
X +h,.
g = BTt

of our example we have m
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For such multi-layer cases the three-layer master curve

is used by the method of successive reduction of over-

lying layers into single equivalent layers and then pro-

ceeding as in the case of a three layer-earth to estab-

lish my = he+h3,e m, = he,+h4 where -1
he = h1+h2 and he' = he+h3 = hl-!-hzm3

each succesively established with the three-layer pPylaey

master curve.

Application of this operation for the example at hand gives:

+hy+hy+h,

m, = h

4 i |




1,

- 92 -
REFERENCE

Telford W.M. et al (1976) applied Georhysics,
Cambridge University Press, Cambridge, pp 860,

Keller G.V. Frischknecht, F.C., (1966), Electrical
Methods in CGeophysical Prespecting, Perosamen Press,

N.Y., pp. 519,

Grant, F.S. and West, (1965), G.F., Interpretation
Theory in Applied Geophysics,.- (McGraw-Hill Book

Company) ; N.Y., pp 584.

Parasnis D.S., (1973), Mining Geophysics, Elsevier,

Amsterdam) , pp 395.

Heilland, C.A., (1940) Geophysical Exploration,

Prentice Hall, N.Y., pp 1013.

DAS, U.C. and Singh, R.D., (1982), Bipole-Dipole Field
Difference ~ A Mew Resistivity Sounding Technique

Geoph -4 .. Prospecting 30, 323-330.

Method
Kumar, R. and Chowdary, R., (1982), A Numerical

ner
to Compute the Resistivity Transform from Wen

8-909.
Sounding Data, Geoph: ' . Prospecting 30, 89




10.

11.

- 93 ..
szaranicc, F., (1982), Use of the Seismic Dynaric
peconvolution Algorithm in Direct Resistivity Inter-

pretation, Ceoph- » Prospecting 30, £50-854,

Emilia. D.A., et al, (1976) Geophysical Exploration
for Ground Water in Ethiopia, Bull of Ceophysical

Observatory. No.l6.

Tesfamichael Keleta, (1974), Bydrogeoloay of Dire Dawa
A Statement of Present Knowledge, Unpublished Renort;

No.1ll, Geolocical Survey of Ethionia, A.A.

Mohr, P.A., (1971), The Geoloay of Ethiooia, Addis Ababa

University Press, pp 171-174,



iﬂrﬁuludmwﬂu.-d”mlcwm-mdhg‘lmah‘huhptnﬂlod'l‘m-Ddltlu.'-

_ [
f’g; ;‘3’ ' ol P2l s €4l $s| 96 Pr i N 4 Ryl Bgm| Hm | (mbow
QHKH 1 320 17 b ¢ 2} °= 4 200 352 110
HKR| 151 2 i 2| oo @ 624 330
QQH 2 18 4 1] o= 10 913 540
HKH| 150 13 1 1! o= 3 872 450
KHKQH| 147 86( 535 30 338 € 2 | oo 2 258 860 992 470
HKH| 149 10 2 4] <o ] 2094 520
BAKH] 148 2 il & 11} .. B laPo. 5 - 1630 1913 440
KHKH| 148 12 218 4 14 4| oo 8 1380 1847 430
HKHKH| 145 3 2 5 2! 10 4 | =° 14 150 | 1030 1402 380
HKH| 144 3 1 8 8] <o 17 1633 500
HKHE] 134 8 1 4 3| o= ® 1193 400
KHKH| 138 3 5 s| 14 8 oo 5 2850 3038 330
HXHKR| 13 18 7{ 22 v| 18 @ | o= & 920 ] 900 2278 %50
KEKH| 137 10} 200 4! 13 T oo L § 890 1557 200
KQHKH| 138 1| 1 3{ 18 3 oo % $20 | 800 1511 330
HEKH| 139 4 3l n 6| oo 2 1671 - 270
HKHA| 140 ‘§ ® 3| 4| oo 12 1830 2292 220
BEKEA| 14 = 43 s! 10 oo 12 1500 1720 190
BAl 142 1 s} 35 ? 10 ? )
| mAa| e I sl ¢l sal 10 2593 I




x
KURUE voLl

¥ Y o
r L

L
\ cor‘ron_r :\\ \ \\ WV
N
\PLANT;\ i0 \g\\ \ \ \\!
\§\ \ l
\\\ N }
————— AN
r== 2 \
A \
l"'--.. — ..___/\ \\\\:\\ od, “

. . )
— - \ \.ﬁ \ ]
L{ ,YI \\\\ \ i
. » \ |
\ \ O WA, N i

IG'IIAGEOLOGIC MAP OF TENDAHO GRABEN

ETAHUN DEVISSIE
' .. O

|

- . om—

QUATE“NA“'\' ALLTUYVIAL DEPege-- ‘
QUATERNARY ACIDIC EXTRUSD:
QUATERNARY BASALT FLOWS
POST TRAP BASALT FLOWS

FAULTS WITE DOWN ~THROWN
SIDE INDICATED

TECTONIC LINES HIDDEN U'NDF:
ALLUVIUM

GEOLOGICAL CONTACT
ALL WEATHER ROAD
DRY WEATHER ROAD
TOWNS AND VILLAGES
MAJOR RH'E_RS
INT-E;R.\IITTE.\'T STREAMNS
VOLCANIC CRATERS
HOT SPRINGS
FUMAROCLES

MAIN PROFILE 3ITH PCINTS OF -
VERTICAL FLECTRICAL SOI~NDI* .

B . &

P

L



Apparenl

e

th _ ohm.melers

g

witrn

resistivily

VES 149

§ = 520 mhos
i >,

H=2094m

Fi16.2 RESULTS OF INTERD
ELECTRICAL SOUNDING CURVES.

" Electrede

i 0 '
Spacing in  me

RETATION OF THE FIELD VERTICAL —-

ers

igpoe



-3

P o

a

B
) -('u 6004
Eg 800+
a o
28 100.
@2 goc- ’
gg 100+ i
38

VES { Sty 2 150 Mrmms 148 146 145 i44 134 135 /36 (127 138 J30 140 141,142 143
Ly N — = =% [ - -7 = - S -
« - ﬁjj’-'—r‘ 73 .

joa0 1 P = JoSam l '8 | F" =7 !0"'"”' 25‘
x ' (7.3 m
e | | '
a1 | I L i S A

1012545 10 Km :
¢ EGEND
the top of the assurrhd Eos:- subsurfode con- suggested bore-
basement trocks /e ] tion of ,‘aull‘s @cwchng layer holes faor further study

ig-3. Gegoelectrical cross-section along the main profile at Tend aho area
" with the diagram of summarized longitu¢inal conduc tance(S).



l{:ﬂ if! ff‘ 14s

rl
-
T
@
Ny
g
Y
e |

'j\\ |

.:: /i‘a /‘\ {
: 4
A
g - ~
S 1001 \4 G#
e 0
- N
N
o s
o
)
2
1000
3 \ -
% ‘"‘:“h""‘--:f”— - '—_//—A
2 . S - e %

F16.4 PSEUDO CROSS-SECTION OF APPARENT RESISTIVITY ALONG THE
MAIN PROFILE AT TENDAHO GEOTHERMAL AREA.



