


















































































































































Since there is no fault in this region the minor faults can be associated with simple
fracturing of rocks in the region , and the addition of slopes can be imagined as the
arrangements of these minor faults as resistors in series connection.

The net resistance is associated with the dip angle of the fault say 6 and the
relationship between them is given by tan® = a,y so that since there is no fault in the
region between 1400E and 2000E a = a, = 0 and hence tan® = 0 or © = 0. For the
region 3000W-400W the dip angle is given by 6 = tan(-0.295) = 16.4°, for 500W-
1300E 6 = tan™(3.85) = 75°, and for 2100E-3000E 6 = tan(-6.5) = 81°.

Across profile Py, as shown in Fig.(11), low resistivity value 10-20 ohm-m

with less fluctuation in the values is observed in the region 3000W-1000W and this
is due to clay mass. In between 1000W and 1000E the apparent resistivity value is
linearly increasing due to the fault. In the region 1000E-3000E, the resistivity is
highly varying and these high resistivity variation yielded sets of line segments with
their corresponding slopes joined to one another. When least squares approximation
is applied these line segments which are associated with minor faults can be
removed and the apparent resistivity assumes the constant mean value equals 50
ohm-m which is fractured rocks with fresh water in it.
Since the apparent resistivity in this case is horizontal line the slope zero and this
must be identical with the sum of the slopes of the line segments associated with the
_minor faults. This is true because the minor faults can be imagined as resistors in
series. The dip angle of the fault around the base line is approximately equals 75°.
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The graphic plot across Py , as shown m Fig.(11), shows low resistivity
value 15 ohm-m with no fluctuation in the region 2600W- 500W; and this is due to
the clay dominance. The apparent resistivity in the middle part is linearly increasing
due to fault. In the region between SOOE and 3000E high resistivity fluctuation is
observed but it has the tendency of assuming horizontal line; and applying least
squares approximation the resistivity of this region assumes the value 55 ohm-m so
that this is fractured sand with fresh water. Though the minor slopes are not zero,
the sum of slopes of this region is zero; and this situation suitably desciibes
fracturing of the rocks. However in the left part 2600W-500W there are no minor
slopes and hence the net slope is zero so that this is associated with the rock which
is not fractured and it is uniform. The dip angle of the fault around the base line is
nearly equals to 80°.

Across profile Py, as shown in Fig.(11), low resistivity value 10-20 ohm-m
with no fluctuation is observed in the region 3000W-300W and this is due to the
clay material. From 300W to 300E apparent resistivity is linearly increasing due to
fault, and then apparent resistivity is decreasing with fluctuation at some points
around 500E, and this fluctuation is due to fracturing of rocks .

The resistivity maintains this uniform value nearly equals 35 ohm-m with less
fluctuation in the region 1500E-3000E, and this is sand mass. The dip angle the

fault around the base line is equal to 85°.
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Across profile Pry , as shown in Fig.(11), the left hand side 3000W-500W
has very low resistivity value 10 ohm-m which is highly clay massive zone. In
between 500W-800E due to the fault the apparent resistivity is lincarly increasing.
The dip angle of the fault around the base line is approximately equals 72°.

In the contour maps of Figures(13) and (14) low resistive zone is observed
from the left up to the base line, uniform increment around the base line is
observed due to the lincament structures such as faults and the right hand side of
the base line has sufficiently large resistivity and the resistivity in this region is
highly varying due to the fracturing of rocks.

In general the left hand side clay, the middle part around the base line is
fault zone and the right hand side is fractured rock which is promising for ground
water production specifically for the first three profiles Py , P; and Py as shown in

Figures (11), (13) and (14).
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The geoelectric section of the subsurface beneath profile P, , as shown in
Fig.(15), can be interpreted as three-layer section. The top-layer has resistivity 5-
450 ohm-m and its depth varies up to 5m. The great resistivity variation in the
range of this overburden material is mainly due to the lithological differences. The
second layer in the depth range 20-80m with resistivity 45-150 ohm-m seems to be
composed of sand, gravely sand, fractured ignimbrites, etc. in the region 2000W-
3000E; and it has resistivity 10-25 ohm-m in the left hand side which may be due
to clay, ash, or clay-sand etc. The third layer has low resistivity value 10-35 ohm
which is probably due to clay dominance.

