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Abstract 
The lack of knowledge about fracture systems in Tanda region has led to an 
approximative establishment of drilling and so a difficult access to ground-
water. Thus, a multidisciplinary approach including satellite imagery and 
electrical resistivity method was conducted with the main objective to locate 
productive fractures of water in the study area. Indeed, 195-54, 195-55, 
196-54, and 196-55 scenes of Landsat 7 ETM+ satellite images were used. Al-
so, sixty-two (62) vertical electrical soundings (VES) of the Schlumberger 
configuration and hundred twenty-nine (129) electrical trailing (ET) were 
performed with a resistivity-meter SYSCAL Pro. Thanks to different treat-
ments applied to satellite images, structural lineaments have been extracted 
whose main directions are N00-10 (N-S), N90-100 (E-W), N70-80 and 
N100-110. The interpretation of electrical trailing data made it possible to va-
lidate the lineament map by the determination of the fracturing directions. 
Those are NW-SE, N-S, NE-SW and to some extent E-W. The result of the 
electrical sounding data showed the presence of three geoelectric layers com-
prising firstly cuirass and lateritic clays and possibly topsoil, secondly sands 
and/or clay sandstone and firdly either granites or sandstones or schists. The 
second geoelectrical layer corresponds to the potential aquifer because of its 
relatively low electrical resistivity values (13 Ω∙m to 180 or 240 Ω∙m). In addi-
tion, drillings established at the right of these geological structures provided 
an average water yield of 4.22 m3∙h−1, sufficient for rural hydraulic. Moreover, 
these results made it possible to obtain a correlation between drilling produc-
tivity and the major directions of fracturing. This indicates that the most 
productive directions are in order of importance NE-SW, NW-SE, E-W and 
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finally N-S. They also correspond to the major fracturing directions of Tanda 
region. These results are encouraging and contribute to a better implementa-
tion of future drilling in this region. 
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1. Introduction 
Underground water in the basement area is being increasingly exploited to 
supply drinking water to the population. However, there is a lack of knowledge 
problem of the fissured environment and consequently of the precise location of 
aquifers [1]. The latter meets either in alterities, in the cracked horizon, or in 
deep faults. 

In Côte d’Ivoire, despite all the efforts, the rate of drinking water access in 
2014 is estimated at 65% in the countryside and around 70% in urban areas. The 
economic capital of Côte d'Ivoire, Abidjan, does not exceed this threshold either 
[2]. The Tanda region is not an exception to this reality of low coverage of water 
needs. In addition to the low rainfall that is unfavorable to aquifer recharge, the 
population growth strongly influences the availability of water, quantitatively 
and qualitatively. According to the National Institute of Statistics, the population 
has grown from 228,820 inhabitants in 1998 to 277,263 inhabitants in 2014 [3]. 
Water needs become important. 

The coverage of populations drinking water needs is therefore closely linked 
to a better knowledge of the discontinuous environments in which drillings that 
can deliver large flows are located. The objective of this study is to locate the 
basement aquifers from fracturing study in order for judicious drilling in Tanda 
region (north-eastern Côte d’Ivoire). 

2. Presentation of the Study Area 
2.1. Geographical Situation 

Tanda Department is located at north-eastern of Côte d'Ivoire, between longi-
tudes 02˚51'W and 03˚52'West and latitudes 07˚03'N and 08˚02'N (Figure 1). 

It covers an area of approximately 6 422 km2 and is limited to the North by 
the Bondoukou and Sandégué departments, to the South by the Agnibilékro de-
partment, to the East by the Republic of Ghana and to the West by the depart-
ments of Prikro and Daoukro. It consists of thirteen sub-prefectures, including 
Kouassi-Datékro, Tankéssé, Transua, Koun-fao, Assuéfry and Tanda. 

2.2. Geological and Hydrogeological Contexts 
2.2.1. Geological Context 
The geological context of Tanda region is very complex and belongs the Paleo-
proterozoic field of Côte d’Ivoire. It consists of several types of formations 
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Figure 1. Presentation of the study area. 

