Aquifers productivity in the Pan-African context
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In this study, 50 Vertical Electrical Soundings (VES) were carried out in the region, including 14
near existing boreholes for comparison. Aquifer parameters of hydraulic conductivity and transmissiv-
ity were obtained by analyzing pumping test data from existing boreholes. An empirical relationship
between hydraulic conductivity (K) obtained from pumping test and both resistivity and thickness of the
Pan-African aquifer has been established for these boreholes in order to calculate the geophysical
hydraulic conductivity. The geoelectrical interpretation shows that almost all aquifers are made of the
fractured portion of the granitic bedrock located at a depth ranging between 7 and 84 m. The hydraulic
conductivity varies between 0.012 and 1.677 m/day, the resistivity between 3 and 825 Qm, the thick-
ness between 1 and 101 m, the transmissivity between 0.46 and 46.02 m?/day, the product Ko between

2.1 x 107* and 4.2 x 107,

1. Introduction

Depending on weather conditions, and geological
and geomorphological contexts of each region, the
water sector poses more difficulties. These difficul-
ties may arise in terms of flood (too much water),
dryness (very little water) or pollution (poor qual-
ity water). All these problems have a common
consequence: the shortage of good quality water
for domestic, agro-pastoral and industrial needs.
In some semi-arid climate contexts, surface water
has shown its limits due to climate aversion
and poor spatial distribution of populations
(Arétouyap et al. 2014). This explains the impor-
tance of groundwater in such regions and the inter-
est that is brought to its potential exploration. The
exploitation of this resource must be carried out
with extreme diligence to ensure a long-term use
(Asfahani 2007). Efficient management of ground-
water resources depends on the accuracy in the
detection and location of aquifers and in predicting

their behaviour during the upcoming exploitation.
Indeed, one of the general handicaps faced by the
exploitation of new aquifers is the lack of informa-
tion on their properties (permeability, transmissiv-
ity, etc.) due to the limitation of the number of
pumping tests.

Geophysical methods such as Vertical Electri-
cal Sounding (VES) technique can contribute sig-
nificantly to the accuracy of the aquifer location
and productivity, not only by developing its geom-
etry but also by establishing a relationship between
the hydrogeological and geo-electrical parameters.
Indeed, since the late 1960s, many researchers, sci-
entists, engineers and hydrologists have used the
resistivity method to obtain useful information
about the aquifers such as hydraulic conductivity,
transmissivity, and flow. Some of these studies are
summarized in table 1.

Asfahani (2012, 2013 and 2014) has recently pro-
posed two other inexpensive alternative approaches
based on the use of surficial VES technique to
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Table 1. Summarized table of literature review.

Aretouyap Zakari et al.

Application
Author Salient features country
Jones and Bufford (1951) Relationship between permeability and formation factor USA
Croft (1971) Relationship between permeability and formation factor USA
Vincenz (1968) Relationship between resistivity and well productivity Mexico
Ungemach et al. (1969) Relationship between transmissivity and transverse resistance India
Scarascia (1976) Assessment of the transmissivity through interpreting the electrical soundings Italy
Kelly (1977) Correlation between saturated thickness resistivities and hydraulic conductivities ~ England
Mazi¢ and Landa (1979) Relationship between aquifer transmissivity and transverse resistance Poland
Athavale et al. (1992) Measurement of natural recharge India
Frohlich et al. (1996) Electrical hydraulic conductivity correlation in fractured crystalline bedrock USA
Huntley (1986) Relations between permeability and electrical resistivity in granular aquifers India
Emenike (2001) Groundwater exploration in a sedimentary environment Nigeria
Yang and Lee (2002) Hydrogeological studies Taiwan
Chandra et al. (2004) Groundwater exploration in hard rock areas India
Asfahani (2007) Determination of the characteristics of the Neogene aquifer Syria
Nejad (2009) Study of the water potential Iran
Anomohanran (2013) Study of the water potential Nigeria

compute the aquifer hydraulic conductivity. His
alternative approaches have been successfully
applied for characterizing the transmissivity of the
Quaternary and Paleogene aquifers in the semi-arid
Khanasser valley region, northern Syria.

