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ABSTRACT

The effectiveness of the electrical resistivity methods
has been studied using various configurations over the Filwoha
Fault. It has been onserved that the delineation of the fault
was possible under differential weathering. Geoelectric
sections across the fault has been prepared on the basis of
Schlumberger sounding results. In profiling three different
electrode configurations namely Wenner, two-electrode and
half-Schlumberger, were used along profile AA' and Wenner only

in Profile REB'.

On the basis of data obtained from profiles AA' and BB'I
it was possible to delineate the strike and extent of the fault
within Addis Ababa. Furthermore, the interpretation of the
results in AA' suggests that the two-electrode configuration
posses a certain diagnostic feature which helr in mapping latte-

ral contact of this tvpe.

The age of the fault is estimated to be between 5.0Ma and

6.4 M.yrs. and the down thrown side is to the south.



INTRODUCT ION

By definition, geophysics is the scientific study of the
Earth using methods of physics, and its domain involves many
fields: Geoelectricity, which utilizes the electrical proper-
ties of rocks, constitutes a very easy procedure for obtaining

subsurface information from surface measurements.,

The main property concerning the apnlication of electrical
methods is the ability of rocks to conduct an electric current
(conductivitv). The electrical conductivity of Earth materials
can be studied by measuring the electrical potential distribu-
tion produced at the larth's surface by an electric current

that is passed through the Earth.

There are a number of ways in which electric current can
be made to flow, but in the most commonly used method direct
or low frequency current is passed into the ground using a pair
of electrodes, and the resulting distribution of the potential
in the ground is measured by using another pair of electrodes
connected to a sensitive voltmeter. From the magnitude of the
current applied and from the knowledge of the current electrode
separation it is possible to calculate the potential distribu-
tion and the path of the current flow, assuming the sub-surface
medium to be homogeneous. However, the presence of a zone with
anomalous resistivity nerturbs the distribution of the current/
potential lines, compared to their pattern in a homogeneous

medium. Thus from the measurement of potentials/potential gradi-

ent/curvature of potential on the surface, it is possible to know



something about the nature of subsurface layers. The electrical
resistivity method has been successfully applied in the study of

different geological problems.

The usefulness of the resistivity method in geological mapp-
ing depends to a considerable extent on the resistivity contrast.
The contrast may exist due to discontinuity of a rock formation
or change in its physical condition. Several theoretical and
model studies pertaining to resistivity prosnecting have been
carried over vertical contacts and dyke like bodies (Al-Chalabi,
1969; Keller and Frischknesch, 197C; Van Nostrand and Cook, 1966;
Kumar, 1973 a,b,c,; Telford, Geldart, Sheriff and Keys, 1976;
Apparao, 1979). However, the effectiveness of different configpu-
rations should be studied adequately over the relevant geological
Structures under the actual field conditions. Apnparao and Roy
(1973) have shown that the two electrode confifuration is superior
to the Wenner confipuration and other configurations in detecting
a sulfide ore body. Recently, Verma, Bhuin and Bandyopadhyay
(1979) and Verma, Bhuin and Rao (1980) have reported results of
resistivity surveys over faults in the Jharia Coalfield, India.
And Verma and Bandyopadhyay (1983) had renorted that the Wenner
and two-electrode configurations nossess certain diagnostic
features, which help in mapping a single iithologic contact,
provided sufficient resistivity contrast exists; from their work

in Raniganj Coalfield India.



However, there is a need for studing further the usefulness of
various configurations for such a problem, because the nature
and physical environment of faults vary considerably from place
to place. Keeping this view, three normal configurations,
namely Wenner, two-electrode, and half-Schlumberger were used

to study a prominent fault known as Filwoha Fault.

The Filwoha Fault having a trend of N55°F is thought to be
a major NE fault that continuous upto Debreberhane, changing
its orientation from NI to NS in the Borkana graben Mohr, (1964).
The Fault in Addis Ababa is 2ssumed to act as a barrier to the
later basaltic flow (Mohr, 1964), (Morton, et.al., 1879) ranging

in age between 7.3 - 6.4 My. (Morton, 1974).

The fault appears to serve as a channel for the hot springs
at places, as is evidenced in Filwoha, therefore, it is important
to determine the strike and extent of the fault atleast within

Addis Ababa.



DFFINITION OF RESISTIVITY

It is well known that the resistance R, in ohms, of a wire
is directly proportional to its length L and is inversely proror-

tional to its cross-sectional zrea A. That is
RalJﬂ
or R = pL/A 1+1)

Where p , the constant of proportionality, is known as the electri-
cal resistivitv, a characteristic of the material. According to

Ohm's 1aw, the resistance is given by
_ A¥
R = 2 (1.2)

where AV is the potential difference across the resistance and I
is the electric current through the resistance, substituting

(1.2) in (1.1) and rearranging, we get

o =g &Y (1.3)

Which may be used to determine the resistivity p of homogeneous

and isotropic materials in the form of simple peometric shapes.

In a semi-infinite material the resistivity at every point
must be defined. Now, if the cross-sectional area and length of
an element within the semi-infinite material are shrunk to infini-

tesimal size, then the resistivity may be defined as:

- _ E
"TmT T3 (1.4)
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Where E is the electric field and J is the current density

(1.4) is ohm's law in its differential form).
The wunit of resistivity in the MKS system is the ohm-meter.

The resistivity p of rocks or soils displays 2 wide range
of values and is highly variable amonpst all the physical
properties of minerals and rocks. For example, graphite has 2
resistivity of the order of ]0'5 Q-m where as some dry quartzite

rocks have resistivity more than 1012 Q-m.

In most rocks, electricity is conducted electrolytically
by the interstitial fluid, and resistivity is controlled more by
porossity, water content and water quality than by the resistivi-

ties of the rock matrix.

Resistivity is, therefore, an extremely variable parameter,
not only from formation to formation but even within a particular
formation. Thus there is no general correlation of the lipholopy
with resistivity. Nevertheless, resistivity methods allow to
determine the structure of the subsurface lavers of soil and
rock, the location of ground water table, the location of fault

zones or other similar features.



2. THE CONCEPT OF AFPARENT RESISTIVITY

In the interpretation of D-C potential field measurement,
the notion of " apparent resistivity' is frequently used.
If the ground was homogeneous electrically, a single measure-
ment of the potential difference and current flow would determine
its resistivity. Now let us consider an infinite conducting
‘layer of uniform resistivity p and let a current of strength I

enter at point Py (Bige 1)

Fig. 1: Infinite Conducting Layer.

-
The current density J is given as:
-+ I alo
J(r) = = O F
inr

Then the electric field at a distance r from point p, will be

1
> -
E= pJ(r)

and the potential at this point is

-
V = - SE.dT



Now if we consider the potential difference between P, and Ny

due to a current source at Py we pet

r, 3
e
MV, = - fEedf = - g8 &
1 Ty Ty T

assuming a semi-infinite solid the above expression reduces to:

Ip . 1 1

AV,, = =8 [ - =]
32 2l Ty T,
In the same way the potential difference between ?, and Dy due

to a2 current I introduced Via Pa will be

Inp = % 1
A, il il = o]
23 Zn Ty T,

Now if we consider a current of intensity I entering
through Py and comes out through Dy the potential difference

AV, in between n, and py is:

Ip + 3 1 1 1

AV = 58 [;;"‘?5"?; . ?E]
Therefore,
p = 2 I(EX k]
Where K w [ e st o -Lfl
1 %3 A4 5%

is 2 characteristic of the array, and is called the geometric
factor of an clectrode configuration. If the ground is inhomo-

geneous equation (2.1) define an apparent resistivity, the



resistivity which the ground would have if it was homogeneous.
To illustrate this concept, let us consider the case of a layer
having a thickness n and resistivity P overlying a second homo-
geneous and isotropic layer of infinite thickness and of resis-
tivity Py where Py=Pq is high. 1In this case the currcnt will

no longer flow along avnroximatcelv circular arc as it did in
homogeneous Farth. Rather, the lines of flow are moved down as
shown in Fig. 2, because the lower resistivity below the inter-
face results in an easier path for the current within the decper

zone.

Fig. 2: Lines of current flow between Cl and

C, in two layered Ffarth

it is evident that, as the distance between electrodes C1
and C, is changed the value of p changes and can be calculated
by (2.1). Specifically, when the distance CI—C2 is small with
respect to h, the thickness of the first layer, the resistivity
approximates £1 of this layer. However, if the distance Cl-C2
is very large with respect to h the resistivity approaches 0y
The value of p in the intermediate case is comprised of 0, and

py- Thus we call p the apparent resistivity.



5. ELFCTRICAL SOUNDING AND HORIZONTAL PROFILING

In actual practice a number of different surface configura-
tions are used for the currcnt and potential electrodes. Fig. 3
shows the generalized configuration for a four elesctrode array
and Fig. 4, the conventional array. The gcometric factor K, of

(2.1) can be written as:

1 1 1 1
K =1 . + . ] (3.1)
F1r 1z Y21 T2
rij as shown in Fig. 3,
Cy IL <2

Fig. 3: The Generalized four electrode array
with potential electrodes PysPy and
current electrodes Cl'CZ' (0<0,¢<01).

For the generalized array Fig. 3, the inter-electrode distances

interms of the generalized snacing parameters are given by

r§1= R2+L2+12+2R(£Cos¢*L Cos6)-2L2Cos (¢-86)

v = R2412432 2R (5Cos¢+L Cos0)+2L gCos (4-8) :
r2 = R%+L2*0242R (2Cos ¢+L Cos8)+2LeCos (9-8) G
r§2= RZ+L2+32-2R(2C05¢—L Cos8)-2LeCos (6-8)
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Since the conventional arrays Fig. 4 are specific cases

of the generalized array, the above equations also apply to these

arrays. It is necessary only to express the pgeneralized spacing

parameters interms of the conventional array parameters. Table

1, summarizes these relationship.

¢ R P
< 1 A
« L e

a) Schlumberger

b) Wenner

G <« o)
v
A & {114 - A

c) Dipole-Dipole

g
/‘?%‘3 wp
. @b p ‘
«3 pE 6 *:" !’i
, 2+ €2 9T <y

d) Azimuthal



f£f) Radial g} TFarallel

Fig. 4: Conventional electrode array from
the generalized array.