 
(intrusive formations, tarkwaïennes and volcano-sedimentary) of varying ages 
[4] [5] [6] (Figure 2). 

These geological sets are fractured and metamorphosed by the different 
tectono-metamorphic events that have occurred in the region. We also note the 
presence of the quaternary domain consisting of lateritic cuirasses, vases and 
fluvial sands. 

2.2.2. Hydrogeological Aspect 
The precise location of fractures and their characterization constitute the essen-
tial of groundwater prospecting. The most significant groundwater reserves are 
contained. These aquifers are developing in the crushed and/or fissured rock and 
are protected from seasonal fluctuations and various sources of pollution [7] [8]. 
In tropical climates, these fractures are rarely visible in the ground because of 
thick layers of weathering which cover them. These layers are variable thickness 
with an average of 30 m and can sometimes reach 80 m on the granites and 100 
m on the schists [7]. Due to the presence of clays, alterites are characterized by 
relative low permeability but significant storage capacities [9]. This compart-
ment when saturated provides a capacitive function of groundwater storage. The 
majority of wells in the study area mainly tap these alterites. These aquifers are  
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Figure 2. Geological map of study area. 

 
exposed to pollution. Consequently, in addition to water sustainability problem, 
there are problems related to water potability so that villager hydraulics pro-
grams are directed towards deep and more stable groundwater capture. 

3. Materials and Methods 
3.1. Data and Material 

The main data used come from several villager hydraulics campaigns carried out 
in Tanda department, whose “BADEA 2 project”. This project has been con-
ducted from January to June 2007. These data are essentially the alteration 
thickness, the lithology and the drilling flows. Also, electrical resistivity data 
from geophysical prospecting were acquired as part of the project. In total, 142 
drillings were used to conduct the study. For the validation of the fracturing 
map, 89 of them were selected: 39 drillings implanted by geophysics and the 50 
others implanted after a geomorphological study. 

Geological maps have also been used. These are the square degree maps of 
Agnibilékrou-Kouamé Dari and Bondoukou [4], established on 1/200,000. They 
allowed to restore the geological sketch of the study area but also generate a ba-
sic fracturing map. 

Then Landsat 7 ETM+ satellite images were used. These are 195-54, 195-55, 
196-54, and 196-55 scenes and ETM+1, ETM+2, ETM+3, ETM+4, ETM+5, ETM+7 
bands, all with square pixels of 30 m and the ETM+ 6 band of the 60 m pixels. 
These images were used to make a linear map of the study area. 
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Then, the electrical resistivity data were measured using a resistivity meter 
SYSCAL Pro. A total of 62 vertical electrical surveys (SEV) and 129 electrical 
trailing (TE) were conducted in the study area (Figure 3). These vertical elec-
trical surveys were punctual electrical measurements, based on a variable spacing 
of electrodes (Schlumberger device) in order to explore deeper and deeper lay-
ers. On the other hand, the electrical trailing (TE) were exhaustive electrical 
measurements, lateral and quasi continuous according to the device “rectangle 
gradient” in order to locate possible discontinuities. 

Finally, all the data were exploited by using several softwares including Envi 
3.0, MapInfo 7.5, WinSev 3.3 and Linwin 2.0. 

3.2. Study Methods 
3.2.1. Method of Processing Satellite Images 
Lineaments mapping in the study area was made by different treatments applied 
to the Landsat 7 ETM+ (Enhanced Thematic Mapper) raw image. 

Before identifying and extracting the lineaments, satellite images were pre-
treated in order to eliminate the background noise and correct the geometric 
distortions. Then, to enhance these images, their processing was performed 
through principal component analysis (PCA), color compositions, and direc-
tional spatial filtering. The PCA consisted of two primary selective component 
analyzes (CSPA), first with bands 1, 2 and 3 and then with bands 5, 6 and 7 of 
ETM+. Each of them yielded three components, respectively ACP1123, ACP2123 
and ACP3123 and ACP1567, ACP2567 and ACP3567. The treatment in red-green-blue 
 

 
Figure 3. Positioning map of TE and SE performed in the study area. 
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color compositions of ETM+ bands 1 to 7 improves the quality of the resulting 
image. This highlights the targeted geological structures. Concerning the direc-
tional spatial filtering, only Sobel filters in four directions were applied to the 
corrected and enhanced images. In practice, Sobel filters 7 × 7 in directions N-S; 
E-O, NE-SO and NO-SE were used. 