The graphic plot analysis at the depth range 35-45m shows that the low
resistivity (10-25 ohm-m) material with less fracturing is encountered in the region
3000W-500W which is due to clay influence. Apparent resistivity is linearly
increasing in the region 500W-500E and this is probably due to the geologic
structures such as lineaments, faults, joints, contacts, dykes, etc. The rock at this
depth range in the region 500E-2500E has resistivity 60-90 ohm-m and good
fracturing is observed.

From the pseudoelectric section for the AB/2 equals 66-100m, p, is
constant with value 30-40 ohm-m in the range 3000W-1000E, and this low
resistivity value seems to be due to clay influence. And for 1000E-3000E the

apparent resistivity variation is not clearly seen due to lock of VES data at 2000E.
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However, we may observe from these three sections: graphic plot,
pseudoelectric section & geoelectric section that the left hand side of the base line is
composed of conductive formations such as clay, ash, etc. at the depth of about
35m and in general this region is not promising for groundwater yield. And at the
depth range of 30-60m, the region in the right hand side of the base line along
profile P, seems favorable for ground water producuon.

As 1L is seen from the geoelectne secuon across profile Py ,Fig.(160, three-
layer case is observed. The top layer, which is overburden material, whose depth
varies up to 4m has resistivity 7-400 ohm-m; and this wide range of resistivity
variation is due to the lithological differences. The second layer whose depth varies
largely, up to 250m in the west and 50m in the east, has resistivity 10-30 ohm-m;
and these low resistivity formations are probably clay, clay-sand, ash, etc. The third
layer has resistivity value from 40 to 100 ohm-m which may be due to formations
such sand, sandy-clay, gravely sand, fractured ignimbrites, etc. & is probably a
good water bearing horizon.

The pseudoelectric section shows that the apparent resistivity of the top part
is highly varying horizontally as well as vertically showing the lithological
differences among the rocks that form this layer. The middle part shows the low
constant apparent resistivity value 20-30 ohm-m accounting the effect of clay
dominance. The apparent resistivity of the lost part is also nearly constant but has

large value from 40 to 50 ohm-m which may be due to existence of water.
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The graphic plot shows that at the range of nearly 35m, the left hand side
has low resistivity value 10-30 ohm-m due to the clay influence, the apparent
resistivity is linearly increasing in the middle part which may be due to lincament
structures; and the right hand side has high resistivity value 40-80 ohm-m and also
the rock in this side seems to be fractured the behavior of which is manifested in
the fluctuation of observed resistivity values.

Comparing the geoelectric section, pseudosection section, and the graphic
plot we may conclude that the right hand side of the base line is good aquifer for
the depth range of about 35-80 m.

From the geoelectric section across profile Py, Fig.(17), three-layer case is
observed. The top-layer has resistivity 40-100 ohm-m and depth up to 6m; and this
overburden materials. The second layer whose depth is nearly goes up to 100m has
resistivity value 3-20 ohm-m in the left hand side which may be due to clay
influence and in the right hand side its value is 34-50 ohm-m which is due to sandy
formations. The third layer has resistivity value less than 30 ohm-m which may be
due to clay, ash, clay-sandy formations etc. A material of small lateral dimension
with high resistivity value is observed at a depth of above 240m around 2000 W &
this seems an intrusive material.

The pseudoelectric section shows in general low apparent resistivity value
which tells us that the subsurface below profile Py is highly dominated by clay for
sufficiently large depth.
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The graphic plot shows low resistivity value 10-20 ohm-m in the left hand
side, Lineament structure in the middle and fractured material with large resistivity
value 40-60 ohm-m in the right hand side at the depth of about 40m. These can be
interpreted respectively as clay, fault zone, and fractured rocks.

Hence from these maps we can conclude that the right hand side of the base
line is good water bearing at the depth of about 40m.

The geoelectric section across profile PVI, as shown in Fig.(18), shows
two-layer scction. The top-layer is overburden material with resistivity value greater
than 100 ohm-m in the depth range up to 5m; and this large resistivity value is may
be due to low humidity content. The second layer has resistivity value less than 25
ohm-m and this low resistivity value is due to clay or clay-sandy formation.