The main objectives of this paper are, therefore,
the following:

1. Detecting and locating the aquifers in the Pan-
African region by applying electrical resistivity
surveys.

2. Characterizing those aquifers in terms of
hydraulic conductivity, transmissivity, depth,
thickness and resistivity.

3. Building up thematic maps of those mentioned
characteristics by using the geostatistical ordi-
nary kriging method.

2. Materials and methods

2.1 Study area

This study is carried out in the Pan-African region
of Adamawa, located in the heart of central Africa
between 6°-8°N latitude and 11°-16°E longitude
(figure 1). It extends over a length of about 410 km
from west to east between Nigeria and the central
African Republic, for a total area of 67,827 km?.
From March to October, the region receives an
average rainfall of 1540 mm per year. The temper-
ature is moderate with an annual average around
25°C (Arétouyap et al. 2014). On the hydrologi-
cal level, the Adamawa region is called ‘the water
tower of Cameroon’ because it feeds three of the
four major watersheds of this country, namely the

lake Chad basin, the Niger basin in the north and
the Sanaga Atlantic basin in the south.

The study area consists of two major geological
domains:

® The former basement that includes highly meta-
morphosed formations (migmatitic, gneiss and
mica), and intrusive bodies composed of granites;

® The covering formations that include: red lat-
eritic soils, sedimentary (sandstones and con-
glomerates) and volcanic (basalt and trachyte)
rocks.

This region is the stool of a Pan-African granite-
gneissic basement, represented by granites, gneisses
and Pan-African migmatites. Geological formations
encountered are basalts, trachytes and trachy-
phonolites based mostly on concordant and discor-
dant alkaline granites (Toteu et al. 2000). There
are two major fractures slanted towards in two
directions:

e The first oriented N30°E (most common) is that
of the ‘Cameroon volcanic line’;

® The second oriented N70°E, is the ‘Adamawa
line’ or ‘shear area of Adamawa’.

The soils of the region are lateritic and classified
into two types (Segalen 1967; Toteu et al. 2004):
red soils derived from ancient metamorphic rocks
and red soils formed on old basalts.

2.2 VES acquisition and data processing

Fifty VES have been carried out in the study region
(figure 2), by using Schlumberger array in order
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Figure 1. Simplified geological map of the study area.

to detect the aquifers and determine their elec-
trical characteristics (Dar-Zarrouck parameters).
ABEM terrameter (SAS 1000) was used to con-
duct those VES measurements, with current elec-
trode separation (AB) varying from 1 to 300 m in
successive steps. The SAS 1000 measures directly
the resistance AV/I, and apparent resistivity p, is
subsequently computed according to equation (1)

(Dobrin 1976).

pa:(l 1 1 1

where I is the current introduced into the earth
by current electrodes, A and B, and AV are the
potentials measured between the potential elec-
trodes M and N.

The apparent resistivity values p, obtained by
increasing the electrode spacing around a fixed
point are plotted against half electrode separa-
tion AB/2 in order to establish the field resistivity
curve.

Interpretation of field resistivity curves is made
by a curve matching technique using master curves
(Asfahani 2011) for the initial determination of
thicknesses and resistivities of corresponding layers
(initial approximate model). The parameters of

this approximate model were accurately interpreted
using an inverse technique program, until a
goodness-of-fit between the field resistivity curve
and the theoretical regenerated curve was obtai-
ned (Zohdy 1989; Zohdy and Bisdorf 1989). The
quantitative interpretation of VES data has been
made by adapting two main hypotheses as follows
(Anomohanran 2013):

® the earth is horizontal, with the last layer being
of infinite thickness;

® cach layer is electrically
isotopic.

homogeneous and

The ordinary kriging technique is used to inter-
polate the hydrogeophysical investigation results
in the overall region, even in the locations where
VES measurements were not conducted. This krig-
ing method involves three steps (Gorai and Kumar
2013):

1. Exploratory data analysis: the main role of this
step is to check data consistency, remove out-
liers and identify statistical distribution where
data came from, because kriging methods work
best for normal distribution data. Normal data
distribution is decided when the mean and the
median are very similar. However, high skewness
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Figure 2. Examples of resistivity sounding curves with
their interpretative models, measured on points of exis-
ting boreholes. (a) Resistivity curve measured at Beka-
Mangari (P-3). (b) Resistivity curve measured at Kona
Gaouri (P-23). (¢) Resistivity curve measured at Nyambaka
(P-39).

values indicate the existence of outliers, which
are very high or low measured values compared
to the dataset. The outliers are caused by a bad
measurement or a bad recording, and must be
transformed when they exist.