\/

PROFILE II - PICKET O: DIRE DAWA

=

g S 1 - P [ETo s—— == - f - - N SR SuBsrEE S e S S . 2 ]
- - -~
=3 |+ Y PROEEE: s SOPRPR S— 0 S e S (RIS T e LS ORI e ¥ B P o
: ’ = ~ ~ #
Y B P - ——— “4-t-t—t—t-f--- g B e 1
. - ~ | .
_ FEEE === i3 ST S3 T, 6 S e Kt ) LS : s v ..
(S B B R B e s T EEER D oD B AR L 13T SRR O ok s Eas SRl 63 B B X s
.u.n e b =g sl v by Sl Bt Bt ok G4 Mt nEeet Ml Sidfh Pl T S nlllnlnumm”mmnm..m m. m. I” !
= = o e o o o T o Ty me e Ty e ot -
o T e et ity e G A Tl P T (s oS W] o Iy S B T T bac g 1 om
: h . ) 2
- B e s - S . ¥ -
T oS —— - + + - I “ Il ™
P2 T RS | T TR MO LR T = R, 1A SE T 10 e 4o S SAubY B B 8 = B PO R B L B9 B } — vy
=33 T e e B 3 e e r o g e s -
B R O S S e S e S g e S PR I B fete s T = B = S pe ok BERET ST RS s = = .
3 S o S coop et =) noses P : = B8 & as ; + o
SIS = - . - T T = o .
———— . - ! -
0 R ke T 3 1 1 T :
PR PR s T 1 5 s IREEE EL) AERAl e i
L~ 3 - -— . - ™I ¥ TTT 1T 1 b 3
t T T 2 i I m " H L + <ﬂ
= E . i : o ¥
3 1 ! CE0E L 0 I B00d F1 1
I =t doia 4 : 1 . A B i i i 1
# % ' et & ! FUES GEEBE L1 1 AN B 101 ERBL1 1B!
+ 1._5 -4 - — + -—— + + —+ - i ¢ .r w a -
: L H " i L 1 Q
= P - PSS GAFRIEAY S P S EOS p— W i - + I .
= i T -
-4 e s - e I e Iu——— - . R |
- o e + it -
) DR EU WG RGN (R - 5% SO g s 43 -~ }
- B Lo
- § - PR sl 1 - _ - -+ r~-
-t -1 -% ~ - o - i [
e Bk Bh e i prass fom
R R S SR Gad e b 3 .
1 15~ ey T ’.
Pt 1 = I3 DS : =2
a..t-.u - — t i _ s = - ! - - m.,
11 ) £ e o T A588 BRSA w0 = ;
IS - ST 3 S Bl 0 -
S B S . 17 1 Ll BREE L fide m i -h F
: . L
: ¥ -
RSB Tt nas arndp i=n =
P 2 B3 e A L R I e 5! o
- + .
o= L) Euify fEb il e 2 o - T i o v
I G g e . w8 18 _..ma:.. = it o
£ G @ i N T ~ :
o x + 4 bt .
;3 154 T |04 AR W 4
-+ 4 {E S - i } 19
3 1350 IRA! ~
i Wi - % —
- IR HBR .-Tl..!llll-;ﬂ. i
T ¥
- t _H_. T i o | Pais————
55 i1 . $ - - 4 ml
Y
; L]
[ o pues B o
) ' ™1 -» ™~
- ~ -
g 1] T —— -2
=l > - -~
- = » [ T
- : ! , .
Y b0 1 i
- !
> T -
, |
it
i

{4
-4

i

4
-
i
]

i

.nu....v‘__*..w.” LS ey

4

-
+
.
-
'
’
|
1.




- gy o Y Sy geaeg SEpgd pewaes Ee s S [if«§ - B IR I e el = “
- - el -— —— B Tt o Rl L 5 5 Sl s e U (R (- uH =, 4
I R N S N S S e e e Ll K s S B B T Rl it R -.u._.rl “
Ld it ~
- 4 -14——t--—--—t=t—t——1 1 [ e e
~1: =5 B TEEEE I Tet] 1%t - B s I =l S +T1 "
= = = ST : = el ps R
o = ==t S 5 T S £525] B2 T » v -
-t = B e e N e T T =N eifrcccfoeds s frecefroms e -
F EH ==t : =
- g = - mr = o 1 " s G -
= = = R T o - ’
Y Trrri x ;s I..r * It
i F ISassAne: : H 2 rasas s AN
- e = e etk e == o
r— it L =< - -~ = o e = = — - Rea s iR ITIR T
=5 e e T e e s = =T
=z T T T e = T T =
= i e - - e o, 2y o T [ Ed Pl et
.Y ey s S - eias - y o U S-S S ) Sy Sren iy g < )
4 - & M + x
i —— LY : T 59 B3 B3NE U o~
i . 8 i i 1 5 LB B 24 5 R
4 SLLE 2 ) i ERS
: et - “ e o
- A0 B e 4 Tt T
: ] ! 1§ & 18 RS R
I : L : L 3 LT 134 I
8 8 3 S\ $BOIE A YRS R RAE 0N G S € 8 75 1106 SARRE i AL L
A5H B ! ! LS & i
- o o shos =t 2w s = 2
s o e = o
[S& KA @ 1 -
) 1 + b G
% 0 ol DGR e o2 ! " m T
-
il - . i 1521 5 B
100 S
= B = CLmnELEIL i = SIE STEAN S
= 83 #= 5 : - dob e R R R T
-
: 3 5 - -M.P. T o =+ JJ-ﬂ : -
=y f o4 = so= : 4 S B mme Hbeq pau 2 A o s potras bdmwas ~
- P a -5 A s e o o . =133 52 1, 3 -
4 B $dn i o ! i 0 29 A2l Bl 1 o 5y munE =
S it e e = - e 6344 haman mans 0 33 o s e -
gt w b} - — . = 41 T 3+ 2
3 ¥y 53 i 33 A B S B R R et o e R e : STepTare =3
e B3 T b o S et bett gy ol e poomad e g vy S T e e v e D 7 oy Py i
o R B G Y =t R aaes =i 08 R B2 e s m e mn et at 5
SR Es = oo g e e e =it : e sre e m s o ns . )
28 & b P B paammnay S ool S .._~ B
v = B0 DR N 1 1
8 23 1o - M 004 851 5 6 8 e 3
S R g [~ T b ! 18 53
. = —trr o
= - S — ceefepie . *R S s
€ Dl &6 8 B3 B e #88 4N EE ) 588 -
- - : L AR _
JEE RUARE B ! . —l
2 P2 8 R i it ; : ! E

rig.6

PROFILE II ~ PICKET 53 DIRE DAWA

- . e




PROFILE IT - PICKET 10: DIRE DAWA

-}
m.
3 o ey sk
B S e m
g |
. et
e s fp ks - |
: ‘ T EESRT SRR _
-4 : A e b
i = L oy b B3 T L3
. : SRS R - | 2
—y b = e [ aten e e —
E s 103 dd S R i
el top 5 =g ey AR D L P L]
: 2 B = Wiu++ . {
- - -— ~
- e e e m e
= i gl e = 1 2 24 L
T T
B
S R o
e 21~
-
- -
- -
&
— e
———— &
g
etopioe . | ™
o e ot E
S !
== “ &
B (&

25

Fig. 7



DIRE DAWA

PROFILE II -~ PICKET 15:

.M‘ o

.-“.*ruil._lll.llL e

= PSR T ik S Y S Ml iy DL e
Z e = = s e
. = =5 = S o e b
e et o B il
i = s vl G 19 L
% o) il e ks
e s ey 2 Y e g i e b e B
=2 52 ae i = o e o i
s T o SRR LS Ssa s Ea
Bk 4 B W i B B U Gy
I3 o (S 1 52 e g e

w3 20 i )
i ) G ot 5 Ol I bR ES
ol G2 e lepik 5 s Ll L1

IS by e L i B
o il - S R e o 1h=
a2 ol s B it

L 54 o
. -1- it ]

X o

7 B 910

2200

e
B i

100

B

e i e Tt

———

ig.