This situation is also clearly seen in the pseudoelectric section whose top
part (for the measurements taken at small AB/2) has large apparent resistivity value
greater than 100 ohm-m but the lower part (for the measurements taken at large
AB/2) has low apparent resistivity value less than 20 ohm-m.

From these analysis it seems that this profile is not promising for ground
water production for sufficiently large depths. However, further analysis using type-
curve mapping, as shown in Fig.(19), shows that the region around the base line is
promising for ground water yield. We may infer from these that free ground water
may be available at shallower depths around the base line of this profile allowing

one for hand- dug wells.
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The type curve map shown in Fig.(18) is produced by putting each type
curve of the VES at their respective stations and then classifying the identical
curves from the others by drawing an approximate boundary lines. These boundary
lines are the representations of the plane separating zones and hence denotes the
assumed structures.

The faults discriminated by using these boundary lines are as shown in the
Figure (19). From these faults two zones are observed : the zone in between these
two faults is characterized by the HK-type curve with the upper part having
resistivty values in the range 30-50 ohm-m and the lower part having resistivity
values in the range 40-100 ohm-m for the water bearing horizon. Hence this region
is promising for ground water with better yield.

The far left side of the region between the faults is characterized by HA-
type curve. The resistivity value of the subsurface in this region is 3-20 ohm-m.
The right side of the region between the faults is characterized by QHK-type curve
with the resistivity value for the region is 3-26 ohm-m. However, the upper part of
both of these regions (near 3000N, and 3000W and 3000E ) are characterized by
KQH and HKH- type curves and the resistivity value of the layer that seems water
bearing is 20-40 ohm-m. Though both of these regions seem promising for ground
water yield in the upper parts, they are in general zones of poor aquifer.

The bottom of the left end side is characterized by QQH- type curve with
resistivity value of the thick layer encountered is 14-16 ohm-m and these seem
probable mineralized or thermal water.
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A selected two different VES curves, one of which has been conducted at
the borehole and the other near the borhole (nearly 500m away from boreholes)
along profile P,, are interpreted with different models so as to analyze the
influences of the principles of equivalence and to develop the possible ways to
manage and handle these problems. Sets of different models of these curves are
shown in Figures (20) and (21).

According to Slichter (1933) there is one-to-one relationship between the
apparent resistivity of a VES curve and the thickness and the resistivity of the
individual layers in a horizontally stratified ground. But there is a random
distribution of every measured apparent resistivity value in a VES curve & the one-
to-one relationship holds in theory. The main causes of this random distribution of
apparent resistivity values are the geological, physical and experimental influences;
but the geological effects are much greater than the physical or experimental ones
together. Koefoed (1969a&b, 1979) has shown that the principle of equivalence is
only a result of natural circumstances & not one of theory. And the causes this
problem are the too low or too high values of transverse resistance or longitudinal
conductance.

A VES curve at the borchole station surveyed parallel to the borehole
station surveyed parallel to the profile, as shown in Fig. (20), can be interpreted
with three different models, each representing a normal geological sequence a 4-
layer, a 5-layer and a 6-layer model.

59



The other VES curve as shown in Fig. (21) can be interpreted with two
different models, both representing a normal geological sequence a 5-layer and a 6-
layer model.

The three different models of the borehole line curve have the following in
common: a thin high resistive formation resistivity about 60 ohm-m & a relatively
thick very low resistive of about 10 ohm-m form the top layer; a sequence of
aquifers of varying number; and a bottom layer (with infinite thickness) of low
resistivity about 15 ohm-m. The two models of the other curve have the following
in common: a thin resistive formation with resistivity of about 125 ohm-m and a
relatively thick formation of resistivity about 6 ohm-m form the top layer; a
sequence of aquifers of varying number; and a bottom layer (infinite thickness) of
low resistivity of about 8 ohm-m.

Hence it can be seen all three models have a similar general structure and
that the only parts where differences occur are aquifers with the very low values of
longifudinal conductance. Similar analysis of the VES curve from profile P, nearly
500m away from the borehole at Chuko led to the same conclusion that the two
models have a similar general structure but the only parts where differences occur
are aquifers. Thus in both these differences alone are responsible for the variations

in the interpretations of the curves.