Table 1: Relationship bctween the narameters of the
generalized array and the conventional array

STANDARD ARRAYS GENFRALIZED ARRAY PARAMETIRS
(CONVINT IONAL PARAMETERS) R L 3 & ¢
a) Schlumberger 0 L 2 ] 1
b} Wenner (A) 0 3&@ A@ n i
c) Di-pole- di-Fole (N,A) N§ %é %& n n
d) Asimuthal (R,L,%,0) R L ) 8 I
e) Ferpendicular (R,L,2,0) R L .6 o+ Tl
f) Radial (R,L,%,0) R L 2 ) i
g) Parallel (R,L,%2,0) R L L c g

In vertical electrical sounding (VIS) the electrode con-
figuration most commonly used is the Schlumbeérger configura-
tion Fig. 4(a). To changc the denth range of the measurements

the current electrodes are displaced out ward after every measure-
ment, the potential electrodes are occassionally displaced when
the ratio CICZ: p1P2 is too large, otherwise, the potential
difference becomes too small to be measured. The distance between
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Py°P, must be less than ygth of the current electrode senaration.

Two readinpgs are necessary when PP is chanped.

Another important electrode configuration, used less fre-
quently in sounding is the Wenner confipuration Fig. 4(b). Recently,
a new system of electrode configuration has come into use, referred
to as the " dipole" configuration (c-g). All have the following
in common, the distance between the two current and notential
electrodes is very short, the distance from the pair of potential

electrodes to the pair of current electrodes is considerably larger.

The basis for making VES irrespective of the electrode array
used, is that the farther away from a current source the measure-
ment of the potential difference, or the curvature of the noten-
tial, or the electric field is made, the deermer the probinpg will

be.

Any of the electrode array used in sounding may be used in
horizontal profiling, but the data obtained with some tyves of
arrays are more readily interpretable than data obtained with

other arrays.

In profiling half-Schlumberger Fig. 5(a), where one current
electrode is placed at infinite, and the two-electrode (single
pole) array Fig. S5(b) in which oné current and one measuring
electrode are are placed at infinite, conventionally the infinite
electrodes are kept atleast 10 times as far away as the near

current electrodes and equally important along distance from each
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other, are ussd. Since the infinite electrodes are at long
distance from the moving elecirodes, it need not necessarily be

in line with them.

i, (k! thmrr o i e ! A i Wi =ty = — o e U cem wmp
< b >
C1<._. 8 > C2
v < < v v v < >
P P2 C, i M P2

Fig. 5(a) Half-Schlumberger Fig. 5(b) Two-electrode

The apnarent resistivity can be calculated from (3.1) and
(2.1), we get
L a < _ v
pa® 4HaT and Pa ZﬁaT
Half Two
schlumberper electrode
In VES with Wenner, Schlumberger or dipole-dipole, the
respective electrode spacing A,L,NA, is increased at constant
logarithmic intervals and the value of the anparent resistivity

w . . i i
pSch, oD ;s ploted as a2 function of the electrode snacing

a’ "a ? "a
on logarithmic coordinate paper. The curve of p, = f(A,L,NA)

P

is called an electrical sounding curve.

In horizontal profiling, 2 fixed electrode spacing is chosen
on the basis of VIS results or other informations, and the whole
array is moved along a profile after each measurement is made.
The value of apparent resistivity is plotted, generally, at the

geometric center of the electrode array. Maximum apparent resis-



tivity anomalies are obtained at ripght angles to the strike of
the geclogical structure. In making horizontal profiling it is
recommended that at least two different electrode spacings be
used, in order to aid in distinguishing the effects of shallow
reologic structures from the c¢ffect of deeper ones. It is also
useful to use more than one array, as the response and easc of
interprectation of different arrays for the same geologic struc-

turc may not be the same.
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4., THE TWO LAYIR PROBLIM

The simplest configuration for which thecretical solutions

can be generated is the two layered Farth shown in Fig. 6.

_Fip. 6: Two layer earth

There is one superficial strata with a resistivity 7 and
thickness h overlying a second strata of resistivity P and

infinite thickness.

There are a number of mathematical anproaches which have
been used in calculatine potential fields in a layered redia.

The simplest approach to this problem is the method of images.

Method of Images: This is bascd on the analogy between
the mode of current flow through the Iarth and the path taken
by light rays in passing through ontically different mediums:

Consider now a current source at point C Fipg. 7 it will
units below the 1nterface.

'
have an image C, " al
1 C,kﬁ\ P

7
f Interface

I FZ / \'*’

¢}
Fig. 7: Image in a sinple interface




Now, the potential developed at noint r» in the first medium
1s due to the current I in imedium 1 and the fictitious current I
in mediun 2.
ip I'p
V=-1+1
P Zﬂrl Zﬂrz
The potential at the second medium is created by current 1"
situated in the noint C1 (position of I),.

i"p

Boundary conditions: 1) The potential must be continuous at the

boundary of the two media, i.e.

v =V

;=0 P 'f=0
1"
J Wy ¢, by 4N By
ZTlr1 Zurz Zi'tr3
at the beundary r, =Tr, =T,
Thus, we get
Ip1 + I'p1 = I Py S(4.1)

Z2) The normal comnonent of the current density must be

continuous, i.e.

as



T e G i
o S| Zﬂri ang
i I!!
JP = - 1 E..Z_ 2.}
P2 2nrs
thercfore, IZ = I'z = I'%
2Hr1 21r5 2lry
at the boundary ry =1, =Ty
thus, we get I = IV = % {i.Z}

eliminating I" from (4.1) and (4.2) and solving for 1', we get
Pz

I' =
p2+pf

I =KI (4.3)

Therefore, the intensity of the fictitious current Jecreases by
a factor of K, called reflection coefficient.

Now, if we locate C1 and ¥ on a surface, above a horizontal
boundary. separating two media, that means there are three media
separated by two interfaces Fig. 8. As a result there will be

an infinite set of images above and below the current electrode.

The potential due to C& and C'., is given by
C"’. 1
]

; ( :
Fip. 8: Imapes resulting from two interfaces



a I8 &

o O S { Py 1 . X
1 — =y Ay = o—— —
Vl 21 (r * rl) 2T T * T
Ip Ip
Rt T SRRV W 1
Ve =7 T, «r VgtVy' & s ¥ 2=
7|
as Ka, k of air, is 1, the intensity of the nth image is ypiven
as:
* = ©°F
£ : Tl \ th th * s
therefore, the potential duc to the n and (n-1) image is
Ip
n=1..n" 1 n
V5 TV o= i (4 )

thus, the resultant potential a2t P can thus be expressed as an

infinite series of the form

Ip n
11 ( Zk 2k

V'— Eﬁ {_—--—-_. .'+ + ."}
rT % ™

wheve, 1, = @b, 1, = clranhHi, o=l @bl
this series can be written in the compact form as

I e

- . Ip
V = 5z {142 z ——Tﬁ(h } (4.4)

In this series the first term is the notential function
for 2 homogeneous isotropic half-space called nrimary or normal

potential, and the second term is called a distrubing potential
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5. THE N-LAYIR FROBL IM

This problem can be solved by finding the solution of the
Laplace equation that satisfies a certain boundary condition.
In solving the Lanlace equation both the method of separation
of variables and Hankel transform wethod are discussed for the

following specification.

1) The subsurface consists of a finite number of layers
senarated from each other by horizontal bourndary planes, the
deenest layer extends to infinite depth, the other layers have

finite tnickness.

2) [Each of the layers is electrically homogeneous as well
as electrically isotropic and the field is generated by a point

of direct current that is located at the surface of the larth.

From Ohm's law

-+ +
¥ = pJ

-+
F, clectric field; J, current density and p, resistivity, but

divj = O from the

. -
s, divE = pdivl = 0, but F = - 9V
2 2 2
a
hence v = A¥ 30,02 =0

"
aX Y” 3z

this can be transformed to cylinderical coordinates (r,¢, Z)

and is written as
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vV = __?+% __+-E 7—7+—:7 =0 (5'1)

To solve this by the method of separation of variables,

let
= R(r) ¢(¢)2(z), (5.1) reduces to
2 2 2.
1, d°R,1 dR 1 4°¢,1 d°2 %
( b 1—)* + =0 (5.2)
RO 0" 178 327 o
putting
QE% Joi b8 Dé
dZ dé
C and D constant (5.2) reduces to
J4°R , (IR, M+ crP)R =0 (5.3)
rd—r‘.‘z a'i: - - "
: 2 B 2
if we put C=p~ and D = -n~ then,
2 2
422 L 12 ana €4 - a2 g
dZ dé
whose sclutions are
o Al ePZ M F] C—PZ
and ¢ = A, Cos no + B, Sin n¢

then (5.3) reduces to
' 2

|' rZ Q_g . gﬁ + (P?rz—nz)R =0

“ dr




with v= Pr , this becomes

Z_2)R =0 (5.4)

which is Bessel's differential eouation of order n and its solu-
tion are known as cylinderical functions or Bessel's function of

order n.

Hence if Jn(v) be a Besse¢l function of order n, then solu-

tion of the Laplace's equation is

+ing+FZ
V = Jn(Pr)c C (5.5)

However, in the case consilered in this problem, the condi-
tions are such that the votential field must have cylinderical
symnetry with respect to Z-axis, and (5.5) is symmetrical about

Z-axis if n=0, therefore (5.4) and (5.5) can be rewritten as

2
2 1R
v ﬂ~% +V §G+v2R = 0 (5.4a)

dv

and +PL
V = JO(Pr)e , respectively {5.52a)

where JO(Pr) is Bessel's function of order zero, from the last
equation, (5.%a), we get
™ -
V=J (Pr)(C e+ Ce ke (5.5b)

in this equation both C and P are arbitrary constants. However,

any linear combination of solutions is also solution of the



differential equation. Thus by making P po through all possible
values from zero to infinity and allowing the two constant C to

vary independence of P, we obtain the ceneral solution for V as

Ve [A®e T ety (Pr)dn (5.7)
o
A(P) and B(F) are arbitrary functions of PF.