PROFILE II PICKET 20: DIRE DAWA

|
e Soommtm— P S gy suae Sy Sy PPTTY P : - 5 iR X
- -
i » .
meeed = Aok Iy i PSS N TG S e - 2
= A f0s el R PTG - E VT SRS N  SSNEREEE i N 0D 29 TR W s F W
- s e e TEEs -
~ e MR ——— W (R R QU T Py vy ]+ 5= -
= s L i) ) iy ] e B s g =t
- e B B g : =11
- e o o v @ e i iy wany = -
-] S O I Ea ve308 NDESH DS G GRG0 1L L 1
Le il + - MRS S QURAERG SN i (NS pem o B =t By
= e = T Bt e [SREE SR e k2 b2 SR Bl -
= SR S T e e TR
~ eon g e T ¥ R et P s ece 2 e e
ok = ez = -~ : .
= 3 38 = e = Sns
T ” ~
et 4 o s e Y (s e ¥ ARPE P .
P : 2 G b o * e e By B B : i e R
- -- Tttt i I i 78w {11 B
ot + It ¥ 1 i Srmm o Y 1 R 3 1 kR
%€ g S P T I Bl i F H9HE EVEAE BB X
: ! 22 qnu : 1 IUSG E 9 6 6 i m 4 FEUEE BERE N (715 Hut !
T T ¥ i1 i ] : i - EE AT LI 1 A R VL L 1
1+t 4 e : | 5t 25 4 + T 1 t t 1 e . 1 .141.-.. t
fete e bt N + % S Bl e R _l._ﬁr S ".
i, VL 4 15t ] IS B | )
G B Gy s dite it Satanges g : - —§ - {1 o e e are
57 7 £ B peesa gy sease A s = ! 5 LRSI £50%D 1N 7 3 10 o v
- . . 1 e — -
L8 EWH |
M A B ‘ R i LB 1 a
T T B T 3= = D s S [ T te e -
rr =R = R e s e BT S e T S R T S
= - = 3
= Bt o nn_ S A i S PO AL e - = : v = -
0 &8 e o ok = T bbb
- N [ s etatts vl metl] B w + 4 =
Y ey e s B g S SD A i i et T T
o 4w frethets FE i - u.w ¥+ l..ﬂ.#ﬁ.._.ll...
o o Pl o SR TR ST SV EY IOt MRS SN T mea o0 ke b
i il (b A 8 S BN B2 Lh0 (RoSs ThaE ISES NEA RS b
3 T S8 A S K e T e e mas Bt b e S I "
LT e B IR e i et e Se e e s S R T
-3 6w foem ESEaR G bipes =
it 1= bt m e s e
o D W - Eues g =
~
N Y B . 18 Bl b1 - + reg rgen oy
O T T Y -tad v § 4oy ded
-l ok e o B 0N IR R
K= [N T - T R e ~4-+4+4 -}
* I R R B T
Y (4 N G QLI PR AR T RTROT (S SRS PRGLE i ) i1 "
ol s r - -— ettt 3 4 +4
' 1 H
P N Gl BN - l - el R e .1..4..__. -4 *..ﬁ.'ﬂ m | 1
g e loe B B S B T e T - -
—. m d
- - .- - - e - .. - .- - - —r - 4 pomkc Bk o - - - -
: + |
T
} ol
2 - o = = 5 23 ey
. -3 4*“ it o 4 o
: 3 S =
-
- = o o o 2y o .
) e il  Fe 8
g - Voo bt
. - - - — - 8- -
= = B e e a2 ===
-1:43: Y S N S S 75w
o - - - — - Jp— — L
28E =
e e fonn ==t PR mesk] e - .
S 1 maiel] et oo —
../u = o ae pe e deees

2390

-~

230

v 174
9

Fig.

S

6w




= - T S SR pa o WSt SeCigeiEe i ook T BT e permeted he e =TT Eieen) gETIsSiiemT L SSn DT A

‘Il’t

443

DIRE DAWA

= S \
B = a o
E . g i Mln.ru
- ! 9
e e B =5 $ ™
8 2 s e - — - * “
% At o S b
1 ! HSE B '
B 7 [ . 4 b ] Ran .
- 3 e e i) 1 +
8 8% 42 0 P85 4R S 84 & H it e .
o e oot o poms mpsone fms govrie s o = ; e B = b
= ”.w -
.- ] e
T S I 4 -
: gt = 1 )
= L M_ ©
]
1
1 1
!
!
i
I
t

17.2

: = BEEEEES
> BRE!
B o Sem
L.
) Al G 003 b Sl ) b Al AR RaGT Ty SRR C; ) 10 17 !
D NS N S .ni.l‘..:;qufai PN - v.»a! L m m‘_ s
) 612 et Lok o St P KT B B0 : t S
it G N I R DG RIS Bl T A B i I BEEY '
.1.“ - . 1 —r ™ L4 1 iy .+.. .W
B2 10 35 ] Gamst Wbl AR ROl e il ; 8 S RET
L A W] (S DSl PR IR o B el S e M DR vl MO L?m HEER i {
4 e S BRSNS Ty &4 I = B T 1.:..._ I 55 45 I &
P ol B Sosly (SLIHE: W) I RET RIS 1 - SEL AEEREE &
; L
LY e PR S SIS R A I T B VAR SISO DM i DS BARE T B u e
_ : - &
- R e e R e e R I < .
B i RN TR R S RSN STIEIEERETI ) T R PR RS I ARt Ratily s SIS BESERNAGUSR e O el ol Tk FE PRI SRORHTINE TR Bk ™
RER R P T, IR z et = * 1 4 B 4 & R
e 1 - s L s
T 9
: w

PROFILE II PICKET 25

&

104!

Fig.



- - - -
- - - - . - -y
- b— - |-~ PO - -

DIRE DAWA

20.0

11

Fig.