For this particular survey area we may say that in the geoelectrical sounding
using Schlumberger array for groundwater exploration, assuming horizontal
stratification and other factors being remain constant, the main causes of the
principle of equivalence is the differences in aquifers.

Therefore, the VES curve provides information about the general
arrangement of the strata: about the top layer, the bottom layer, and possible strata
in between. The information aboui the general structure can be derived from the
geoelectrical sounding curve itself without any external information. The
information regarding lithologic composition along with the layer parameters
(thickness and resistivity) can be obtained from the combined interpretation of VES
and geologic data. In other words the VES curves yield fine structure (or specific
arrangement of strata) when incorporated with external geological information’s .
Hence, in the above examples the geological concept is necessary for the middle

part of the general arrangement.
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3.1.3. Discussion of Results

There are two main situations for which a geological concept must be
developed for the interpretation of geoelectrical sounding curve. The first is when
external information already exists for the area to be prospected. These
information, which can be well descriptions, logs, maps, or any other data which
cannot be derived from the geoelectrical sounding curve, is the basis for the
development of a geological concept.

The second condition is the one were there is no inifurmation at all about the
area; but geoelectrics are the first method to be used for exploring an area. If no
external information is available for the interpretation of a geoelectrical sounding
curve, the acceptable result which can be obtained from a sounding curve alone is
a model. However, such practices results in different equivalent possibilities for
interpreting a single geoelectrical sounding curve so that different models are
possible and hence one can not decide a unique model for the given VES curve.
This is referred to as principle of Equivalence.

From the hydrogeological point of view, since the ¢lectrical conductivity is
mainly dependent on the groundwater chemistry; and the rock matrix has only a
very small influence, one can fix the resistivity value for an aquifer over a large
area. As long as the groundwater is chemically homogeneous over the area of
interest, there is no reason not to consider it constant. Certainly, there are changes
in the conductivity of an aquifer, but they c;n‘t be identified due to the restricted
resolution of the geoelectrical instruments.
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Now suppose that the resistivity value for an aquifer is known from external
information’s so that one can fix it at one value for the different models of a given
VES curve. From the information’s of the borehole at Chuko town the resistivity of
aquifer is nearly in between 55 and 60 ohm-m. Hence from the hydrogeological
point of view the resistivity value of the aquifer around Chuko can be fixed at one
of the values in this range.

As it can be observed from the final results of inversion that when the
resistivity value of aquifer is fixed at 55 ohm-m the three different models of the
borehole VES curve, all the resistivity value of the layers bearing water which
initially seems different layers, assume the value nearly equals to 55 ohm-m; and
the depth range of aquifer is nearly identical in all different models (3m-100m).
Similarly the same operation in the two different models of the VES curve from
profile P, give the resistivity values for all aquifers tending or converging to 60
Ohm-m ; and the same depth range for aquifer horizon. From these we may
conclude that for the interpretation of VES curves of Chuko area, only the
resistivity value of the aquifer is important but the number of layers is of negligible
importance. Therefore, when interpreting VES curves for groundwater
exploitation, if the cause of equivalence problem is aquifer, one can fix a known
resistivity value for the aquifer than to estimate a new one for each model and then

can reduce the effects of the principle of equivalence.
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In general, we may conclude that the problem of the principle of
equivalence does not alter very much in the interpretation of VES for the ground
water exploration if aquifer resistivity is known from external information and the
cause of the equivalence problem is the difference in aquifers.

The equivalence problems of the VES survey around Chuko are managed
using this technique for all other VES curve interpretations.

On the basis of the lithological section from the borehole at Chuko town,
itic results of the interpretations of the geoelectrical sections at the four profiles (P,
Py ,Pp &Pyy) yield the general structure and the fine structure (or the specific
arrangement of the strata) as shown in Figures (15), (16), (17) and (18). In general
these are described as follows.