If we introduce the potential generated by a single point
source of current of intensity 1, located at the surface of a

homogeneous Iarth into (5.7) where the potential is

from Weber-Lipschitz identity
~ -PL 1
[ e J (Pr)dp =
8 o Jrleg?

tz

therefore V takes the form:

TR
LR ol c-PzJo(Pr)dp (5.8)
D

this is the primary or normal potential. Therefore, the general

solution of (5.43) can now be written as

pa B X .
Vo= - é{e-m*O(P)e PLix(mef 13 (Pr)dp  (5.9)

where € (P) and X(P) are arbitrary functions of P. This solution



is valid in all the layers in the subsurface, but the functions
8 (P) and Y¥(P) are not necessarily the same in the different layers
of the subsurface. Thus,

Py -PZ -PZ

Vi =gy £ Lo e (e Prax (mefP g (e (5.10)

This is the solution of the different layers, the subscrint

i referring to the several layers.

We can arrive at (5.10) by using the Hankel transform tech-
nique.
Since the potential is symmetric about Z, V = V(r,Z) there-

fore the differential equation, for n=o0, is

1 2
3°V .1 aV,3°V
e DY =0 G <y s » 0
2+r r+2 ’ oy el -
oT. 9z

Taking the Hankel transform of the given equation we have

© 2 o .2
3V , 1 v e B

g (g;? * F;)r Jc(Pr)ur = % -;EZ T Jo(Pr)dr
or

- P2$ = —133; where 3 =.; V (r) J_(Pr)dr

ags ’ | 0 @

AV
i.e. — - P’V = 0, whose solution is

dz

i =P

V (P,2) = A ef% + B ¢ FZ

Applying the inversion formula,

V(r,2) = £ (A(P)e E+B(P)e” )P J (Pr)dp



.

as P is arbitrary independent variable and A and B are arbitrary
constants independent of Z, may be taken as function of P alone,
then the above equation can be written analogous to (5.9) after

introducing the normal or nrimary potential, from (5.%).

p,.1 o A
s - PZ
V = 'ZT é e JO(PT)("\
then, we get &
Pyl 5 Z
s %I I[e Pz+B(P]e P2+X(P}epz] Jo(Pr)dp
Z o

and considering the potential for different layers Vi, rotential
- Eh

of the 1 layer is given by
v, = A ;or “PZio (F)e TEax. (Mef? 1 J _(Pr)d
1 T O=° glrle i ' o\ FEICP

which is (5.10).
Now using (5.10), let us solve for Bi and Ki using the
boundary conditions.

1) At each of the boundary planes in the subsurface the

notential must be continuous. This means

V. =V

3 z i@ Ry
3 i+l 8% i

This leads to
Ph Ph

-1 - 01 i
e *Bi(P)e *Xi(P]e ] Jo(Pr)dp

_Ph, _Ph, Thy
40, o (P)e” T+X;(Pe 71T, (Pr)dp
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This is satisfied, if the integrands on both sides are eaqual.
Thus, we obtain,

oD Ph _Ph, Ph,
8, (P)e X, (P)e % o=, (P)e” eX,, (Ple (5.11)

2) At each of the boundary planes in the subsurface the
vertical component of the current density must be continuons.

V.
Since, Jni = -%; 7%% , using the expression for Vi

in (5.10)

we get
, s Ph. Ph,
p-l-g[{ 1+Gicr}}e“ 1_}(1(]").3 1]J0(Pr]dh

SPH, Ph
(P)} e -X;,1(Pe 71J_ (Pr)dp

L r{1+e

Pi+1 o 1+l

this equation can be satisfied for all values of r if the inte-

grands on both sides of the equation are equal.

1 _Ph, Phy o _Phy Ph
ET[{1+8i(F)}e -X; (Ple }3p-+1[{1+9i+ﬂ E “Xy4q (Fie )
. * (5.12)
3) At the surface Jn =0 therefore (5.10) reduces to

1
é F1-8 (P)+X, (P)]J, (Pr)dp =0

As the normal potential automatically satisfies the boundary

condition, we donot bother for the first terr. From this we get

ﬂlfp) = xl(p] £5.13)

(5.13) can be got also by the condition that the potential
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approaches infinity near the current source.

4) At infinite depth th: potential must anproach to zero.
Then Xi(P) for the substratum, represented as Xn for n layered
larth, must be zero

)(n = 0 (5.14)

There remains only 2n functicns Gi and Xi to be determined
from a set of 2n boundary conditions, as can be seen from the

set of equations (5.11-5.14).

To obtain the solution we can nut the 2n equations in a
form of a matrix, taking into account that XI(F] = OI(P} and X

for the substratur, is zero.

The system of equations then becomes, after the following

changes,
: ) P .
-Phi Phi i
U=c¢e V.. =@ Q. =
' A Tl Pi
-(Uli-\.»]_)ﬁl-ul{‘}z s | xz = 0

(v1-Up)ey+q U, 8,-ayv X, = (1-q7)0,

e -y X

2 (§)

) v X = (l-qZ)UZ

2 5 L I
= Uyt aXpta,Uy 730, 75 3

U 6. =0

Un_lenn1+vn-lxn-l- n-1"n

- Up190-1"Vn-1%n-1"9-1Y0-280 = Q-9,_1)0p



- 27 =

As the matrix is 2nX 2n, the sclution for 6, can be obtained by

1
cramer's rule. Which is given by
¥
61 = X
r“ -
where, D is the determinant of the coefficient matrix and
"
P is the determinant obtained by substituting the right hand
W
column vector for the first cclumn of D. By (5.4a) and (5.10)
the rotential at the surface of the earth in the ceonditions

snecified in (1-4) is

pyI =
o a
V = T £[1+231(F)]J0(Pr)dn (5.15a)
K(P) =1 + ZBI(P) , Slichter Kernel functicn
g 5.15b)
V = '2—']"1'- fox(p}Jo(Pr)dT’ ( *
n N n,
K(P) = 1440 - R22P
D D

We can find 6., using Pekeris recurrence relation, from (Al.5)

1,

Ki = [I\i_'_l"’qitanh (pti )]/[ul*yi*ltanh(Pti)] (5.16)

This can be used to determine Slichter's Kernel function

in the surface layer when the parameter's of the layer distribu-

tion are known.

. th
Using (Al.2) Ln=1, for the substratum (i.e., n~ layer).

using the value of K we can find the value of K in any other
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layers by recurrent anplication of (5.16).

Koefced (1970) introduced the '"resistivity transform"

denoted by Ty, which is defined by the equation
T. = p. K, (5.17)

The subscrint has the same meaning as before. Ixpressed
for the resistivity transform, the Pekeris recurrence relation

are:
[Ti+1+pitanh(Pti)b
’ri = [1+ Ti+1 tanu([‘ti )/pi] (5.18)

Using (5.18) and (5.15b) the potential due to a point

source, is given as

V(r) = gp / T(P)I, (Pr)dp (5.19)
0

where T(F) is the resistivity transform, ccuation (5.19) may be
written as a convolution integral by making the following changes
of variables.

r = exp(x) P = exn(-y)
this is in order to have the same dimension for X and Y as P's

dimension is a reciprocal of length.

Viz) = ﬂ% ;_"wT(y]exp(x-y‘)Jo(eXf*(X'Y))dY
1

7T I T(y)f(x-y)dy (5.20)



Thus, the potential is given by the convolution of the
transform function with a sc-called filter function which has

the form
f(x-y) = exp(x-y)J,(exp(x-y) (5.21)

This convolution may be expressed in discrete form as Pijo,

et.al. (1977).

j=n2
V(r) = 2_%? jEn T(Lnr=n;)C(n;) (5.22)
1

where, n. = are filter coefficient abscissa

are the digital filter coefficients

£33
—
=
L
—
1

- is the number of coefficient to the left
of the filter origin

n, - is the number of coefficient to the right
of the filter oripin.

Now let us consider the anplication of (5.22) to the genera-

lized four-electrode array shown in Fip. 3. F and ¥, are

potential electrodes and Cl and C2 are the current electrodes.

The potential difference between Fl and P2 is given by

AV = V{rll]-V(rlz)-V(r21)+V(r22)
Using (5.22) this becomes, for any confipuration (or measurr

ing point) i,
. j=n,
avt T Tyn, (5.23)

20,
I8y - )




T{RaRE] = BV STl cansd Wirsad. sriadl .
where T = %1 J)‘ ( 12 nJ)_ (Lnr‘..21 n;) +'I(Lnr22 n;)
1 1 1
"1 12 ™ 22
and C. = C(n.
B j = Cny)

Tij is referred to as composed resistivity transform, 0'Neill
and Merrick (1984). It is a function of the Farth model nara-

meters and of the inter-electrode distances.

For the array shown in Fig. 3, the annarent resistivity is

eiven by

Substituting for V as given in (5.23), we get

PR T T L
o, =featatl_ Lot sl s ™ ¢ @& (5.24)
2 Ty=iagsdoy 295 fony A

Fouation (5.24) shows that, for a given Farth model, the apparent
resistivity measured by a generalized array is given by the

product of a geometric factor and a discrete convolution sum.

The convolution series nroduct are formed from a set of '' composite

resistivity transform'" values and an appropriate set of digital

filter coefficients.

The values of the digital filters Cj for sampling rates of

three, six and twelve noints per decade, are piven by O'Neill &
Merrick (1984).
This is one example of direct interpretation of sounding

curves, other techniques are known since 1971 after Gosh.
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Now as an examnle of (5. 5) let us work for a twe layer

5 ; : n "
case. For a two layer case, the matrices D and P are piven as

1 'Ul

vl-Ul qlu1

Ul+v

n 1

° 4
and T

n
D =

o2
]

U191 (U191 )40) (vy=U)) = (1+40))- (1-q,)U2

1
P2

]

v o~2Ph
{1-K e 1} (py+p,)

hoy
n

2
(l'qlJUI
e-ZPhl

and

Paoiy
P
K e 2ty

Thus 6'13 ———_z-pﬁ— (2.25)
l-KIe 1

The potential at the surface of the Earth is given by

pyI
1

from (5.15a) substituting (5.25) for 6, ve get

-2Ph
pll ® Zfle 1 1 -
Ve LISt | (Fr)e
0 l—Kle 1

using the Weber-Linschitz integral, the first intcpral reduces to

%- Nocw, let us consider the second integral. In this part




- 32 -

must be expanded in power series taking

X = Kle'zphl o |

we get & -
éxux P P e gyt
n=0 n=1

therefare, the second integral will be

-2Ph,
@ -]
L -2nph =
27 m J, (Pr)dn = 2 é nEIKf; 13, (Pryds

term by term integration of this expression yields
n

= &
=2 I
n=1 /r§+(2nh1)7

thus Ip © A
V“‘“ml'[‘:'l"‘ ]
% nlr+(2nh)

which is the same as (4.4) obtained by the method of imapes.