PICKET 30:

PROFILE II

% T -
g e == A
=11 = o ;
= =
iz = Q
s 32 ]
- o
- = T -
b 1 Q
-1 = - S
== et —~
= = - - v
= +-
= SRR e e e e s ==E=E i 1] e
—f— S E—— POy RS - i e ~
d=smasis 7o T = e i 2 N
- —— e e - T =
nE e ] e SEEIree=
2 5R 4% B HE i BEE SRl iR T R D W ) 1= 1 E0 FE 8 I G L
- 1 H W ._. ._". 1 u 13 l
-
- - LY
e
- !
i
-~
+ o
0 v - i
- -
B t
e - 4
[~
- . -
-
= 2 Fess
- . P - .
. L3 - T
I - o s
"~
- ne £ wns
: H 582 finteeha s
- - . it
L5 5 133 5 ._."H L
i —.n Pa— - . + i 4 L.
= : mE S 1 [RS8 M..__U.,s I
1 HH-1HH P + 18630 1B S|
- - 1
2 L)
@ i T b
L]
~
©
| o
o

5.5m




"

]
I
.
i
:
3
14
3
o
'
H
\
i
‘
'
'
i
]
1
|
i
|
i
]
]
I
.
}
1
1
}
4
|

150 m

2

= BN R BEEE TR -
== 4= 44— F-— =13 5
= % B mee ¥ - e B h = w
m g s b o~
- g - - -
220 B o I s B R -
- 1 myer ] T 13
R B e e e . S e e -
£= o 5= o= R Beras BT al) S Rt =25 =F :
o o == ==
Erey S=ies i = el : s ¥
a = o Iy e e ~ ="
- bl B e o -— -
x T = i Ll
4 " 1 1 - 4 £ o
= EAE B
-+ = 1 % 3 i S 11
by il 3t 3 .4|a. ! “
gt + 2 ) .-
A NS PR LRGNRG G s
-
v e g e f - ——
=3 - - - — -
=t S - R -
e el oI S — n 2 = S
o3 & S IS I e s e = e i b % 3 f.
3 o T
op ba - 5. o O e % 2 9 59 {
P = . - < 2 T -
‘ﬂn...” W - . +4- v v b ) GeeED ryaT 8ot
e ik = 85,7 I ' g
P = BER sk St I s P e Lo B e 2 e T -
e 2 = e Tt 111
2ER B= o B T e b e e T mmem i it
= - - —p . p— h 4 -
12 og pd S8R B S i SRR sabE Al
w2 e = e B iy s B3
8. - LY
Ly BT Shok WD e e D O o = e s e e f—
R A o 153 brana en i s ra e T 1
2T [ IBE0 M4 RERS BadH® 1o pbd — “ H I SR WT AT
- re - + PT e P adnen
- : T B re .
: - AT b < T
+4—-t1 L Bt D e Rt St - - 1 444 ¢ 1+ - e
1§ 8 B ¥ 1 A £ A 4134 $80AE LA
TIT R 18 B il R0
o B LLLiril: i L
1 * 1 ' 1 T " »
- - EE 5. 3
- - o
- - - R - - v - . ﬂq ‘-
i -
. !
vt
- ™
v S 1
T
- T e oy ey e -

PROFILE 1II PICKET 35: DIRE DAWA

- - - - iz B R Laikd M < \ead La s o .
. ; . idd 1215 . Ea iosdSSFEEADE
M- - - . 1

's0

25

12

Fig.




IT PICKET 40: DIRE DAWA

PROFILE

-
= s
- -
= e e e e e M) S
-~
- b 4y
e il e —_— = n iy »
o gn o LS = = =3
= o o ===
—Y-§-1 - e —f -
H-+-4 - § - ——
55 oS B S re o
o ks s -
28 R p = i e & g T
¥~ §-— - —t G AR me i s
2R e s 22 B e Y= =
= o e e
— ponm = + rd -
. o - —— -3=3- ¥ b S E ¥
k) e B "t A 5 e O r I T T
& & e PR ¥ L
91 T 1
J T 1] 1 -
L4
L. 1o M e + 2 1" i 1
1§ T RE B IR L PR & 6 8 + H 3
|2 ] lr-.ﬂ e i i ._.l_. L] bl B ™ ! .n— 1 1
¥ pE e 262 EB8 88 B : it L1 18800 BB R |
U} | [
+ - i . 2
R BT S 0E MG M SR LTS s W e e el FMIP YRR W £ S - ¥ Tt ' b
= B apm - —— 1 18
e - — -
t T 1 =
I} T LI H
G 1G] T + = ) t t11°
= X = L..,rdmnlm.u. < -
= = = Ee L
S Doy W 4 ~ : LT
o o . e I .
3 gE 5 e > 3 el s 2 o e B > »
50 G4 o0 o b 0 13-
i ) =] 1 1
o B s ‘ ot f B8 EWE N E W R L b
S |
v 22 m TtF - = o
k. oy B3 =. 2 g Sw e T I
2o o o = Tie oty 1
gy = b s o v o et ot
23 of Bs : L e =33
S ES =6 - s - e o
o0 B —+- ¥~} - ¥---1- PHSS S Bt I A —
- - -4+ 4 -4 - 4 - L“..1 ‘_—M 4 ‘| ol i
s — aEeE ! .
il B B 3 0 e T ' ] ¥ e
S - .._..t - i - ot Ry rw - ” -
T $311 T
sl Lo s s s s -+ it
b4 — e el 4+ 44 +
- i T - e AR B i s
M \ 1 t
-1 - 411 - - e N R  —
Ll } Q.
. o B B Py : o
LEN D) L S = +
-
POV W e e =
=0 R e 4
- — T i T L
e R b s 2
S O] (e ] ey Y P 1S I
. e -
R MARRE MR el S —
i OS] MG SEEaLI s "
5N 108 by e it & s 1
e 1 . Pl S T
e e
+
P M
+
i

92

13

Fig.

80




s s TRV
2150

250

130

s & 789000

1285

4

DIRE DAWA

14

-
H

4,C

2
Fig.

12

PICKET 45

PROFILE II

E &6 7 89210

4

- g9 -9 L ER S A B B A LR LR B | -y - 1 - . R T — . bl iy —
- EE 20 B SR EEEE ER S - - - - P T ™ - - -t
-4-1-t—1- E- S AT S e hal S BN GHE RGN RN SUERS SENEIRE S m!tt ——h e g
1
6 EE RIS S/ PR JEIREN BRSRS W S P SR 3 1+-1 RIS PRGBS S -
TIET D ITT oo FIEE oo ST I Tome B m e o BT BT o e o LR Tl STs s
I3 == i s e R e e bl o s prows ammid P v NS pe L LI L SN S e
et et SETET Sy I S T NI — PID SIS o &4 &
= T A D e ST T T = — ~ 1 F-3 1<
o n e 3 = e =2 o S S e e e e e e Pt £1 2
i o i
v —= —f - +- R N T e &3
- ' P — e i
- b PSS RIS G A WL M0 A AR B
o 55f 33 BE RS SR e S = = - TS e
SEEsEs I3 T e e x T T e
4 s SR s = ~ - - +
= ~a 4 e S s s
- .‘I.. [ el B =~ : -
I . 1 - v e > B D ) CYRET RWR
I " L 3 " DO B i 0 8 B8
1 H 13 3 T i i ol B3 1 B 1k 0 £ . 4%
L - T I8 W1 361 L1468 EERER WI1L DRI
: L e 3 i ! > L H AER EUDRE WD
X S B 3 I 1 1 1 ¥ . 1 1 yo1 1B ET ISR ET ..T. 30
¥ 8 B t ﬁ”.___ 17 T 1 1 : i dm, I 44 Ah
LR LL.LE ! ] 1 i1 1 i 114l
8 & = T T Tt il fors e pobs
+ § o o fnn- —-- - = e - oo :
e Ty L 1 i
- — ] ~- + +4-4 +
— v . - B s e N - e I w . h_ B e H T
|5 1S 1 )|
-4~ $ e e &3 B L =
e e o o LT S o prmt e e - —f———fpr——t= — BRet 1 X2 BN S T
SES g RS 2 SRt e ST RS : 2e 2 2
=B S T e e P R e S e e = S SRR SR R TR HE
> ) Tl L b - 0 Peon eosom 1o e e BP0 R
+ ' - 2w v R s . - - y ] 5.8 L0t 1 o 8 B B & B q» L8l 0sa LAY IS ANK
- s T o 8 o G D! — -ttt r=t—t—f - L3004 B -+t
T = et s G2 i & R SSnars B DI M90E IDEDG S 8 I i A 1 A 0 6 GO0 s Eei e =L
s trET o= O oIl omhes e i 51 SEEa et £ B B By [B0ks thTes o= et = S Pt
S e e T e e e T e e e e b e e 3
— - T IRSeS RS e [ Ty === B e = - - s baza
o8 faree o - = T sz T 3 o pa r B B it LAR:
4 B4 g b 2 -l e v R Sy T Y - —h ™ . 1 A - <t 4 ' ”.M.n e s
t - - -
. E yod e R e
ISR 8s B! - N 41 53 8.8 BREE T+
+ S R =y 1 - A
8 W |l | 3 i EEEYE HRA W il
i Fl s 1 Hi B4 T AL R B A ] 1l
| | 11 B 46 A 0 PUN R NEERN WA IBA R
R e e B R el ey
-+ ta R M T NE0R ARORS Aestttat
T | ] ! 1T
== i — bt " -
=
- L
o 1 i
4
- [
'