The top layer with thickness and resistivity varying in the range respectively
from 2 to 6 m and 3 to 500 ohm-m probably has both sedimentary and volcanic
origin. The wide range of resistivity variations in these surficial deposits is basically
associated with difference in lithological composition. The high moisture content in
some of these horizons, the salinity of rocks in the aeration zone and shallow denth
of the free ground water level with hich <alf content are the man causes of the verv
low resistnty values (fess than (v onm-m). [ he miermediate resisuvily vaiues are
due 1 suriiviai deposis with moderate humidity, and these rocks can be water
saturated if the depth of the free ground water level is shallow. On the other hand
s:;nds of different grain size with low humidity are probably be the causes of high
resistivity values (above 100 ohm-m).
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Subsurface formations underlying the surficial deposits are represented by
rocks of alternative horizons with different electrical resistivities in the range 7-150
ohm-m. The upper part of this layer with thickness 20-40m is composed of
volcanic rocks; and the lower part is composed of sedimentary rocks of alternating
clay and sand and its depth varies from 20 m in the north west up to 200m and
above in other regions. Rocks with resistivity values below 15 ohm-m may be
mainly due to clay and ash influences. Increase in resistivity indicates that sand
prevails in this layer or may due to increasing size of sandy materials in the layer.
The resistivity values in the range from 15-35 ohm-m are due to clay- sand.
Resistivities above 50 ohm-m are due to sand, ignimbrites and tuff in the upper part
and basically due to sand in the lower part of this layer.

The hydrogeological conditions of the survey area show that a widely
distributed drainage system forming deep valley created favorable condition for the
flew of ground water to the valley. Both the free ground water and ground water
are confined in the underlying horizons, and the depth of the water bearing
horizon within the water shade is expected to be thirty meters or above. The
presence of these water bearing horizons in the geoelectric sections are indicated by
the low electrical resistivity values, but these low resistivity may be due to the
variation of the lithological compositions like increase in clay content of the rocks,
the presence of mineralized ground water, etc. Incorporating the geological
information of the of the borehole and also hydrogeological conditions of the
survey area, the results of the VES measurements show that the main water bearing
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horizons in the area are sedimentary rocks with resistivity exceeding 40 ohm-m; and
this resistivity value seems reasonable for these formations to be saturated with
fresh ground water. Specifically, sand is the most saturated with water but its low
resistivity value could be due to its high clay content. Moreover, clay-sand and
gravely- sand can be fresh ground water saturated. Because of the inhomogenities
of the lithological compositions both laterally and with depth, the ground water
level determination is somewhat difficult from the present VES information .

On the other hand the stacked section and contour maps of the smoothed
resistivity profiling given in figures (11), (13) & (14) show three apparent resistivity
sections at the required depth of investigation. The apparent resistivity value is
nearly constant at the left side of the base line increases linearly at the middle
around the base line and then maintains approximately the peak value with great
fluctuations; and finally it tends to drop to the small value that it has at the far left
end. In the portions of the curve where the apparent resistivity is nearly constant,
we may conclude that the constant apparent resistivity is approximately the same as
the true resistivity value for the layer at the depth of investigation.

In general the functional form of the apparent resistivity (in ohm-m) versus
the x-values (station positions in meters) along the profile at the measuring depth
can be described by the linear equation py(x) = ax + b where the physical
constants a and b can be determined using the least squares approximation. Since a

is the slope of the curve, the small or nearly the zero values of a gives p_ (x)to be
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horizontal line or p, (x) approaches b; and large value of a makes p,(x) nearty to be

vertical line. Hence a is related with fault, joint or contact etc. and b is related with
the true resistivity of the layer at a given depth so that it has the dimension of
resistivity (ohm-m). The constant a has the dimension of resistance (ohm) and it the
resistance of the fault zone. If © is the dip angel of the fault then the relationship
between the resistance and the dip angle is given by a = tan6. From this the dip
angle of the fault in survey area is found to be in between 70° and 85°.

Both constants a and b varies from place to place in a given horizon where
the variation of a associated with the structure of rocks and that of b is associated
with the content of rocks. Hence it is possible to determine from the measurement
of the resistivity at a given depth the content of the rock, the degree of fracturing of
the formations and the dipping of the fault in that layer.