As an application of (4.4) let us consider the general-

lized four electrode configuration.

P

1 Ip - K"
= 1 L 2 "’T’_-W} {._— +2 z ".“-‘-‘!T}
i 2T [{ ' nfl /r +(4n z”) 21 n=1/r21+4n A
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Ip o
2 1 1 Kn 1 « Kn
v = [{ +2 I }-{ +2 ¥ }
il 7 pespesi—y—} ]
r12 n=1v 1‘;_21'41’12? T22 n=1ly r22+4n Z

P E

v=yloy?
Ip © 1

1 1 1 1 1
= G- -G - s O UTTT
20 Ty P Thy Ty el Yr°+4n“2
. . . S
~J 12 +4ne2% vl +4n’e /rt viniz? (5.26)
12 21 22
Example: Wenner array; from table 1 and (3.2), we get
1 = Ty, = A and Ty = Typ = 2A
therefore,
1 o ©
4" 4 K"
S = gk 1 1 el - e BED

n=1V1+(35)°  n=1v 4+
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6. STANDAPD CURVIS

From (5.26) we can see that when the snacing is very
small, i.e. r<<Z, the series terms tend to zero, thus we measure
the resistivity in the upper formation. On the other hand,
since the reflection coefficient is less than unity when the C-P
electrode snacing is very larpe compared to Z, the depth of the b

bed, the series term will be

B,
n=1

[

thus ®
fasz K
n=1

]
]

Therefore,

=]
I

2 Py p
5 01(1+T:?) 01( %$l)
Py * P2

That is to say, at very large spacing, the apparent resis-
tivity is practically equal to the resistivity in the lower

formation.

The master curves are prepared with dimensionless coordi-
nates. equations of p, for all sounding configurations, obtain-

able from (5.26) as we did for Wenner, can be put in this form

fividi . The ratios p , are thus nlotted against
by dividing p, by 0y he a0,

A/z » Iy, i.e. the electrode spacing divided by the depths of the

upper bed for what ever electrode system is used. The curves are

in logarithmic scales, i.e. we are plotting (log p -log Py)
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apainst (log a - log z). If we make py = 12-m and Z=1m, all
the characteristic curves are preserved in shape, no matter
what the multiplier is for the ccordinates (pa,L). The sets of
curves are constructed either for various values of K between

+1 or for various ratio of 02/91 between + o,
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7. INTERPRETATION OF _VES DATA

Since in the field a Sounding is normally done irst, it
is necessary to have a relatively quick and easy methed of
obtaining a rough or preliminary internretation cf the data
so that a deprth of investigation for rrofiling can be deter-
mined. The one that is used commonly is the two-layers nlus
auxiliary curve method, which is based on the assumption that
any three-layer resistivity section can be analytically expressed

as an equivalent two-layer section.

In the final analysis, however, the best anproach is to
directly calculate theoretical sounding curves and compare them
with the observed sounding curves, which is done for example by

using (5.24).

The complete interpretatation procedure for sounding data,
therefore, is first to use the two-layer plus auxiliary curve
method to pet a semi-quantitative estimate of the vertical
electrical variation then input that resistivity secticn, and
Compute its theoretical sounding curve. This procedure is
repeated until an acceptable fit is obtained, of course, at

this stage of the interpretation it is necessary to incorporate

into the resistivity section an information obtained from seismic

and geological investigations or others.
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7.1 TWO-LAYFR PLUS AUXILARY CURVF METHOD

This method may be briefly described as follows. Iach
of the apparent resistivity curve is annroximated by a two-layer
apparent resistivity curve. The coordinates of the cross of
this two-layer curve are considered to represent the thickness
and the resistivity of a ficitious layer that renlaces the
sequence of shallower layers. The procedure is presented as

follows:

Plot apparent resistivity ;JVS electrode spacing L on a
semi-transparent log-log paper of the same scale as the "stand-

ard curve® and "auxiliary curve" plots, plate 1,2,3,

1) Overlay the observed curve plot (pViL) on the standard
curves p.l and move it parallel to its own axes down and side
ways until the a-b portion of the observed curve is best matched
by a section of the observed curve (I Fig. 9). Mark the location
of the standard curve origin onto the observed curve plot (01).
The value L and p of this point, as read off the cbserved curve
plot, are the resistivity p, and depth d; of the first layer. The

resistivity of the second layer is calculated from the ratio

9& , of the matching standard curve and P+

2) Place the observed curve plot to the auxiliary curve

plot 1.2, keeping axes parallel and matching the 01 mark on the
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Figs 9t Four-layer example for two-layer
graphical analvsis.

former with the oripin of the latter. Trace the auxiliary curve

I'in Fig. 9, onto the observed curve plot II Figp. 9.

3) Apgain place the observed curve nlot onto the standard
curve plot and shift it as before to obtain a best match of B-C
Fig. 9, with a section of a standard curve III. At this sten,
however, the origin of the standard curve nlot must alwavs be
on curve II. The origin of the standard curve plot is apain
marked on the observed curve plot, and this point as read on the

latter; gives the apparent resistiiity 05 of the equivalent
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single layer composed of the first and second layers, and dz of
the second layer. Since QSF » NOW corresponds tc the ratio pzlpl

. 2
of tae matched standard curve, Pz can be calculated from DB/FE

and pé.

4) Now superimpose the auxiliary curve again in the H~type
curve and nete, from the pesition of cross 02 with respect to the
parameter lines for constant thickness ratio t3/t], and multipl-
ing this ratio by t, pives t,.
5) Trace a curve IV using the auxilary curve plot as

described in 2) above, the origin being 0,.

€) 03 is obtained in the same way as described in 3). 03
gives pé and d3 of the third layer. Since 04/03 now corresponds

tc the 92/p1 of the standard curves Py can be calcu.ated from

oglpg and p%.

7.2 AUTOMATIC PROCESSING OF VES DATA BY COMPUTER

To interpret electrical sounding data, the peophysicist
must try several hypotheses and test the solutions apainst the
field data. The manual procedure, carried out by the help of

master-curves is time consuming and not reliable.

On the contrary the geophysicist can derive ccrrect solu-

tions from VIS curves in very short time by using a computer.

Since 1273 various authors have nublished methods of
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automatic interpretation; in which the comnutation of the laver

parameters are made by the computer. At nresent the interative

metheds are the most widely applied tool in the interpretation

of resistivitv sounding measurements.

In the interative interpretation methods the aprarent resis-
tivity values are computed from the model and comparcd with those
obtained from the field measurements. If the agreement between
the two sets of data is unsatisfactory, then the parameters of
the layers are adjusted. This procedure is remeated until a

sufficient agreement between the model data and the field data is

obtained.

The program used for our purpose is based upon an automatic
interative interpretation by the method of STEFPEST DESCINT.

This method has been described by Householder (1953) and the first
publication of this method for the interpretation of resistivity
sounding data is due to Vozoff (1958). A computer program of

this method is written by OTTO KOIFOID (1979) in Fortran.

In order to adapt this program to a Hewlett-packard desk
calculator (Hp-85), provided by the Ministry of Mines and Inergpy,
it has been modified and rewritten in Basic by the author of the
present work. The computer program is desiymed to adjust both
the value of the thickness of a layer and its resistivity.

In order to facilitate for incorporating geological informa-

tion into the solution, the computer can be also instructed to

leave a specific layer unchanged in thickness and/or resistivity,

For a copy of the above menticned program see Anmpendix 2.
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8. INTIRPRETATION AND THEORY OF HORIZONTAL PROFILING

The interpretation of profiling data is qualitative, and
the primary value of the data is to locate geologic structures
such as faults, viens, dykes and buried stream channels. Good
interpretation can be ohtained by makinp sufficient number of
profiles with different electrode spacings and alonp sets of

traverses of different azimuths.

To illustrate the theory, let us consider the case of loca-
ticn of cecncealed faults by half-shlumberger array. The sensi-
tivity of the array, when steeply dipping resistivity anomalies
of limitted width are crossed, can be understood from a simpli-

fied theoretical treatment given below.

For the Schlumberger array the anparent resistivity is

piven by
0, = B K (8.1)
The electric field E between MN is given by
1Bl = oy (8.2)

. 5. Yy s 1
Since the current density |J| between MN is also related

to E by Ohm's law:
- >
[El = [Jlp

(8.1) can be expressed as:
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where J and T . lons JU8 e ; i3
P are current lensity and resistivity in the vici-

nity of MN,
For an isotropi i = . :

1sotropic media Pa®Pys P =py, J = J . where J, is

the current density in the isotronic medium of resistivity p,.

1
Eince

il S (8.4)
0
one can formally exmress (8.3) in terms of J and Jo’ namely
J
Py = (3-;)0 (8.5)

Any change in J due tc concealed conductance anomalies
cause therefore similar change in Pas i.e., an increase in
current density beneath MM will result in an increase in apparent
resistivity Py s and vice versa.

The change of P, @s the array crosses a fault can be assessed
by assuming that the potential field at MN is caused by a single
point electrode, i.e., A, since the second electrode is far away

from A. The change of P, across a steeply dipping fault is shown

in Fig. 10.

fa

A A
5 f
R ARep &
Fig. 10: Change of p, over vertical fauit
(schematic)




In the following it is assumed that the medium is isotropic
with resistivity P except for a small vertically standinpg low
resistivity zone (fault) or resistivity Py in the center.

1) If AMN is away from the fault, then Pa=Py as indicated
by the value of P, On the far left of Fip. 10.

2) 1If AMN anproaches the fault from the left hand side in
Fig. 10, but both A and MN laying to the left the electric field
at ki will be distorted, since the current will tend to be

" abscrbed" by the fault zone, i.e., the current density J beneath

MN increases and like wise pa.