5.5m




1 - - - - i e ———— iy s e —— - - - - —— e "
1 4 H 1 -
- — Yinte S o p— T B AR R EDT P | e i
+ -
= =t S S R s S B Sm— Sy Su Py O S0 PSSy PRI NS BISNEE b
->- ~
o o 6 0% el IR SRS FESES (501 NS TS S TH AEE B B G 59 )
| 5 = ¥ e e - &
= b e e e e e e ==k a 4
S LR = Tt Iets b s as Pl SR
g el — - = B — e 3227 AL Tl L T W b
-4 -§=§-- g g - P | W - - toud
l“I_M .” H e B Ill.l] 'nll-ll"lll.ll..l' e = B2
edad Ty a T
- -
S =D — . = 53 =3
SIS = — T = 3=
- - - - ~— ——. - 4 —— > . & -
bt ot o 9 - e 1 4 3=
-y = S e - ot . b+
- - - - o - = - - -
B D W — — : DD SRS VW S S -
- - P e, - e | IR
- e > - - ++ +
v IH .— T ! T
M PN B o & T T ALK B! i P
.Iﬂl.v : ¥ 23 .“ll —

D P SRS DO S AN SS— S— - e f— e
= o e e P ad e s = ey o 5A0) P S G 0n e oo 5 ] BT
o R LA o2 SR pOCAS RSt SRR FE00E S ISR GRISER ) R ST I a: = vy 2

e

s & 7 8210

DIRE DAWA

15

Fig.

- - G e 2 :Hlonn - — 0
= o BESET I e w2 B9 RN z:
'
"E e i =Tl B BW N (e s A P T
: S e (4 e o 0 R L e e =n
- ' .
o i e
. S B3
- o~
B = - S nmmmm i se iy
as I T T ym 5 B B8 s
[T 14 3 o T 24 -
- 4 - 1bl 1. 3L } ]
b i 1 1 \ "
34 6 3 1] ¥ R i
5 | |
= : s :
- (U]
-

) St —
5 O iy e, oo

PROFILE IT PIKCET 50:

Y e e e
HTI = et} e ey Tred) S 98 e im0 W iy
TR G W T FSREIS 19 N g i “E0 U o
; # =6 B ash B0 } sty Mol B HPRHER L.w 1 B R A RIS .38 ol G 1Y LSS Sy 0385 B2 R
ettt 1-t—tt—t——t—%t+tt1+1++- H— —— R e e B B sfepipdine
- - - = - - - - oS - -~ e = - - -~ =

17

B & 7 B 910




DIRE DAWA

70

170

s 6 7 84810

4

IT PICKET 55;:

o X232

gt

€ 7 as0

PROFILE

T B R bl g sl e g sty $G = 2 Soa rel R T e e W T e il au.:?:w..o. ¥ I —— —
R I : =t e m =z b
+ - : -
- s sl o . B B I e e Lk I et momm mmaid R S sy | Y SRR S — &
b J N - . pom——— e
cefrep— L e : e
e T T T T T -
= = el AR BT SRS B i =
e e et s £ : =
- — - D —— 4
N s re
tanaom D 2eq e <
s >
-
o e |
ey e . — — o s = = -
- - e e e
[E S s S L STy -
l_-- e SEERE el R il s = - - e
o = o 8o trmanes = Dk Gt A b SRR e e B T % = .
——- 1w - -
f : 3395 e 10 minas sum : L eoe sEa0a amas
-1+ S - e t + ++ 14250 EARES B1
i : iR Ly ¥ O i tE e 14
~ ) - - e - -
B K i i it 1 i Ll 3 : 11 H
1§ BB B 130 EEAE B | 134 2 i L Ll IR EE aNEmm
+1 T B ~+ T e 109 A GBI B T T
2 ! [ | A B L i TRE A
Y BEE S L4 ¥ R =T
1 L
T S N e N v FE— - e 5 Sy +
[ 0 JUSY SDE NN SHeRs LSS s paeune S -{-1 — o
i 62 Wil WA 125 FRE 0 B — 1 —
13 y
B & B Ba &5 [TY SERes i i S JORE SSRGS BERRE 151 :
R e e e e T e apew s e e e 523 PEREl e
T EE St Eoped EEEt) Se sl e e £ £ 37 T g SR e i eaE e s T
% O B e et s, e o P il o e o ey B2 1 s T
o e e B EEEE: B s I T Bl o fak Shien GOTE M TARES Tenes e i &
4 pagh (e BT R AR R T 1T mﬂ e i ] 55 R 6R A i
ad po b& — 3 i =1
w - R Eee - 5 Sl b BE P RS (A0 NNk EE BT TLANE EEEA 6 A e R
#5200 MW G M) + - < Vil fad i —~ ! ._ :
o3 B B3 3 - 1 1 g e Eess aec e Tty o e
jeyes= : ey ==t T
ety 500t i Bt (it RS b I
s2pi = T g3 e 3 = b :
BE S0 [ S0 SPTR) PNNSE R MRt PRw - . ros 1 . I LTS 1 . T 1
+1 8 i e rppe e py ity e e o R R E B e T o B
50 58 o B o : = i : 1 - i 1A R ANE RERER 10t
431 e ; B : . Tl
B 71 ST . T 11 M
i i BL [RE SR B S E D L I 8 B B B |
11 -t 0 SEDaN B NNES T 1 ATLT i AR
-+ FREE AR b < o + ’ 158 8 »
} 3% 11 | (B ; Tt T ¥ 1 1 1 |
1 T b i B | T 1 1 T ¥ 1 T T
g bes . ¥is . ; B8 !
T B S I 000 SMISE QR TESOT AT BB T i B R N 7 - i & jagx ad eaw -
T T 3 T TLrl 3
TR e k) ) DI IRMAtS! ol g 3 s o e 3 A AR & :
i ) 4 BB B
gy VGG, BOUEE PR RS B - ; P b 4 et
bl ] I3 3RRAR BRI
ks o bl i ' H S !
g e s, s IR RRECT 53 05 S8 B L il Bt il s I EE R R et TS Se et s A T
o o) e e o et B Ll s oie tari felraed praemoen e % e E1md o ot M ks bt e L el s 1 T
ol ok noN s U ey, g - Al Sy, it 1 ¢ Snaeid e IR IR Bt :
= emem s . o smp = Do s Bowg S sk S A R D i i e D s ¥
i . -~ i, | - PR, La 7 S RO, TP DL S S N 3 Ay = i 83 % 18 T
-t §q . pEsiol A () S S e i B S e SR S— N (NN 1 FVEEE (MIBER 5 &5 Elada D K N 4
M GH B
ne o B
I G rah SOGY SIS SR Dubthin WG P Punared . DEBAmY S By S Sl ot ST Sribane S St S i s S e S S e i i 5.
% o D 1 P LGS BT B
S R D% 1 H
R ™
b BB 1o R e " =
5 - it ’ — S i’ -+ _.1..“4 H.MHMI
i SR TS MG [ P A - bl U LLI =
A S em i as na s SR HH
A: : ey 11 1 f ! 1
tor S Yt SRR EY ABHE
<2 piirilt A i i R 1idl
s =