3.2.2. Interpretation of Electrical Resistivity Data 
The interpretation of electrical resistivity data starts with the construction of 
electrical profiles on which conductive anomalies are detected. At the right of 
these conductive anomalies, electrical soundings are executed and then sound-
ings curves are established. 

a) Electrical Trailing 
The electric trainers were implemented according to the “gradient rectangle” 

device. The resulting electrical profiles are made using the Microsoft Office Excel 
spreadsheet. On these graphs, two types of anomalies can be distinguished: 
conductive anomalies corresponding to areas of low resistivities and resistive 
anomalies which are zones of strong resistivities. These anomalies are characte-
rized in the field by a significant lateral variation of electrical resistivities. Thus, 
from the parallel profiles, several discontinuities are highlighted and traced tak-
ing into account the forms of anomaly. The direction of each discontinuity is 
then determined from the orientation of the electrical profiles on which these 
discontinuities have been identified. 

b) Electrical Soundings 
The advantage of this technique is to locate anomalies in-depth. In basement 

zone, the conductive anomaly corresponds to discontinuities, which constitute 
the main reservoirs of groundwater. 

The most efficient method of interpreting electrical sounding data is the use of 
inversion algorithms. These latter, from a basement model (drill cut) and know-
ing the potential equation to the surface for a given electrode arrangement, will 
restore an approximate model. This model fits as closely as possible to the curve 
of measurements. The inversion calculation was done with the WinSev3.3 soft-
ware. This interpretation results in the determination of the thickness h1 and the 
true resistivity ρ1 of the first layer, the thickness h2 and the true resistivity ρ2 of 
the second layer and finally the true resistivity ρ3 of the third layer. The method 
principle consists of looking for the best superimposition between experimental 
(field data) and theoretical (model) curves with three, four or five layers (theo-
retical schemas of Schlumberger). 

The coupling of these two geophysical techniques (TE and SE) results gives 
precise indications (location, orientation and depth) on the fractures. It 
therefore makes it possible to implement boreholes that can provide more or less 
significant flow rates (Figure 4). 

3.2.3. Validation 
The validation of the lineaments map begins with the removal of all linear  
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Figure 4. Methodology for implementing TE and SE. 

 
structures of anthropogenic origin (energy transport wires, rectilinear borders of 
large industrial plantations, tracks, paved roads, landing strips, etc.). 

Lineaments identified from the Landsat 7 ETM+ images were subjected to a 
frequency analysis to highlight the main directions. In order to validate them, 
their main directions were first compared with those of the geological accidents 
recorded on the geological map [4] [5]. Then, they were compared to the prin-
cipal directions of the basement discontinuities identified from electrical resis-
tivity profiles. Finally, all the drill holes established following the geophysical 
prospection as well as some boreholes with significant flows of the study area are 
positioned on the linear map. This aims to highlight some major fractures. In-
deed, according to [10], the most productive boreholes are located on major ac-
cidents and can therefore be an essential tool for the validation of lineaments. 

This validation phase leads to the development of the map of major fractures 
in the study area. This is representative of the geological structures of the study 
area and constitutes useful support for a better location of the aquifers in the 
basement area. 

Following the development of this fracturing map, we studied drilling produc-
tivity according to the fracturing directions. This study consisted of analyzing 
the different flow rates of geophysically-implanted boreholes according to the 
orientation of the fractures on which these holes are implanted. 

4. Results and Discussion 
4.1. Fracturing Card 

Figure 5 shows lineaments map of the study area. This one has a high density of 
lineaments with variable sizes and directions from one part of the study area to 
another. Fracture lengths range from a few hundred meters (0.5 km) to several 
kilometers (51 km). 