3) When electrode A is on the left hand side of the fault and
MN on the right hand side, the current density will be preather in

the fault zone but J beneath MN will be reduced, i.e., Pq will
decrease.

4) When both A and MN lie to the right hand side of the fault,

J will increase and like wise Pq until Pa=Pq:
On the otherhand, if the layer to the right of the fault has

a resistivity pz<pl, the curve of Fig. 10 will take a different

form, Fig. 11, i.e., when both A and MN lie to the right of the
fault, the aprarent resistivity measured will not rise apain, rather

decreases and finally aporoaches p,, Fig. 11.

1fa

——-‘_-‘\\—-_._

2 c'.;‘,' :,l';',:/',l:-,'ﬁ 'p’t:”';". B l fl F Fz_

Fig. 11: Change of p, Over vertical fault

(s chematic)

————————
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9. DIPTH OF INVFSTIGAT ION IN COLLINEAR ARRAYS

In the artificial methods of D-C electrical nrospecting
the voltage measured between the notential electrodes is the
sum of the contributions of the Farth material from different
depths. It is obvious that the ground layers from different
depths do not contribute equally to the total measured signal.
Ivijen (1938) introduced the concent of depth of investigation
and Jdefined it as '"that depth at which a thin horizontal layer
of grcund contributes the maximum to the total measured signal

at the ground surface."

In this work the electrode snecings for Wenner, two clect-
rode and half-Schlumberger arrays are choosen in such a way
that they give a result of comparable depth. The mathematical

relation can be shown as follows:

G

Fig. 12: The geometry of gradient array
with point sources of current.
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Assume two noint sources Cl and C2 at a distance L from
each other, and the potential difference is measured along
lines rarallel to C1C2 across a pair of potential electredes
Pl(alb) and Pz(azb) Fig. 12. The potential at P(x,y,z) of C1

and C, is given by

A - 1 1 1
ViI(xX,ys2) = %=1 o :
%ﬁ [(X-l-%)z +Y2+ZZ]1 [(X_V22+Y2+22]A (9.1)

at F1P2

and Apparao (1971), Koefoed (1972), Roy (1978)

for a small element of value dxdydz at P is given by Roy

AV L
PPy = ¥ 'Ry TR, (9.2)
Ry = oy = [Geap P -0y Pee’y?
R, = png = [(x-a2)2+(v—b)2+z2];

and pn is the electric dipole noment of the value element given

by
‘ﬁ=-2;n-§v dxdy dz

Now, integrating an D in the X-Y »nlane from - ®to=, one
i .
&

gets the contribution of a thin horizontal layer of thickness

dz at a depth Z, i.e., the denth of investigation characteristic

DIC). Therefore,
( ) ze X=Y=w

pIC = [ S AV
X=Y=-w P172
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= Z dz{ 2 :
Vil Y3 5 '
[(Vz+a1]2+bd+42213/2 [(1{2_31)24.[’2‘.422)?2 I

. ] ]
3 * 3
[(§Q+a2)2+b2+422] /2 [(g@—a2)2+b2+4:3 2}

(9.3)

Integrating DIC with resvect te Z from zero to infinity

one pets the total contribution (TC). Therefore,

TC

ol als T Sy
" apraTRl T [ymap) ebY) |

1 1
- § o+ 1) (9.4)
((y+a ) #b2]  [(1p-a,) +D") ‘

Here it has been assumed that C1C2 = L and PIPZ = 0.1L .
Further, O and 01 are the mid-points of CICZ and PIPZ, respec-

tively, Fig. 12, such that the radial distance 00! =R and

azimuth <010Cz = g, then

Hy = R Cos 8- 0.05L

a, = R Cos 6+ 0.0SL

and b =R Sin 6 (9.5)

Substituting (9.5) in (9.3) and (9.4) and then dividing

DIC by TC, one gets the normalized depth of investigation charac-

teristic (NDIC). The NDICs for different arravs rlaced over a
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semi-infinite homogeneous isotroric medium are as follows, (L

is the array length i.e., the distance between two extreme

active electrodes).

Wenner array:

1
8§LZdz 1
NDIC = = 3] (9.6)
: (L{©+4ZZ)'& (4% +a2%) "
Schiumberger array: (for MN = 0.1L)
NDIC = 9.9L7%dz { L ¥, Lo 3} (07)

[(0.45L)%+42%] 72 T [(0.55L)2+a2%)

Two-clectrode array:

4LZ
NDIC = ——> 3, dz (9.8)
weaz?)
Dipcle~Dipole array: (for L =1, %, = g = 0.2)
2 1
NDIC = - 0.662dz [——7 % -~ ———._ .2 3
[(0.64+42 ) Z (0,36+42%) h
- ._..._1.._._7 3] (g'())
(1+42°) 7R
Pole-Dipole: (for L =1, MN = 0.1)
i 9.10)
! = 36Zd 3 - 31 (9.
NDIC = 36Zdz [(0,31+4zz; h II:IEZ]

Where dz is the thickness of th

a depth Z.

¢ thin horizontal layer at




Bguations (9.5-9.10) shows that the normalized contribu-
tion of a layer of homogeneous isotrepic ground is & function
of the array length and depth Z of the layer, i.e. NDIC = f(L,2)
and it is different for different electrode arrays.

The value of Z for which NDIC is maximum indicates the
depth of investigation of the array, thus equating first
derivatives of (9.6), (9.8), (2.9) with respect to Z, to zero;
we get, the depth of investigation Z in terms of L. Thercfore,

we get for:

Wenner: < = 0.11L
Two-electrode: Z = 0. 35L
Balf-Schiumberger: Z = 0.25L

The above comparison indicates that the two-electrode set

up portray greater prebing depth and less resolving power than

the other configurations, for equal spacing L. (L has the same

meaning as before).




10. SEALLOW RESISTIVITY INVISTIGATION IN THE
FILWOEA FAULT, ADDIS APABA

10.1 CIOLOGY AND LOCATION OF THI SURVIY ARIA

The Addis Ababa area particularly north of the city is
rugged with many tynical volcanic tonogranhic features. Among
these are Intoto Ridge (3.200m) Mt. Yerer (3,100m), Mt. Furi

(2,239m) and Mt. Wachacha (3,385m).

Physiographically Addis Ababa is on the Fthiopian rift
marein Zanettin and Justin-Visentin (1974), the rim of the
Fthiopian plateau being marked by the I-W fault, running from
Cassam River to Ambo. Mokr (1967), considered this territory

as an embayment of the Fthiopian rift.

The stratigraphy of Addis Ababa was first nroposed by

Kundo (1958). According to him, there are seven different units,

these are from youngest to oldest:

Qu aternary basalt breccias (Colluvial),

-

. Trachyte (divided into four units based on
di fferences in texturc and minerals present),

~

3, Olivine basalt,

Soda-rhyolite breccias and trachyte.

e
.

On this geological map the olivine basalt cavers the north-

ern part of the city, i.e., from Cinfile, Fig. 13 to foot hills

of Entoto, and the trachyte the southern part. However, latter
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detailed manping carried out since 1971 by senior students of
the Department of Geology, A.A.U., and compiled by Morton (1974),
showed similar result in the north bhut revealed that the southern
part is covered by ignimbrite and anhanitic basalt rather than
trachyte.

Several other authors Mohr (1964), Zanettin and Justin-Vis-
entin (1974), Kazmin (1979) and Morton, et.al. (1979) discussed

the geolopy of Addis Ababa as part of their repional studies.

In this work the stratigrephy of the volcanic succession

of Addis Avaba area is propcsed.

The Geological map of Addis Abeba, Fig. 13, by Morton (1974)
and unpublished student recports are used as a base for this work.
Supplemented by two weeks field work by the writer in areas of
uncertainity.

To establish the stratigraphy 16 columns were constructed
Fig. 14 (1,2 & 3). Correlating these columns has yielded a
composite stratigraphy of the area. Absclute ages of some rocks

have been taken from literature.

Lithostratipraphy: 1. Trap " series"

Outcrop of this unit extend from the crest of Hitoto north

across the Sululta plain. It is composed of olivinerhyric basalt,

. " geries'" is rotained in this paper on historical

Tra . " a { &)
grounds ag an informal unit, despite the fact that "series

is not an appropriate lithostratigraphic term.
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trachybasalt, rhyclite and welded tuff. The age of a basalt at
Sululta is 22.5 Ma Morton (1974) nlacing it in 'iocene period.
Which is in the age ranpe of the Trap series (23-27Ma) McDourall
(1975), thus this name is applied. The unit is underlzin by
tuff and ignimbrite, but its relation with the Intoto silicics

is difficult to determine, as they are in fault contact;, however,

Mohr (1964) stated that the Intoto trachyte overlies the basalt.

2. Intoto Silicics: These rocks outcrop in the crest of
Intoto on the E-¥W fault running from Cassem to Ambo. They thin
both towards the nlateau and the plain. They are compcsed of
welded tuff, volcanic braccia, tuffs and agrlomerate, rhyolite

and trachyte, the last two being nrecominant.

Rhyolite: The tyme locality and section is found in the
slope of Imtoto hill Fip. 14 2b., It outcrons in the summit and
foot hills of Intoto, nredominantly in the western an? eastern

part of the city. The thickness is variable as it forms dome

like structures; however, 2 thickness of 15m is observed south

of Entoto Mariam.
The base of the rhyolite is placed on ipnimbrite and tuff
Fig 14 2b. The ignimbrite is welded, with columaar jointing.

The rhyolite is overlain by feldspar-phyric trachyte lacking

quartz phenocrysts. The distinction of trachyte from rhyolite

is not always possible in the field, this has been solved in

the 1lab.
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LEGEND FCR THE SYMPOLES USED IN FIG. 14

OR - 01d rhyolite

OT - 01d trachyte

0Tu - 01d tuff and agglomerate
QPFB - 01d porphyritic feldspare basalt
OPOR - 0l1d porphyritic olivine basalt

0AB - 01d aphanitie basalt

OIF - Welded glassy ignimbrite

OTB - 01d trachy basalt

Y3 - Young ignimbrite
YROB -~ Young porphyritic olivine basalt

YT ~ Young trachyte

YTu - Young tuff

OPFB - POPPB
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The rhyolite is subdivided into porphyritic rhyolite with
phenocrysts of anorthoclase, sanidine and ouartz, micro rorphy-
ritic rhyolite, nhenocrysts, anorthoclase and sanidine and less
commonly quartz, aphyric rhyolite and nitchstone which is
dominated by glass with very small feldspar nhenocryst. Flow-
banding in some part kinked and folded with jointing are
commonly cbserved in the last. The rhyolite contains phenocrysts
of plagioclase (albite-oligoclase) altered riebeckite, in a

matrix of glass with iron oxide.