2. Structural data analysis: spatial correlation or
dependence in the dataset will be quantified by
using variograms. Kriging relates the variogram,
the half expected squared difference between
paired data values z(z) and z(z + h) to the dis-
tance lag h, by which locations are separated
(equation 2).
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For discrete variables, this function can be writ-
ten as shown in equation (3).

N(h
1 (h)

v(h) = IN () Do le@) = 2@+ (3)

i=1

where z (z;) is the value of the variable Z at loca-
tion x;, h the lag, and N(h) the number of pairs
of VES locations separated by h. For irregular
data, it is rare for the distance between the loca-
tion pairs to be exactly equal to h. A variogram
plot is obtained by calculating values of the var-
iogram at different lags. These values are there-
after fitted with a theoretical model. The models
provide information about the spatial structure
as well as the input parameters for the kriging
interpolation.

3. Prediction: seven variogram models (exponen-
tial, spherical, Gaussian, magnetic, gravimet-
ric, pentaspherical and quadratic) were tested
for each studied parameter (depth, thickness,
hydraulic conductivity, and transmissivity of the
aquifer) in order to select the best-fitted one.
Predictive performances of the fitted models are
checked on the basis of cross validation tests.
The values of mean error (ME), mean square
error (MSE), root mean square error (RMSE),
average standard error (ASE), and root mean
square standardized error (RMSSE) are esti-
mated to ascertain the performance of the devel-
oped models. If the predictions are unbiased, the
ME should be almost nil. But because of its
weaknesses due to its dependence upon the scale
of the data and to its indifference to the wrong-
ness of variogram, ME is generally standardized
by the MSE, being ideally zero.

However, RMSE and ASE should be calculated
to indicate if the prediction errors were correctly
assessed in the case where they are close. Other-
wise, if the RMSE is less than the ASE (or RMSSE
< 1), then the variability of the predictions is over-
estimated; and if the RMSE is greater than the
ASE (or RMSSE > 1), then the variability of the
predictions is underestimated. Once the best model
is selected, it is used to draw the thematic map that
provides the spatial distribution of the parameter
to be estimated. All these errors are expressed by
equations (4-8) below (Goovaerts 1997; Gorai and
Kumar 2013).

1 N

ME = N Z (27 (xi) — Z (2)] (4)

i=1

MSE = ;Vz: [Z* (2 (;f (m] (5)
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Table 2. (Continued.)

Layer resistance (Q?)

Layer thickness (m) Layer conductance (Q71)

Layer resistivity (Q2m)

ho hs hy o1 09 o3 o4 R1 Ro R3 Ry

p3 P4 ps  hi

9699

P2

VES station

3290
188160

840
62708
15354

1.1699
0.0031
5.2500
0.1441
0.0751
0.0078
5.6667
0.0549
1.5246
2.6667
0.3500
0.7273
0.7143
0.0069
1.8085

0.0190
0.0003
0.0211
0.0032
0.0007
0.0015
0.0214
0.0013
0.0030
0.0337
0.1842
0.2105
0.0476
0.0007
0.0172