RAETR LT ST omsanEY s Sia,




5 & 7T o810

e §m —y g p- B reeshromafones a—r — e e e T = H
e e B e o N e W 0 TESOE i ety BENE T §ibo fou e a
-
% B Pl e e - = S = I S N 1
hd =y 1 ~
il RIS TS Fu .
. -
= s — o= IS S b35e] BES s = B
=5 T o 1= { s ey b = h
T = e s i
se 8 = % i 0 i 1
g~ -
o e 1 -
—~ - podk S EE N 3
e 1 11
= - SN E mE .
— — -
— oo : — e T S5
u.ll 3= - - .
- +
b e z
5 = x -
o aon anem o - 31 seanam:
' It 2 @
S ! La 1
A 1438 00088 S8 A e : B
+ - . -
s T 1 1 T : t 951 PO AR B!
M EGE B il 1311 1 31 .t LT Bl
¥ \ L 1T 1 1 ] q—. 1
- werafemie - e 3 e —
P IS OwE o s . w3 e
[
|- i - m F + i = e il | +=
2 ¥
= e - . - . +—
- CrlIii:Emoo i iTmat Ema o R ET S o s rmmoz oo ::
A s 1T It 1 jsoestares oy 1= 1 : =
R iTEs n 1 = o= 1
- - e o Tn rE e e e = = o romee e me e -
f~§ o = == e o B b
m 3182 I 25 13351 SR0TS Ion pas - : = 252 B0 == 13
. : =
t 1t r + T
= -+ fer o EEE R A4 1= 10 d ja} 54
- o ua T 1 -4+ : [ < - =
R 28 S5 B mad st - -~ [ T . e :
e 147 :
- 3 23 B3 58 Ba5 B3I I3RS oI A = =
o Bt - = =
ST B ne = . be ER]
1T - ;IJPT{ Sadg g et - PERET Dapee
T, o 68 (et & oh rifei bands da s ¢ o e i e
e YRR R B el P w08 pagew = T
- + 4 + r ¥
Q HE 7
(0] g b f s :
dd L] 4
-4 § - -9
& B
- &8 SR ER
= 2% Ly B
8 B
i 13-
-l § 5+
H EErEE -
[ 3y 4 =
O - . 5
“ - - H IL.In
- v = =
i o o e o
s T B
- % SEFERSR B S
i 8 -
' t .-
m L .1.! FY

! -
e - - W - - - - as - - -

T 8

44

e

- S W -

8 & 740N
L ol

38

18
Fig, 17

- 47

e ———

40 o m



DIRE DAWA

PROFILE II PICKET 65:

12

2.5m

= b P4
s Jee e ———1- -1~ 1 = ~ - N R I T I I T 2
= 3 ihesss : —mee e 43 [ITY PYRSS Nty (eeq pawam & aps "
~ - -
=} = .. - -1 - - - — ll..* . RS DR T TR T o 0
- - - - —— [+ N

1 1 i 4 } . i “M - u

L < = i & \ '

g T e e = s s s == £3 = =il s 5t ieeid & - . {

3 — :  ——— == e -
- - e X ~ — ot — A
gt ead bam a - - -
- 3 T 1 T =1 - - 4
» s m. i - . m > [
r - = « o S
=epetegies 4 1 $ 11 1391 15 598 DR E 3 (@]
T - +1 . B L84 2 B H UL re i 1 ™ -
maT == == —— e e s e = —-== 3 - G
3 S S Et == 3288 St eees £
3 = - 3 + =51 e roeas o
b i 1 re o 3 +
o e ’s % - .-.n > Tl X
-
i P 5. 3
- 5N & T 1 . 4 2 +
1+t e a1 — + + + T 4 51
1 L i bl 1 I i - il L 1§ b 1
i i Le P 323 R 111 1 14 B
i B I 4§ . 1 11 B B 11 1 I 1 %
9 B4 " i " Y " : X " L&) & 3 i 12 B0 el 1 1
& 2L Tttt 1 o B T i LETA 0 T T
T il T 3 § _ Tl &1 __ T “
: 31 INER B - 4 MR @ i ] 4 e
ps e o = T L3 t >
- rem 5o 84 3 r -
L3 L 1 1 | LA 1 L |
s - STET B : - T ! T - <
e v v 1 u._ __— m-u ~ s

< I - | il 9 HEW 3
=2 BE =1 re— T 24 LR850 B -
e == = - - LF 54l ) o

== 5 S S 3= ey = 3 v
SERES S et = = i i - "
: - . — 3 -
e (55 s bt - - ] -f - - - - - ~
b2 - s S . - L
[T1:1T L 2t .n.”- - =z 3 i b " g 2 Hits 1t
- + T i >
I3 BN B o Mead bit i Ei e e b et 39 8 : - I S Taea dun: Y L
4 BS ') I 2981 PRARS B A 1 T - 12 ! i X KAERY R A vy
v g i st — = - 1 - T I I _& A 1134 91 4
‘ - "
B e S  ESEE3 e e BESas e e X 43 2 B = SIsEmazrzaog T
- - - - = - e N et o - * . -
rg pm = T T : 1= F‘I‘. (T
. e e 8 = . + = b T’ .
S EE N N R e e T sposye e aas : a1 : ; i o o
L] —§ =1 - - [ B S—— - ~— - — — .
0 5 o464 Bal W FPAtT M 1 : k 81 1 1 1 !
- BT M : T ¥ T o H } teet

3 1 i | 3 I :

- : - 5 v _ t : : 1 .
AR _ 8 i BN R i
T a7 81 1 BE

i | e
I i B b B8R T
+ T T T 1 = .
= = ! ! I 3
- gpopedemsy v 20201 o
wd .4 11 b - b 2 ™ -~
e T 1 ol GRS BRI
- £ 17 1 IRE4 A X1 ! i bedn R .
- ~ .
41 -+ e e B 3 ...J BRR i ; c.m....r.
: i 11 il RS RillvinTn N
s o e et = 2 -— B ET = e PR = L
= = =] o e T b = . L
-1+ — e e - o 4 -
o m TN e O e s DO 3040 e R R B ) 5 %
-y o . PR ¥ T
- - i < gt ! o~
- = [ H ] =T h
% . - = o
= S e e e T e e T S 2=
-y - IR R SRR e e © G CCETTEY STy TRArLm e ———— s e
= ko R e e i By e e T T
- W G s el SRR DOS e B + - L] -
- v v ] v .
: s ~ g
£ - : 11 11
- - — - - +—
: : e c
e - — ] ' o . o
- -t - 1 1 ! ] r~
- B T X 100 B!
= = feand s o M e S — - 44— ; - IR 1551 ] : 3
w A0 s e o s B R g Pl reenceagioo g
> : I 1 i I 1
T 3
! I LT T rm::. T 1 5 _ :
0. - e - - - e g e e W - - - .