4.1.1. Analysis of Lineaments 
The lineaments map has a network comprising 1.829 lineaments. Histograms of 
the principal directions (in lineaments number and cumulated length) and the 
corresponding directional rosettes are illustrated in Figure 6. 
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Figure 5. Linear map of the Tanda region. 

 

 
Figure 6. Graphical representation of statistical parameters of lineaments from satellite 
images. 
 

The analysis of these rosettes indicates that the fracture families N00-10 (N-S) 
and N90-100 (E-W) constitute the main families of fracturing with respectively 
12% and 14% frequency. Two other families have frequencies close to 8%. These 
are the N70-80 and N100-110 families. The last families of fractures have fre-
quencies lower than 6%; they are minor families. The fracturing of Tanda region 
is therefore generally heterogeneous. 

As regards the cumulative lengths, the observation is the same as above. In-
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deed, N80-90 and N90-100 families appear to be the most dominant. Similarly, 
those of N70-80 and N100-110 have frequencies close to 8%. The rest of the fam-
ilies have a frequency lower than 6%. Thus, we can notice that the most domi-
nant families of fractures are also the longest. 

4.1.2. Validating the Linear Card 
The fracturing map based on the geological map reveals forty-two (42) fractures 
(Figure 7). 

On the directional rosette of these fractures (Figure 8), three main families of 
fractures are released: N50-60 (12%), N0-10 and N70-80 (10%). To these are 
added the families N20-30, N60-70 and N170-180 (9%) which are secondary 
fractures. 

For the cumulative lengths, the highest frequency percentages correspond to 
the N50-60 (15%), N70-80 (13%) and N60-70 (11%) families. In addition, two 
classes of fractures N20-30 (9%) and N170-180 (8%) have intermediate frequen-
cies. 

The distribution of these fractures confirms two principal directions of linea-
ments namely N-S and NE-SW directions. These two directions have respec-
tively proportions of 10% and 12%. 

Figure 9 relates to the map of fractures identified from the electrical profiles. 
Seventy-one (71) fractures are highlighted. Some of these are materialized on 

Figure 10. 
Fractures distribution in the circular diagram (Figure 11) shows that the ma-

jor classes in fractures numbers are N110-120 (12%), N120-130 (11%), N150-160 
 

 
Figure 7. Fractures map from geological map of TANDA region. 
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Figure 8. Graphical representation of statistical parameters of fractures. 

 

 
Figure 9. Fracture map from electric trailed data of Tanda area. NB: frac-
tures shown are not at scale. 

 
(10%), N0-10 (9%), N50-60 (9%) and N60-70 (9%). These directions can be as-
similated to those of NW-SE, NS, NE-SW and to a certain extent E-W. This va-
lidation effectively confirms N-S direction of the linear map and those of 
NE-SW and N-S identified on the geological map. 

Statistical analysis of the fracture network highlighted the main directions. 
The direction N00-10 or N-S is as good on the satellite images as on the geologi-
cal map. This direction was also identified by [11] in the mountainous West of  
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Figure 10. Example of lineament plot from electrical profiles. 

 
Côte d’Ivoire, by [10] in the Korhogo region, by [12] in the Bondoukou region 
and by [13] in the region of Agboville. However, the major lineament direction 
N90-100 (E-W) was not observed at the geological map. This could be explained 
by the biases often associated with the fracturing measurement in the field [8] 
[14] or by a scale effect related to the types of objects considered for the deter-
mination of directional families [15]. Contrariwise, this direction E-W is clearly 
highlighted by the electrical profiles. This confirms the good orientation of the 
electrical trailings. The two directions N-S and E-W were also highlighted by 
[16]. 

The fracturing map thus obtained constitutes an important support for the 
implantation of boreholes in the region. The approach combining the inventory 
of lineaments on the satellite image, exogenous data and fieldwork leads to the  
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Figure 11. Directional rosettes of fractures from geophysics. 

 
establishment of fractures classification of and the understanding of geological 
structures [17]. According to the same authors, this study of the lineaments 
makes it possible to guide the reconnaissance campaigns by defining potentially 
favorable zones and to select the punctual sites for the implantation of boreholes. 