The age of the rhyolite has been deterrined to be 22.1 Ma

Justin-Visentin et.al. (1974), nlacing it in Miocene.

Trachyte: The tyrpe localities and section of the trachyte
are found in the foot hills of intoto Fig. 14 la,b. It outcrors
in the foot hills and slopes of Intoto and is dJdominant over the

rhyolite, especially towards the eastern flank, the thickness as

observed near Kotebe is greater than 30mn.

The trachyte typically lies on the rhyolite as mentioned

previously but it is also observed that it lies on the trap

series in the north Fig. 15. It is mainly overlain by clivine-

phyric basalt and feldspar-phyric basalt.

The trachyte aprears uniferm except for minor grain size

variation in the phenccrysts, but in the eastern side near

Kotebe there are two varieties, viz, pale-gray trachyte and

pink trachyte. The latter is cut by hematized opal and the
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feldspar phenocryst are often completely or partially altered
with fine fracture fillin¢s of hematite. The nhenocrysts are
oligeclase, sanidine and riebeckite the groundmass is deminated
by aligned plapioclase laths, irecn oxide and minor quartz and

mafic minerals.

K/Ar age determination made on the trachyte shows a Miocene

ape of 21.5 Ma Morton (1974) and Morton et.al. (1979).

3. Addis Ababa Basalts: are dorinant in the central and
southern part of the city, the thickness of the basalt exceeding
150r in Ketchene stream. They are underlain by the FEntoto

silicics and overlain by younger irnimbrite.

This unit is composed of clivine-phyric basalc, feldspar-
phyric basalt, welded glassy igairbrite, aphanitic basalt® and
trachy-basalt.

Olivine-rhyric Basalt: has an average of 10% olivine
vhenocryst. It outcrops in the central part of the city, includes
the Markato, Tekle Haimanct, Sidst Kilo. The thickness as

measured in Ketchene is greatex than 130m thinning to one meter

or less in the foot hills of Entoto. This rock disapnears south

of Lideta air field and Filwoha which is explained by the

presence of N-I striking fault by Moar (1964) and Morton et.al.

(1979).

The olivine-phyric besalt is overlain by nlagioclase-nhyric

basalt in Ketchene, where the former shows a vesicular ton, else-
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where their relationship is difficult to determine.

Petrocranphic examination shows rhenocrysts of plagioclase
averaging labradorite, olivine partly altered to idlingsite, and
rarely augite. The groundmass is comrosed of nlagioclase, nyro-

xene, magnetite and olivine.

K/Ar ape determination made on samnles taken mear Arat Kilo
ani few kilometers from Giorgis in the Mesfin Harar Avenue shows

a1 figure of 6.9 and 7.3 Ma respectively, Morton (1974).

Plagioclase-vhyric basalt: outcrens nerth of Sidst Kilc,
in the area of General Wingate. In peneral its distribution is

almost the same as that of olivine-vhyric basalt.

Tts relation with the welded glassy ignimbrite is not
clear, due to the presence of a fault contact near the Indian
Imbassy; however, the same ignimbrite overlies olivine-phyric

basalt and plagioclase basalt, Fig. 14 Z2e.

Thinsection study of the basalt shows plagioclase (labra-
dorite) and augite as nhenccrysts, and a proundmass cemposed of

rlagioclase, nyroxene, and magnetite. The rock shows variation

in the amount and size of plapioclase phenocrysts, which are

large and abundant at the base and becorme finer and fewer at the
top.
An age determination made on the upper prart of the flow

shows a fipure of 6.4Ma Morton (1974).
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Welded Glassy Ignimbrite: small discontinuous outcrons of
this unit are found in Filwoha, Ginflile and near Lideta air
field. At Lideta air field the ignimbrite is overlain by anhani-
tic basait, Fig. 14 2e. The rock shows columnar jointing and the
there is abundant fiamme. A sample taken from Kebena stream
shows an age of 5.0Ma, This date is in the age range of Wachacha
volcanic rocks, based on a date of 4.5Ma Miller and Mohr (1966).

It may thus be a product of this volcano.

Aphz2nitic Basalt: The type locality and section of this
hasalt is in the Akaki River, Fig. 14 3b. It covers the southern
part of the city, south of Asmara road, esrecially the Bole Air
Port nnd Lideta Air Field. It is underlain by a soil horizon
that covers the plagioclase basalt and overlain by a Sm soil
horizon and 3m tuff layer that lies below the younger ignimbrite,

Fig. 14 3a.

The basalt consists of plagioclase (labradorite), augite,
rarely clivine and magnetite aznd lacks big rhenocrysts. The
nlagioclase crystals show flow alignment. The basalt shows
vertical, curvedcolumnar jointing and subhorizontal sheet joint-

ing. In the Akaki River south of Bole, the basalt has large

amygdules of calcite, also observed in the same basalt on a river

near Legedadi, Faclinite lenses are nresent at the contact of

the basalt with the young ignimbrite. Thus, there may have been

hydrothermal alteration along 2 fracture system oriented NE-SW,

that affect the basalt and the Intoto trachvte.



Age determination made near Lideta air field shows the
basalt to be 3.6Ma, near the age of Yerer volcanism 3,5Ma,
Morton and Rex (1975). Vescicules in the basalt in Akaki River
show an F-W elongation, suggestine that the flow(s) could have

come from Yerer.

Trachybasalt: Outcrons around Repi and General Wingpate
School and is absent elsewhere. In General Wingate it is under-
lain by olivine-phyric basalt and overlain by the young ignimbrite,
from which is separated by tuff and agglomerate from the later,
Fig. 14 3d. However, its relation to the other rocks of the
group is not clear, probably it is younger than the aphanitic
basalt.

4. Younger Volcanics: is the youngest of all volcanic
rocks of Addis Ababa, 3.2 Ma or less in age. The lower aye
refers to the young ignimbrite, which is a good marker horizon,

being extensive and follows often a tuff, thus is easy to identify.

The group is composed of tuff, irnimbrite, trachyte, olivine-
phyric basalt and minor feldsrar-phyric basalt and rhyolite.

Younsg Ignibrite: The type section of this rock is in the

Akaki River south of Bele Air Port and west of the Dama Hotel.

It outcrops all over the southern nart of the city including

Bole, Nefas Silk and Rail Way Ctation. In its type section the

thickness is about 20m.

Its base lies on tuff and scil and 1s covered by another
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tuff an< younger olivine-phyric basalt in the southeast rart of

the city and by young trachyte in the southwest.

It shows horizontal and columnar jointing. In n»nlaces, one
or more of phenocrysts, fiamme, or plassy matrix nredominate.
It contzins phenocrysts of sanidine, anorthoclase, quartz, iron
oxide, aegerine-augite and cossyrite in a groundmass predominated
by plass with very small feldspars. The presence of conssyrite

indicatcs that the rock is pantelleritic.

K/Ar age determination made on a samnle taken ncar Asmara

road shows an age of 3.2Ma.

Young Trachyte: 1is predominant in the southwest part of the
city, i.e., from Dama Hotel towards Furi and Reni, along hills
and foot hills of Hana Mariam and Tulu Iyoc 12-13kms. scuth of
Addis Ababa.

It is underlain by the tuff, that covers the young ignimbrite,
and overlain by alternating flows of plagioclase basalt and rhyo-
lite in the Reni hill. 1Its relation with the porrhyritic basalt
is not clear as they outcrop in different parts of the area;
however, in a small outcrop near Aba Samuel Lake 20kms, southwest
of Addis Ababa the trachyte is under olivine-phyric basalt,
I1sewhere, they may be laterally equivalent.

The trachyte is porphyritic with nhenocrysts of plagioclase
(albite-olipoclase), sanidine, biotite and the groundmass is

dominated by microlites of feldspar.



- 64 -

Yeung Olivine-rhyric Basait: outcrops south-ward from
Akaki River, where it appears in the form of boulders, unto
Akaki town reaching a thickness of 10m. It is restricted and
deminant in the scutheast of the citv nearly east of Addis Ababa -

Debrezeit Road.

It is underlain by the tuff that covers the young ignimbrite.
It is characterized by bip vescicules which are filled in nlaces
by calcite. It contains phenccrysts of nlaginclase (labradorite),
clivine, which is partially or comnletely altered to iddingsite,
and augite and the groundmass is comrosed of nlagicclase, mapgnetite,

ryroxene and olivine.
Age determination made con the basalt shows 2.8&Ma,

From the above discussion it can be observed that the vol-
canic rocks of Addis Ababa show younginp towards the rift, Figp.
16. And a NI fault, that passes through Filwoha, can be assumed
to separate the mafic rocks of the north and sialic rocks of the
south, in the eastern sector of the city. The composite strati-
granhy is shown in Table 2.

It is in this nart of the area that the resistivity

survey is carried out. The location of the resistivity traverses

AA' and BB' are shown in Fig. 13.
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10.2 FIELD INVESTIGATION AND INSTRUMIENTS USED

All resistivity observations were rerformed with a Scintrex
RSP-6 DC resistivity system, fabricated by Scintrex, Ontario,
Canada. The SP-6 is a smail rortable unit, which may be alter-
natively used to measure direct current resistivity and/or self-

pctentials.

Brass hallow tube electrodes were used for transmitting
current into the ground and for the measurement of the rotential
difference. Sufficient care was taken to ensure pood contact wi

with the pround by adding substantial amount of water.

Resistivity Survey over the Fault: In order to ret an idea
cof the geclogical sequences and the associated resistivity values
altogether 4 and 2 soundings were taken on either side of the
fault aprlying Schlumberger (C;-P;P,-C,) configuration, along
AA' and BB' resnectively. All these soundings were taken alonp
the traverses AA' and BB' keening the array apnroximately parallel

to the strike of the fault. The location of the sounding noints

is shown in Fig. 13. Sounding were taken within a 200-440m snread

AB, subject to the limitations of accessibility.