Fig. 181



- ' S MRS ARy DRSS T T ¥ vl Ml W ol RN B R L ot hed (TR R b G el W e el
e N Er] T e S S (e PPt YO S—— By B Sy e I PPN S YOS S W -
- - = ®
Y- ry it B b s | S - . o e et EEESS TR oy re -i.ihlp -
= i [ =
+ - —— . -1- s -
= e . -— k- EE B It sntt EEETY EEREY Rl RETSY ERRTR R .
g SO oot = IiiISETEE I 3 - -
3 s 3 = 58 BB ST E=:
— | = 1 = S [=g o ST s b o
E — - - s it = T T et Ea o v ay <oy i -
- } - - L b - ) & = - b i
T - 3 - 8 o -
- r = i | b 4 4 L -
, . e -
L 4 i i < Aisd : 18 BB " .
o o 1 1 1T o 1
.- 1 TII T 1515 88
T T " ALid et T
e e o o ——zzzccs sz : -
3= 3 - = v ! :
1= —~ T = X 1 -
- - *m |q.«.- = = v ~—- = e + ML T teged
- ——— e - prap 03 - . i ﬂ oy L EES ¥ T
™~
p oy L Le.
+f. ++ ; + . FiiEw 1 4
' %3 B8 THT 83 1 il =11 :
1] 4 BT R *y 1 > B . ] & - T T mu_
= . - ke & . BEES | 1%
'8 4 Ll ! i S B H L4 ¥ i s i I
11 |54 383 1 i ] 'S W1 il L] H : 1 K 12
L1 Pt MY I I8 i} H 18 88 A1 " B a8 BRD Y B i
i i v i i 1M B P S5 WM il. L b ot i4!
B e T L 1 = ” 1 | * m
SR B I = e e e - {— -4 +~— REXER] 4 -
-
oo ws TR B o | B IS O y “
E} wer - ——— - +
T T v ] 1 1 i M| ™~
L B it ot - e I .
=5 4 e e e e e g e g s w
< E 3aas E=n s by oy o = = B e B e 1
. I e e il S e 5 e
--
- wabh =i - - poe - - R
[ I 53 ESIT e ey ay Ey S NS IR A =
+ PR dy S e Shey SR Ao - s _ ) Seu
b e B FREDY S u &
- - -+ powmo -
m 4 ¢@ b s o 2 3 T TES DA 8 WS O mes g 2% ui o i
Fie T L 5 A R TE7 FSTRE 08 BT + ¢
R EEE 355s smmm it 11 58 3 o _ s 8a e ma
A e $ - o= : = oo ==
gHE 3 S B s e s B e s
3 b= TR et I 0 IS A | e o o ey e L AT AR L 3
X S8 &= Rt e R N R N T e pa— v
B =2 2 % 2 i dans L e B R e St R e e G e g s o wm SR B
© BhEfspsiha-bor o g s o b i T T :
~ BN S e g (OO PREISE BEMEE S -4 1] M . +
T i 7 1Y 'Y bt LR ¥ H P B B Y
B i BE Bw LG PO B 3L 1 < oy 8 ] s Be o 1
2 T 1% B BN B M T o I ¥ 1 T IR i
1 1 J B ettt R E - i
B L3 T3 00 Wt pwaq bwe IR 4 A% B 1 B [TV 041 0E @ NS 10000 14 5T BER B 5 08 !
T mern 4 | 18 B B9 WEN L 18] iy T
O 8 & Syt BB E B ™t ._ 1T _n 1133 1 ,—ﬁw ¢ *+ W -|H._.l_ .m
a : ] il v o LS8N REE LR RR |
o 1l i ] |
-q . . PO Sh— L e e £ B o = 4 - 11
$ e pen 4 I e md rEnirs ! A, e
= et Dt I, AAEE] GADGT b, oA L, I S R GELR) ot [ (AL M L3 B0 &
- oy '
- - - - - - - B b s d Bt B
3} - k84 - S S e 2 B S Al S A LoD T At e s o ER RS T
- Bl R e B B Bl B s foee L 2= 23
ﬂ sHAS I Rl IS BA B 5 S e ro i hovis b nan B s am 1 R B e i ot
m & gt e T e o 1 TR T MG PR RSt ot radtel SRR S oo i 41 13
- - -, A e - - - J-l.* —— ey — ———— e - -
P - i i e st P - T a— f\ul...h 5 - -—— i|| H wl..u&..r R E
i B i Lo et S5 54 B - el s s el o a2 = A= s e
IR K e = B LY B e s e P frthin it (S S rpaay im el b  ppen S g
o g pa ety e 3 [ N S S . S A, S-SR e oy o Ry
i o paary i it 11 b e I =
g o By e eet e tna o § & e e e e e
T-1- P S 5 ST . S et oc T G e g st
el o I'I.... S r™i-r-
=y - - i bl s .
= I T =t 3 - - B R o
- b | - i L I L5 R I 431
r— - 3 ﬂ.w.!-l - = g - - -u L4 ¥ - T E ..— -—“
s L A - : 123 | B AN
L - e dllr]. - - - - - Qe = ~ ‘|' - - .~ S® = ~ w w