62

53
7840

210
15677

P-36
P-37
P-38
P-39
P-40
P-41
P-42
P-43
P-44
P-45
P-46
P-47
P-48
P-49
P-50

11816

0.0664

28

24
21

170000

422
1872

84
7104
8325

13000

18

4
222
333

1300

853
1247
4597

355466

4988
13791

0.75
1.5250
0.1900
0.3173
0.0245

12
61

32

9601
14126
44172

16
40
200

2440
7600

25

2672
11968
12792
12018
20046

38
33
52

10
17
14
93

1336

3432
110240

51
3570
5673

16

5217

104
2120
4134
2879

748
3198
2003

771

20

255

61

24
140

26

3
20
11

266
1900
1029

90032

239
2161

38

95
147
11254
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32415

88
35
28224

0.0069
0.0469
0.0118

15
30
32

20

11

19200
86528

640
2704
5270

14
85

2016

3995

16813

17

47

989

1 N 2
RMSE = N;[Z* (2:) — Z ()]

RMSSE =

;ZNI [Z* (2;) — Z(xi)r_ ®

i=1 0% (2:)

where o?(z;) is the kriging variance for location
x;, Z*(x;) and Z(x;) are the estimated and the
measured values of the parameter at the location
x;, respectively.

2.3 The hydrogeophysical model parameters

The hydraulic conductivity (K) of an aquifer is the
main hydrogeological property for the overall region.
It refers to the ability of the aquifer to receive the
infiltrated water, and expressed in m/day. Four-
teen available boreholes exist in the study region
(figure 1), where traditional pumping tests have
been conducted, and enabled to evaluate the
hydraulic conductivity values on those boreholes.

This paper applies the technique already devel-
oped by Asfahani (2007). This technique consists
of the following steps:

1. Plotting a calibration line of the empirical rela-
tionship between the transverse resistance R of
the aquifer obtained by VES interpretations,
carried out in the 14 VES locations near the
boreholes, and Ko, where K is the hydraulic
conductivity parameters obtained by pumping
tests from the 14 available boreholes in the study
area.

2. Determining the Dar-Zarrouck parameters
(transverse resistance R and longitudinal con-
ductance S) given by equations (9) and (10)
for the other 36 VES points, where no borehole
exists.

R = Z hipi (9)
i=1

S=>" hi (10)
i—1 Pi
where h; and p; are the thickness and the
resistivity of ¢th layer in the section, respectively.
The transmissivity at each VES location is
deduced by equation (11), by taking into con-
sideration the transmissivity and the transverse
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Figure 3. Lithological sections of 11 boreholes logged to highlight the vertical variation of the lithology.

conductance for each layer (equations 12 and
13).

T =KoR=Kh (11)

where K is the hydraulic conductivity of the
aquifer, o its electric conductivity, R its trans-
verse resistance and h its depth.

where o; is the layer conductivity.
TT'i = Kihi (13)

where K is the hydraulic conductivity of the ith
layer with thickness h;.

3. Using the empirical relationship explained in
step 1 to compute Ko and, consequently, K for
each VES location.

3. Results and discussion

Fifty VES with Schlumberger configuration have
been carried out in the study area and interpreted.
Figure 2 shows the resistivity curves obtained at 3
of the 14 existing boreholes (P-3, P-23, and P-39)
and their interpretative models, and a summary
of the results for all the sounding stations is pre-
sented in table 2. The VES interpreted results have
been mainly calibrated through referring to the
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geoelectrical response acquired from surface out-
crops of different formations and to the lithological
information obtained from eleven boreholes logged
on the locations of P-8, P-9, P-14, P-17, P-22, P-23,
P-26, P-31, P-33, P-39 and P-40 (figure 3).

The quantitative interpretation allows the con-
struction of the lithological cross-section along the
profile A-B that matches stations P-24, P-27,
P-28 and P-31 in southeast—northwest direction
(figure 4).

This interpretation is used to detect and locate
the aquifers and to determine the lithology of each
VES location. The application of the approach
developed by Asfahani (2007) enables to estab-
lish an empirical relationship between Ko and
R from the 14 boreholes existing in the region
(equation 14) as shown in figure 5.

Ko=-10""R+5.10". (14)

The application of equation (14) enables to com-
pute the Ko in all the VES locations and conse-
quently derive the hydraulic conductivity K in each
VES location.

The study of the profile A-B indicates the
existence of two types of geological array:

1. The first type is located at the middle of the
profile and has three geological horizons. The
first horizon is laterite or topsoil with a thick-
ness varying between 0.5 and 1.5 m. Laterite
generally has a high resistivity up to 4000 Qm.