Profiling along the traverses rives an idea of the lateral

variation of resistivity values down to a certain denth. The

configurations used across the fault along AA’ are Wenner
(CI—FIPZ—CZJ with a current electrode senaration AB of 150m,
half-Schlumberper (Cl"PIPZ) with L = 50m and the two-electrode
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configuration (Ci-P;) with L = SOm in AA'. The above mentioned
spacings were chosen based on the Schlumberger sounding results
and on the view that the estimated depth of investipatione are
about 0.11 AB for Wenner, 0.35 ALB for two-electrode and 0.25L
for half-Schlumberger Roy (1972). The infinite electrodes for
the two-electrode and half-Schlumberprer confipurations were kent
at a distance of about 500m in nearly nernendicular directions,
due to lack of snace it was not possible to increase the distance
of the infinite electrodes. Prorer care was taken to keep the

infinite c¢lectrodes undisturbed.

The sounding data was interrreted first by the two-layer and
auxilary curve matching and this result was used as trial model

for the computer program Jdescribed in section 7.2.
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10.3 RESULTS OF THL RISISTIVITY SURVLY OVIR THE FILWOHA FAULT

Two profiles have been taken over the fault by which the
strike of“the fault was determined, these are designated as AA'
and BB' for profiles near the Indian EFmbassy and Filwoha resnec-

tively, Fip. 13,

Profile AA'

Schlumberger Soundings.

Four Schlumberger soundings, VIS 1,2,3 and 4 were taken at
different points along this prcfile, Fig. 13 and their interpreta-
tion is shown in Fig. 17 1,2. The purpose of taking these sound-
ings was to determine the depth and the nature of resistivities
of the different formations, and finally to correlate the result
with the data obtained from profiling. During the work proper
care was taken to prevent interference from self-poltential,
polarizing effects, contact errors and other disturbances for the

potential gradient measurements in each sounding.

A peoelectric section prepared on the basis of results of
schlumberger soundings is shown in Fig. 18. The top most layer
throughout the traverse is found to be thin, (maximum-0.8m).

This is considered to be a soil layer havinp resistivity from
(15-27Q-m).
Sounding 4: Fig. 17 2b, was taken at 25m from the last

observation point. The resistivity of the third layer obtained
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at a depth of 3-8m from the surface has a resistivity of 250-m
and the resistivity value of the second layer 120-m may corres-
poné to a layer of weathered material, the variation in resis-
tivity depends on the moistures and clay content. The fourth
layer with a resistivity value of 6.35-0-m may correspond to a
clay horizon. The fivth layer obtained at 16m, is thick, that
has a resistivity value of 20Q-m may correspone to a weathered
layer of the plagioclase-phyric basalt, as can be deduced from t
the stratigraphy of the area, Table 2.

Soundings 1,2 and 3 Fig. 17 1b, a and 17 2a respectively
were taken at a distance of 630,500,230m south from sounding 4.
The resistivity value of the second layer is lower and is thiner
than in sounding 4. However, this is minor surface variation.
Instead, the resistivity value of the fourth layer is relatively
higher than the corresponding layer in sounding 4 (74-870-m)
obtained at a depth of about 4-44m, this may correspond to the
hydrated and weathered welded glassy ipnimbrite (5M2). Which is
followed by a higher resistivity layer 244Q-m at a depth of
>59m, Fig. 17 1b and from the stratigraphy of the area, Table 2,
it may correspond to the plagioclase-phyric basalt (6.4Ma). The
low resistivity layer 12-24 @ -m is related to the weathered
mentle of the later. The bore hole data at Hilton show similar

lithological sequence. Thus, considering the lithologic homo-

geneity of the area, the data confirms the constructed model

from the resistivity survey.
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florizontal Resistivity Profiles.

The apparent resistivity anomalies obtained through Wenner,
two-electrode and half-Schlumnberger configurations are shown in
Fig 18 (2,b,c) along with the geoelectric section (drawn on the
basis of the results chtained through soundings as well as

profilings) across the fault.

Wenner Profile

The Wenner field profile with L = 150m along AA' is shown
in Fig. 18(a). The observed profile show no significant varia-
tion of resistivity in the two halves of the traverse AA' .
This may be due to the deep tropical weathering on different
types of rocks, i.e., mafic and sialic. The profile Shows
irregular variations of apparent resistivity values on the higher
resistivity side. This may be due to the variation in thickness
and resistivity values of the shallower layers besides its

nature, i.e., due to the presence of four active electrodes.

In the profile the 'peak” and "trough' on the higher resis-
tivity side are not prominent. Fowever, it shows a peak (1),
(3) and a trough (2), thus, the fault can be located fairly well
at, near R = 140m at the middle point of peak (1) and trough (2)
as suggested by Al-Chalabi on theoretical basis Fig. 189 and the
pradient is steeper at this point.
tween the peak and trough is small

The vertical distance be

thus the fault may be inclined, as inclined contacts can be dis-
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tinguished from vertical ones by the increase of apparent resis- I

tivity values over the 'nonks' and 'trourhs' on th- low resistivity

side with cecreasine angle of dip ¢, Fip. 20(a) Var Mostrand and
Cook (14966).

Two Electrode Profile

The apparent resistivity anomalies obtained through this
configuration with L = 50m show, Fig. 18(b), rathcr smooth
variztion along the profile. The fault can be fairly accurately
located at, near R = 140m at the middle of the constant apparent
resistivity value designated "plateau' Kumar (1973a) shown on
theoretical basis for vertical contact Fip. 20(b). This has also
been shown by Telfored, et.al. (1978) by the methods of images

on 2 single vertical contact.

The smooth variation of the apparent resistivity with two
clectrode array may be due to the smaller number of active
clectrodes and its higher depth of investigation. The apparent
resistivity values on the higher resistivity side are higher than
that obtained from Wenner, in the peneral sense. This is as
expected, since the depth of investipation of the two-electrode

setup is higher than Wenner showed in Chanter 9.

The far electrodes for the two electrode setup must be kept

at sufficiently long distance so that the error is minimized.

Half-Schlumberger Profile

The apparent resistivity anomalies obtained through this

confipuration with L = 50m shows, Fig. 18(c), a considerable
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fluctuation than the other two; since it is essentially g pradi-

ent profile, and there by iighs and lows reflect the lateral
variation in resistivity values, perphaps caused by a different
degree of weathering along the nrofile. However it shows a
clear indication of the fault giving rise to a prominent peak
and trough near the fault; thus, the fault can be located at

about R = 140m.

2. Profile BB
Schlumberper Soundings

Two Schlumberger soundings were taken on either side of the
fault. The sounding curves, VIS 1 and VES2, and their interpreta-

tion is shown in Fig. 21a and b,

The first sounding, VES 1, was taken in Zewditu Hospital at
>0m from the first observation point. The sounding curve shows
five layers. The top soil having a thickness of 0.86m has a
resistivity value of 8.84-860-m. and a second layer of 140-m at
a depth (0.86-3.49) and fourth layer that reaches upto 24m in
depth and resistivity of 200-m, which is followed by a 160-m
layer. The observed resistivity values show minor resistivity
contrast, and this may be controlled by the moisture and clay
content of each layer; otherwise, all may corresnond to a soil

layer.

The second sounding, VES 2, was taken at R = 375m (R =dis-

tance from VES 1). The sounding curve shows an opposite appear-
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ance to that VIS 1 and has four layers. The ton soil having a
thickness of 1.38m and resistivity of 120-m and the second and
third layer found at a depth of 1.38-34.18n are characterized

by a very low resistivity 1-2.50-m this may be due to the presence
of the hot springs (in the area the hot springs are artesian).

The last layer shows relatively higher resistivity 25.4Q-m.

The results of the above two vertical electrical soundinyp
curves indicate the presence of resistivity contrast on either
side of the fault, in particular within 1-34m depth. This may
be due the presence of the hot springs in the southern side of

the fault.

Horizontal Profiling

In this traverse, due to the lack of space for the infinite

electrodes only Wenner configuration was used in profiling,

The apparent resistivity anomalv for Wenner profile with
L = 30m and the geoelectric section is shown in Fig. 22. The
profile doesn't show a prominent ' peak' and ' trough" in
the higher resistivity side and also the gradient of the apparent

resistivity near the fault is gentle and broad. However, the

fault can be located at near R = 185m. The profiling was oriented

70° to the strike of the fault and this may be the reason for the

resistivity peaks and associated troughs to be less prominent and

the zcne of anomalies a bit wider. As can be deduced from the

theoretical profiles of Al-Chalabi.
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This profile seems stable, than in profile AA', for a

smaller spacing, i.e., L = 90, Thus, the noise of fluctuation

of the apparent resistivity in Wenner configuration may be

controlled by the shallow heterogeneities,
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SUMMARY AND CCNCLUS ION

The mapping of the Filwoha fault was made nessible by
resistivity method. Based on the data obtained in profile AA'
and BB', the strike of the fauit is determined to be N55°F which
is in good apreement with what was sugpested from geological

manping.

The fault may not be vertical, and its throw can be estimate!
to be about 40m, which is approximately the thickness of the
welded plassy ignimbrite. Which implies that the down thrown
siZe of the fault is the southern part. And the fault has acted
as a dam tc the welded glassy ipgnimbrite but not to the basalt
as was assumed previously. For this reason we sco quite differ-
ent ceology in the south and northern part of the area. Thus,
the aze of the fault may be bounded by 5.0Ma and 6.4Ma, the age
of the welded plassy ignimbrite and nlagioclase-rhyric basalt
respectively.,

From traverses AA' and BB' it can be observed that the fault
is shallow, i.e., covered by very thin soil layer (1-4m).

The resistivity contrast on either side of the fault in
rrofile BE' seems to be controlled by the nresence of hot snrings
south of the fault. Thus, it is in accordance with the suppes-

tion of Kundo (1958), that the hot srrings are controlled by

this structure.
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The results oever the fault in rrofile AA! Supgest that the
two~electrode confipuration ijs the most suitable for marping
this type of discontinuity in the field, as it shows less noise,
rrobably dve to its few acrive electrodes and higher derth of
investipation, and sharp variation of resistivity values over
the fault. The other configuraticns, i.e,, Wenner and half-
Schlumberger, are not so suitable as these are very sensitive to
the presence of near surface inhomopeneities, apart for the fluc-
tuation of resistivity values, they rive fair indication of the
fault. Except for the ease of interrretation all the three

configurations show almost the same locaticn for the fault.
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APPEND IX

A.l. PEKERIS RECURRINCJ RELATICN

It is based on adding a new layer at the top of the oripinal
layer sequence and moving the electrode confipuration to the top

of the newly added layer.