As shown in the stacked section of Figure(11) the high resistivity value and
the great fluctuations in the right hand side of the base line may be due to the large
degree of fracturing of rocks, the linear increase at the middle is due to the
lineament structures and the very low constant resistivity value at the left and far
end of the right (near 3000E) may be mainly due to the clay influence. Therefore,
the profiling analysis confirms the existence of water bearing horizon at nearly the
right hand side of the base line with resistivity value in the range from 40 to 100

ohm- m.
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3.2. Conclusions and Recommendations

1) The hydrogeological conditions of the survey area show that a widely
distributed drainage system form deep valley. This created favorable condition for
the flow of groundwater to the valley. The depth of the water bearing horizon
within the water shade is expected to be thirty meters or above. Incorporating the
geological information of the borehole, the results of the VES measurements show
that the main water bearing horizons in ihe¢ area are sands with varying grain size
and fractured volcanic rocks with resistivity exceeding 40 ohm-m; and this
resistivity value seems reasonable for these formations to be saturated with fresh
groundwater. Because of the inhomogenities of the lithological compositions, the
ground water level determination i8 somewhat difficult from these VES results.
Hence to have complete information it is recommended that a detail integrated
geological, geophysical and hydrogeological studies be conducted in this general
survey area.

2) The geoelectrical sounding curve can yield the information that consist of
the data about the number of layers, their thickness, and resistivity values when it is
incorporated with an external geological information. The information about the
general stratification: about the top layer, the bottom layer, and the possible strata in
between can be derived from the VES curve itself without any external

information.
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The possible strata in between the top and bottom layers are the causes of the
equivalence problems. In VES using Schlumberger array, assuming horizontal
stratification and other factors such as physical & experimental influences removed,
the parts where differences in interpretations occur (i.e. different models to arise)
for the VES of Chuko arc all aquifers and possibly aquicludes. From the
hydrogeological point of view, based on the well known value one can fix the
resistivity value of the aquifer at one value for the different models of a given VES
curve than to estimate a new one for each model, and then can carry out
constrained inversions. The results show that if the horizon bearing water is fixed at
one resistivity value, then all those horizons associated with aquifer approximately
takes this fixed value after constrained inversion; and it happens that the depth
range of aquifer for different models are nearly identical. Hence it is the resistivity
value of aquifer but not the number of layers that is important for the interpretation
of Schlumberger VES curve for groundwater exploration. We may conclude, in
general, that the problem of the principle of equivalence does not alter very much
in the interpretation of VES if aquifer is the cause of equivalence.

3) The apparent resistivity versus the station position for the horizon at a
given measuring depth can be described mathematically as py(x) = ax + b where a is
the physical constant known as resistance that describes the structure of rocks and b
is the physical constant known as the true resistivity that describes the content of

rocks at a given horizon having geological meaning thickness.
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4) The mathematical formulation and the ways devised to minimize the
effects of principle of equivalence are recommended to be further checked by other
sets of resistivity data obtained with the help of the more stable resistivity meter unit
(preferably the Terameter SAS 300B or SAS 300C unit); and that better
topographic conditions with good catchement area is need so as to minimize the
influences of horizontal stratification, physical and experimental effects, and the
one-to-one relationship between apparent resistivity and thickness and true

resistivity hold.

5) In VES using Schlumberger array there are points where the current
electrodes separation remain constant but the potential electrodes are changed so as
to enhance measurements in potential difference. For this purpose the explorers in
the Ethiopian Institute of Geological Surveys (EIGS) usually change MN when
MN/AB < 1/3 to collect the data used for this work. However from the theoretical
as well as practical point of view, it is very reasonable to change MN when MN/AB
< 1/5. In this later case the relationship between MN & AB becomes: for AB/2 =
1.5-30m the value of MN/2 is 0.3m, for AB/2 = 20-220m the value of MN/2 is 4m
and for AB/2 = 150-500m the value of MN/2 is 30m. Hence with approximation
the geometric factor for symmetrical array and that of Schlumberger array are

practically the same.
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It has been observed by the author, with the measurement taken using
Terrameter SAS 300B unit at Arbaminch water technology Institute, that negligible
scparation occurs between two apparent values at the same AB/2 but different
MN/2 in the case where MN is changed when MN/AB < !/5, and this is also the

one recommended in most recent hydrogeological texts.
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