3.5E-04
3.0 E-04 N
2.5 E-04 Ko =-1E-09R + 4E-04
= R2=0.9611
2.0 E-04
]
1>
1.5 E-04
1.0 E-04
5.0 E-05
0.0 E+00' e

0 50000 100000 150000 200000 250000 300000 350000 400000

Resistance R (Q2 m?)

Figure 5. Calibration line of the empirical relation between
R and Ko.

The second horizon is a clayey soil. Its thickness
varies from 5 to 15 m, and its resistivity ranges
between 200 and 7000 Qm. The third horizon
is the granitic bedrock. Its upper part repre-
sents the aquifer when it is altered or cracked.
Its thickness varies between 1 and 101 m, and
depending on the degree of the alteration, its
resistivity varies between 3 and 825 Qm. When
this horizon is not fractured, it is imperme-
able and constitutes the Pan-African base. In
this case, its resistivity can reach thousands of
ohm-meters.

2. The second type of geological array is observed

at the ends of the profile and has four geological
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horizons. The first and the second horizons
remain laterite/topsoil and clayey soil with the
same proprieties, respectively. The third horizon
is a sandy soil. Its thickness varies from 1 to 15
m, and its resistivity ranges between 100 and
1300 Qm. In the southwest region, the fourth
horizon representing the aquifer is composed of
sandstone. Its thickness varies between 20 and
61 m, and its resistivity varies between 47 and
355 Om.

In general, the Pan-African aquifer in the study
area is made of cracked upper part of granite or
sandstone. This is the third or the fourth geoelec-
trical horizon.

935

The thickness of this Pan-African aquifer varies
between 1 and 101 m, with an average of 34.16 m
and a standard deviation (SD) of 22.67 m. Its resis-
tivity varies between 3 and 825 0m with an average
of 228.48 (dm and an SD of 215.87 Qm. Figures 6
and 7 show the maps of resistivity and thickness
variation of this Pan-African aquifer in the study
area, respectively. The resistivity map indicates the
presence of a low-resistivity zone, reflecting the
potential direction of groundwater from north to
south, and from northeast (where the recharge area
is located) to southeast.

Table 3 indicates the properties of the aquifer
at the 3 of 14 points (Beka-Mangari, Kona-Gaouri,
and Nyambaka) where pumping tests were carried
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Figure 6. Thematic map of the aquifer resistivity.
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Figure 7. Thematic map of the aquifer thickness.
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Table 3. Aquifer properties of three existing boreholes in the study area.

Beka-Mangari  Kona Gaouri  Nyambaka
Parameter (P-3) (P-23) (P-39)
1 Hydraulic conductivity K (m-dayfl) obtained from pumping test 0.15 0.79 0.21
2 Aquifer resistivity p (Qm) 472 48 28
3 Aquifer thickness A (m) 8.4 16.2 11.8
4 Longitudinal conductance S (271) 0.017324 0.3375 0.421
5 Transverse resistance R (Qm?) 307090 105820 355466
6 K/o(x10%) 1.11 2.21 0.163
7 Ko (x107°) 2.00 0.285 26
8  Aquifer transmisivity Tr; (m?-day ') 1.2489 12.861 2.4214
9  Hydraulic conductivity K (m-day ') derived from VES measurements 0.148 0.779 0.205
Table 4. Characteristics of the Pan-African aquifer in the study area.
h (m) p (m) Ty (m?/day) K (m/day) s @) Ko (x10~)
Min 1 3 0.46 0.012 0.004 1.46
Max 101 825 46.02 1.677 5.25 428.54
Average 34.16 228.48 15.46 0.456 0.61 28.49
SD 22.67 215.87 10.33 0.400 0.9 99.04

out. The values of the resistivity of the aquifer
vary hugely 28 (P-39) to 472 Qm (P-3). This
is mainly explained by the nature of the aquifer
studied. Indeed, contrary to sedimentary aquifers
that are generally continuous, base aquifers are
rather discontinuous and the value of their resis-
tivity depends mainly on the degree of the bedrock
fracturing or alteration. The granitic bedrock is
then more fractured in Nyambaka (P-39) than
Beka-Mangari (P-3).