s e B gy Jilieaag A

72

200

VD 80

25 m

'Fig. 12



L Py e B T P e R R S =
AR T TN P A s, DS SRS WS > L} L e ETEF T e TV (R gt - PG L -
—_—— M) P SRS S (RS S S i i -
2 Sy 2F B 110 e BELET — ! e ~4-4=--f- Tew g oo o g
H - M
SEES N EnEa e = = e : = 53 28 i (11 samnumm o
R £ : SR T H 53 B8 S BB SEFESSESS o
=t 1- = e - = =3 S LIy Is
e fans ol syl e - ——— . , - - |l-r-0| - - -
— = I t - : $ STt T
T - ¥ -
- - - . - - o e -t "
: - Q05 BED S 8 :
S e — == = = & | S +-§-t - e
SRS T n= =33 EEm =3 -
—3= S s el e - e et “|¢|.l. T3 T 1 T =% -
* e == + -— o e  » o + ppaad Suae -
: = S ==k 3 : R SEle= 2SS R BT
=13 e epes pu 28 6 s rabey avad b D SR “.mro
i : . i
Ady =T LD e 3 + - v s o - ™
53 BE B s T TLLLY T + bedtyes e
% 5% &1 I - . - BAER & T ¢ oy 1108 BA% @ BB,
4 4 BN B L5 i = 11 — - ! T @Huﬂﬁh
-/ 1 ; - - : 3 } @ | | B B $ v '
T e to MRS 08 B B - 2550 MUENRE P @ 1T & SRR HE
] . ¥ : L i) T A BB 1 HESE RIS 0D g8 §8
o : H - B R il q ~ tiladit _._|
B I mEres $IT 28 A WSEOT ciwael i OTE @ o —fe Lot 2110000 B0 $31 13024 R
: i S I FROGw My o P - 4 - s e e .‘.If..flw =2
= s gms Earag 1 ; pes S 11 -
=L B e S g ROl A e LB il 4+ L s Y -
< & = J aazanass i
M o5 Eg s 3 : T . - il L 8
S EEERER S s e R R SE R S S ks ES e . : 151
5 EEEE : SR o i R e s Sn B IR SE ‘ﬂnﬂnﬂnT.lt SRS srmEmne -
385 22 =2 : = == =—== S EuST 388 Bi5eeels koS
[ S 0 = = B N T S SR R R e = o ot - Sl =
2 T ¥ e i e S R EI SRR IS TR FRaEEe
oy 4l &1 = = o - : IR 784 o
= FEEE s 5 S el e s e 3ot haas B o 54 o AT taane rmmmd waes nagas S mmmm; -
85 Bo) BB B . = 0 o ot e e usae st
0 =g LA e AR R B O B 2t 5e5el 1..%...-». T B .4....._441_.“. 854 h0kD ABMNS 5
- 5 i S B R b :
o X Sprapcieporatensatad : N P : pelbanet humw
S S o T 5 B s e e Ea i e A2 I __u .h.w..r..o1. Mr "
w - T o iy Bia TeT s med e mmm e s B e o o SREIT R
wn BEEISE e na b S SR r S5 : S toaes Peed Sovu !
. = IR e s b - e 1 Los § &
r~ Bl L5 B 54 e e > - - ‘i a3 bt * -1 = It + M :—‘ L ~
b 54 T o5 s - - e e o > - o *
PR 04 74 Su o Jert L 19000 j420d IDBRE BB e 04 m e51 4 s 41 4 Bl B0 D (43 A9 ¢ P _ e
: 3 > —— 8 8 | 1 T + 3
8 B S 3 1+ ! : i .
u +4+ 3 1 ._ - ' iy . ‘
3 i
2 R :
P e =
= 0 a
= EE .
_ -
w kS o r~
I 5 3 w
i B :
0y - -«
~ = -
i e ~
RRER S 2 e et
— 1 ! b O R ma <27 $EE R A S BT b4 B8 el 3a! 19asd duaas fibi bodss feuas ue
s k27 E3 LR R 51 & ; meerfrretgreeafe ey R 1 I G Ie1 4800 m‘m freft __r Tt RS
= i T rrecfoe { ! - il B H
o - ~ = - | i B P ._.JL «n_. I.rH u_-:uw.__._ H_oja.‘- ._1-_.__ 'Y t
A - = A PE RN S FR M| s B T T8 it fort gL
= o6 w ~n @ - g it = H1 2800 1R NN HItI 1M faSes OGN
- -

108

13

800m

20 m

Fig, [20



DIRE DAWA

s

L
T

*
f

s

| -
3 = s 2 e e 3 Ty B B e i I e ST P SpemE nosorEey O
. 75
7 G5 IdT RS Tew T THISE. ST PR IS =y | I3%S SO0 ey
- feyesr e e H - i = R 1 1 -
L
= e e b e -
SRS N e e e e fes s e Nt !
e e e e e P o s S s T = - :
=i | i
e - o
im0 -
[ 0 - ’ 1
1t i SR s -
S =I5 5 e nyss e Fr= = e -
EInREEE LS s - = 4
S EREs EEIs sl T=as s S romEm s i
% xS e mote tame & Smme 1 . +
vm m o m e : o~
i Ere : 3 ]
- - - A b <)
. 4 . - PN ' + - =
8 68 94 § : i 1 88 73 P N A ! RS ! o
&8 RE 51 4 SR % R A O B S B 2 IR Al
¥S 18 DR RE MiN 2351 120 1EM IFDER W RE R B B i 1t T
e i e SoS L - s r v +—t—+ - T T
= m - -— 4 ! . 2
+ - : -
B B4 B QR bR = T SEmnE W B3 1 ®
IS A N DT RN (OSSN SEUEERE T . [ (5 pASS DI DO IW.F- PATEEE WA W IR SR b E 5 \
1 N { i 22
. 1 - - 11
£133 &3 b E EREE IS S szs=== ‘
HETE S T RS S m e B eI T T -
-3 g ey 3
ow b & Pirm s e 65w v 7
2 B& S repns o2 S v St e 5 I "
e
o5 T s x e
5 O W= o 24
¥4 &% B i 1 ~ 1
441+ R e ng -
A g T B S e e 8 P WS 3
-1 e, & irgeg et .—.n.M|...| ¥ ~ A M“ -
e S = F « == = (]
fidEn ettt H+ g
s i ] . = &8 .
§ B Bl ! 1 i T ? 1 T
2 + ot ! . m
} o
Fu

-4t

# S & -

%
.

i

£ 6§ 7 6210

PROFILE II PICKET 80:

T ro ~
m w. - u 3
g2 oo e H o
s s s — -
T »if a5, + { !
hog~ § - 1 -
o w2 ® ;
|m ..M H y— ..1|1M = qu m ““.
s === PN | ~
= e e fe e g G ot 2. I 1.Ill.!l.l||_ll v +
2R 5 T3 3 > b
= od umm . - :
TEET s Easce iy % (Nf AR
2 v B3 s R e R c
T 1 |J—W‘ ﬂ.—lﬁ hm-

AU..dlmw’ - o~ i







At




ROS-500 FORTRA4 REV. W 24EB 83
PROGRAM APREME -

DIMENSION RADR1L(12,10),RADRIZ(12, m.th,Mum
READ(Z, 1)R2DR1, RDH
4 FORMAT(1EFS.2)
DO 4 J=1,108
TDA=1/RDH(J?
DO 4 I=1,12
ViK= (RZDR1 (I)~1)7(R2DR1(I)+1)
510,
| 52«8, s |
¢ SVK=1.
| DO 5 Kei,5a
D=SORT ( 14 ( 2KOKTDR) %)
D2=Dwx2 i
D3=D2*D o
SVK=SYIOVK
SVKD=SVK/D3
S1=81+5SVKD
5 52=52+SVKD/D2
RADR11(I, J)=142%51
4 RADRIZ(I,J)»i-5143452
WRITE(3,14)
14 FORMAT(8(/))
! WRITEC3,2)
| 2 FORMAT(//,58X, *APPARENT RESISTIVITY n:aam
0 MRITE(S, D
‘ i 3 FORMAT (47X, "WITH THE SCHLUMBERGER commm:m': ,
, WRITE(3,6) !
6 FORMAT(52X, *IN THE SINGL.E OVERBURDED cns:':
WRITE(S,?)
7 FORMAT(129(°%"))
J WRITE(3,8)RDH
| ® FORMAT(/, 7%, 18¢" *’,F10.3))
WRITE(3, 7}
’ DO 1@ I=1,12
| 10 WRITE(3,9)R2DR1(I), (RADRLL(I,T),TJ=1,18)
9 FORMAT(F7.2,18(" »’,F1@. 3>>
WRITE(3,2)
DRITE(S,M;
11 FORMAT(52X, "WITH A POLAR DIPOLE ARRAY')
WRITE(3, 12)
" | 12 FORMAT(52X, OVER A SINGLE OVERBURDEN’)
) WRITE(3,7?
WRITE(3, BIRDH
WRITE(3,7) 1
DO 13 I=1,12 |
. 13 WRITE(3, awmcn,cm:,n Je1,18)
END
NO ERRORS
SYM3 REV.H
160

Fig. 23



APPARENT RESISTIVITY MERSURED

WITH THE STHLUMBERGER CONFIGURATION

IN THE SINGLE OVERELRDED CRSE

8
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