If we 44d,6™ N 8 -both mesbeps cf (5.11), and then divide

these members over the correspondiny member of (5.12) we pet

2Ph. 2 Ph;
o. L8 {PI+X:fP)e” 4 E 148, ,q (PY*+X, ., (P)e“ ™

i » P, — (Al.1)
1+0, (P)-X, (Pye“™g i+l 146, 1 (P)=X, ,, (P)e?Ph

Let us introduce a new function for each of the layers,

denoted by Ki(P) and defined as

146, (F)*X, (Pe’My-1

(A1.2)
LT

k; (T) =
1+Bi (P)--)L'i (P)e

By definition of Ki(l‘-) from (A.1.2), (Al.1) can be written

as
1+ei(P)+xi(P)e2Phi .
P, Ph:  Pi+1l %+
T 1ee, (2)-xg (P)e” M

and dividinc the numerator and denominator of the right hand

side of (Al.2) by X, (F) we get

(1+0;(F) zph._l(Ki+1) (A1.3)
- uiatatl i 5

1




and doing the same multiplication on the left hand side of

(Al.1) and substituting (Al1.3), (A1.1) becomes

[ ezphi—ll (Ki*l}ﬂzphi"l*'(Ki-lJezphi
- —=1p, *5, .. K.
of Bigdyy’ (K +1)e® ™Moy = 1oy Pis1 Ko
Ther 1
i, . K @2P a1y - (2085 _ (A1.4)
2 = q.
1%l i (e2pti # 1= Ki(eznti- 1)
i
where U Gy and t. is the thickness
Pi+1 .
we know that
Zpti
(e - ly zpti ; = tanh(pti]
(e +1
hence (A1.4) becomes

Ki+1 - 94 1--Ifi tanh Pt

solving this for k;, we obtain

[K;,q*q; tanh Pt ]

Bi o [qi+Ki+1tanhpri]

(A1.5)
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1P. Tedenummer

Apppﬂc’tx-

10
20
30
40
70

2
F

g4

20

100
110
120
130
140
160
170
180
120
200
210
220
230
240
250
260
270
280
290
300
310
320
330
335
340
350
360
365
370
380
320
400
430
440
450
460
470

- 480

482
489
490

A2.

DIM R1(19),P(19),p0(19
F=EXP(LOG(10)/6)

Q1=99 @ CLEAR
S1,19,I8=0

E=.02

T0F -

]
2,6(19),7T(9),D(4,19)

DISP "“NUMBER OF ITERATIONS »

INPUT N9
DISP "NEW FIELD DATA ?
INPUT M

IF M=0 THEN 230

DISP "FIRST AESCISSA"
INPUT X7

DISP "GIVE NUMEER OF

NO=0 , YEG=pw

SAMPLES" @ INPUT J7

DISP "GIVE "3J7; "SAMPLE VALUES"

FOR J=1 TO J7

INPUT R1()

NEXT J

DISP "CORRECT ? NO=0
INPUT

IF M=0 THEN 160

DISP "GIVE NUMEER OF
INPUT 14

I16=14-1

I2=14+14

» YES=1"

LAYERS"

DISP "“GIVE ";16;"LAYER THICKNESS"

FOR I=1 TO 16
INPUT P(I)
NEXT I

DISP “GIVE ";I4;"LAYER RESISTIVITIES"

FOR I=I4 TO I2
INPUT P(I)

NEXT I

DISP “CORRECT ? NO=0
INPUT

IF M=0 THEN 270
CLEAR

DISP "STEPLENGTH
19=19+1

X8=X7

J=1 8 Q,E1=0

FOR I=1 TO I2
G¢I)=0

NEXT I

X=.0105%X8

Le=1

L=0

L=L+1

IF L)9 THEN 670
X=X *F xF

, YEG=1"

R.M.S. ERROR"
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2. Tellenummer

o500
510
920
230
940
590
560
570
=80
S20
600
610
620
630
640
650
660
670
680
6920
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
820
700
210
720
930
940
750
960
970
280
290

B=P(I2)

IF 100000>B THEN 530
B=B-100000

Bé=E

Z=0

Z=Z+1

IF Z>I6 THEN 700

Dé6=P (I14-2)
R6=P(I2-Z)

IF 100000>D& THEN 610
D6&=D6~-100000

IF 100000°R6 THEN 630
R&=R6~-100000

AB=D&6/X

IF ABY1000 THEN 670

TB=(EXP(QB)—EXP(-A8))/(EXP(AB)+EXP(—QB))

GOTD 680
T8=1

-..94..

B=(B+T8%R6)/(1+T8XB/R6)

GOTO S50

T(L)=B

GOTO 470

X=.1%X

L=4 _
IF L8>1 THEN 790
X=,1xX

L=L8-1

L=L+1

IF L>4 THEN 1100
D(L,I2)=1

B=B4

FOR K=1 TD 16
I=I4-K

I0=1I2-K

13=I10+1

D6=P (1)

R6=P(I0)

IF 100000>D&6 THEN 890
D6=D&-100000

IF 100000>R6&6 THEN 910
R&6=R&6-100000
AB=D&6/X

IF AB>1000 THEN 950

TB8=(EXP (AB)-EXP (-A8) )/ (EXP (AB)+EXF (-A8))

GOTO 960

T8=1

B8=1+BxTB/Ré
P8=(1-T8xT8)/(EB8XEB)
D(L,I)=(R6~BxB/R6)/X

I ———




1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1429
1430
1449
1450
1440
1470
1480

-..95..

FOR IS=I TO 16
D(L,IS)=PB*D(L,IS)

NEXT IS

FOR IS=I3 TO I2
D(L,IS)=PB*D(L,IE)

NEXT IS5
B=(B+T8*R6)/(1+T8*B/R6)
NEXT K

A=X%FxF

GOTO 770
R8=.0148*T(1)-.0814*T(2)+.4018*T(3>-1.5715*7(4)+1.972xT(5)
R8=R8+.1854*T(6)+.1064*T(7)-.0499*T(B)+.0225uT(9)
FOR L=1 TO 8

TCLY=TC(L+1)

NEXT L

BB8=1-R8/R1(J)

I=0

I=I+1

IF I)>I2 THEN 1260

IF P(I)>=100000 THEN 1170
E=.402*D(1,I)—1.571*D(2,I)+1.972*D(3,I)+.186*D(4,I)
FOR L=1 TO 3 :
D(L,I)=D(L+1,I)

NEXT L
G(I)=G(I)+2*BB*B*P(I)/RB
COTO 1170

U=Q+BBxE8

IF B1x%E1)=R8xE8 THEN 1300
B1=-E8

JB8=J

J=J+2 @ L=9 @ LB=4
XB=XB%F xF

X=10,5xX8

IF J{(=J7 THEN 500
JI=INT(J/2)

IF J1x2=J THEN 1390
XB8=X7%F

J=2

GOTO 440

B=SQR(Q/J7)

IF Q1>Q THEN 1480

I18=1

FOR I=1 70O I2
PCI)=,67%P0CI)+.33%P(I)
NEXT I

S1=51/3

IF ,003)S1 THEN 1800

GOTD 390

IF E)>=Q THEN 1860
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1490 IF I9)>=N9 THEN 1860

1500 DISP USING .1510 3} S1,Q

1510-IMAGE—D;DDE,Bx,D.DDE_--

1520 B=0

1530 FOR I=1 TO 12

1540 G(I)=G(I)/J7

1550 B=E+G(I)%G(I)

1560 NEXT I

1570 C8=SQR(R)

1580 IF I8>0 THEN 1620

1590 S1=(Qx%Q-,9%ExXE) /68

1600 IF ,5%=51 THEN 162@

1610 Si=.5

1620 FOR I=1 TO 12

1630 POCIY=P(I)

1640 PCID=P(I)%(1+S1%G(I)/GB)

1650 NEXT 1 -

1660 1=0

1670 I=I+1

1680 IF Iy1is THEN 1760

1690 IF 100000>P(I) THEN 1670

1700 P(I),D6=0 _

1710 FOR ¥X=1 TO I

1720 Db=D6+P0(K)—P(K)

1730 NEXT K

1740 P(I)=Ds =

1750 GOTO 1670

1760 Q1=Q

1770 RHo=gi

1780 Jo=J8

1790 GOTO 380

1800 FOR I=1 TO 12

1810 PCI)=POC(I)

1820 NEXT I

1830 Q=q1

1840 E1=EQ

1650 JB=Jg

1860 PRINT » MODEL DATA"

1870 PRINT

1860 PRINT "RESISTIVITY THICKNESS™

1890 Fog I=1 7D 16

1900 Do=p (1)

1910 R6=P(I+18)

1920 1F 100000>Dé6 THEN 1940

1930 D6=D&6~100000

1940 1F 100000)R6 THEN 1960

1950 R6=R&6~100000

1960 PRINT USING 1970 ; R&,D6
1970 IMAGE D.DDE,8X,D.DDE



O

n"-r

82157 A

P. Taile nummer

1980
19220
2000
2010
2020
2030
2040
205

2060
2070
2080
2020
2100
2110
2120
2130
2140
2150

2160

S

NEXT I
R&=P (12)

IF 100000)R6 THEN 2020

R&=R6-100000

PRINT USING 2030 ; Ré

IMAGE D,DDE

PRINT

PRINT USING 2060 ; “R.M,5 RELATIVE ERROR = " Q
IMAGE 224, D,DDE

PRINT

PRINT USING 2090 ; “MAX ERR =";BE1;% AT SAMPLE "8
IMAGE 9A ,D.DDE,11A,DD

PRINT

PRINT "NUMBER OF TRIALS WAS ";19

CLEAR

DISP “CONTINUE (1) OR STOP(Q)"

INPUT M

IF M=1 THEN 20

END
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