Exact agreement for these three borehole loca-
tions is noted between the hydraulic conductiv-
ity derived from the geoelectrical data interpreta-
tion (parameter 9) and that obtained by pumping
tests (parameter 1), as shown in table 4. Parameter
8 indicates the computed transmissivity of the
aquifer by means of the geoelectrical parameters
mentioned previously. Therefore, knowing the
hydraulic conductivity from the pumping tests
from the existing boreholes and R (or S) from
the geoelectrical data interpretation, the trans-
missivity T, and its variation from one place to
another (including areas where borehole data are
not available) have been evaluated through estab-
lishing an empirical relationship between those
parameters, as explained previously. The transmis-
sivity values determined from geoelectrical mea-
surements according to equation (11) and shown
in figure 8 are generally low over the entire area
due to the known water scarcity in the study
area. The transmissivity values vary between 0.46
and 46.02 m?.day~!, with an average of 15.46
m?.day~! and an SD of 10.33 m?.day~!. Com-
parison of figure 8 (transmissivity) with figure 7

(thickness of Pan-African aquifer) shows that areas
underlain by relatively thick aquifer materials have
higher transmissivity values than areas underlain
by relatively thin aquifer materials. This relation-
ship is expected, because transmissivity is a lin-
ear function of aquifer thickness, since hydraulic
conductivity is assumed to be constant (Asfahani
2007).

Table 3 shows that aquifer resistivity which is
higher in Beka-Mangari is the highest contrary to
the transmissivity that is the lowest. Certainly,
transmissivity is a linear function of resistivity
according to equations (9 and 11). But it also
depends on the aquifer thickness and hydraulic.
This can also be explained by the geological com-
position of the soil.

Figure 9 shows the hydraulic conductivity map
of the study area, where the values of this para-
meter range between 0.012 and 1.677 m.day !,
with an average of 0.456 m.day~' and an SD of
0.400 m.day .

According to the product of Ko, the study area
has two main trends as shown in figure 10: a low-
Ko value zone in the centre and a high-value zone
around the study area. The product of Ko varies
very slightly in the study area. It ranges from
2.1 x 107* to 4.2 x 107%, with an average of 3.47x
10~* and an SD of 0.84x 10~%. In light of the dif-
ferent geoelectrical results gathered, the character-
istics of the Pan-African aquifer in the study area
are summarized in table 4.

The aquifer depth varies generally from 14 to 70 m
with most localities around 34 m (figure 11). Given
the accessibility of aquifers (no huge depths), the
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Figure 9. Thematic map of hydraulic conductivity.

main criteria for siting a borehole or a well are the
hydraulic conductivity (for the ability to recharge)
and physicochemical properties (for potability).
The second criterion will be investigated during
imminent studies while figure 10 shows that the
northern part of the study area is more conductive
and better rechargeable.

The knowledge of the characteristics of the
studied parameters in the study area is impor-
tant for integration in a scientific methodology

oriented towards the optimum exploitation of the
Pan-African aquifer.

The equation used to determine hydrodynamic
parameters from Dar-Zarrouck electrical param-
eters is an empirical relationship. In order to
increase its reliability, the study area should
be divided into small areas according to their
respective geological features. For this, the other
experimental boreholes will be drilled in the
region.
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Figure 10. Thematic map of Ko.
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Figure 11. Thematic map of the depth where aquifer is situated.

4. Conclusions

Evaluation of hydraulic conductivity K from sur-
face resistivity measurements is possible, through
developing relationships between the electrical
Dar-Zarrouk parameters of R or S and hydraulic
conductivity from pumping tests on existing bore-
holes in the Pan-African context. This study
reveals that Pan-African aquifers are characterized
by a depth ranged between 7 and 83 m with an
average of 37 m, a transverse conductance ranged
from 0.004 to 5.25 Q! with an average of 0.61 Q71

a resistivity ranged from 3 to 825 Qm with an aver-
age of 228 (dm, a transmissivity ranged between
0.46 and 46.02 m?/day and a hydraulic conduc-
tivity ranged from 0.012 to 1.677m/day with an
average of 0.465m/day.
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