This geophysical prospecting has made it possible to install boreholes whose 
rates of flow are generally sufficient for water supply of rural populations. In or-
der to validate the fractures and guide future hydrogeological surveys in the re-
gion, a study of structures productivity in relation with fracturing directions was 
conducted. This study consists of characterizing the most productive fracturing 
directions. Thus, we associated with each drilling fractures direction that it is 
supposed to capture. This approach was made possible by the superposition of 
drilling and fracturing maps. 

Drilling flows distribution according to the fracturing directions is summa-
rized in Table 1. 

The most productive fracture directions in order of importance are NE-SW, 
NW-SE and E-W and to some extent N-S. They represent respectively 24.24%, 
21.21%, 15.15% and 6.06%. These most productive directions correspond to 
those of the major fracturing families of Tanda region. Consequently, these rates 
of flow are related to the main fracturing directions of the region. However, an 
exceptional flow of 30 m3∙h−1 obtained in the village of Yaokro was recorded on 
an N-S fracture. 

The main productive directions of the study area were also identified in 
Korhogo region. The NE-SW and N-S directions correspond to eburnean direc-
tions and the NW-SE direction is associated with the liberian one. In addition to 
the Landsat ETM+ data, these main directions have been highlighted using a GIS 
[18]. 

In Figure 12, the drillings implanted on the fracturing map were posi-
tioned. 
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Table 1. Flow distribution according to fracture directions. 

Directions NE-SW (30˚ - 60˚) NW-SE (120˚ - 150˚) E-W (80˚ - 110˚) N-S (0˚) 

Pourcentage 24.24 21.21 15.15 6.06 

 

 
Figure 12. Superimposition map of boreholes on lineament and fracturing 
maps NB: Fractures shown are not at scale. 

4.2. Interpretation of Electric Sounding Curves 

Different sounding curves (Figure 13) were constructed from the electrical 
sounding data. 

Their interpretation highlights the succession of geological formations (aqui-
fers or not). Thus, we identify three geoelectric levels (Figure 14) that are from 
top to bottom: 
- level I: it includes two to three superficial layers of relatively high and varia-

ble resistivities (from 100 Ω∙m to 3538 Ω∙m) and relatively low thicknesses (2 
- 49 m). This very heterogeneous surface cover is composed of topsoil (h = 
0.35 - 4.86 m), lateritic cuirass and lateritic clays (h = 1.7 - 44 m). The arable 
soil is very often absent on the electrical sounding curves, 

- level II: it corresponds to a heterogeneous formation consisting of an assem-
bly of sand and/or clay sandstone. Its resistivity is variable (from 13 Ω∙m to 
180 or even 240 Ω∙m), as well as its thickness (4.8 to 61 m). However, this 
thickness reached exceptionally 91 m at Kékéréni (SE9). 

- level III: it constitutes the relatively resistant substratum corresponding ei-
ther to the granites or to the sandstones (to Kékéréni and Sénandé), or to the 
schists (to Kokoyakro). The resistivity of this level increases sharply (170 - 
2100 Ω∙m). 
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Figure 13. Examples of electrical sounding curves. 

 
This approach and its results fit well with those of our study. Indeed, the in-

terpretation of the sounding curves revealed the fissured zone through the ver-
tical succession of the geological formations of the region. This potential aquifer 
zone corresponds to conductive anomalies found on the electrical profiles. 
However, this zone does not clearly delimit in geoelectric profile. Indeed, this 
zone is masked by clay-sandy alterites or merged with the base. This is explained 
by its small thickness or by the low contrast of resistivities between this layer and 
those surrounding. Very often, the passage of alterites to healthy rock is carried 
out with a progressive resistivity which does not define a precise limit between 
these two formations. This limit, determined by electrical soundings, is a func-
tion of the resistivity contrast between the two neighboring geological forma-
tions. If this contrast is great, the alterites and fissured rock are clearly distin-
guishable; cracked rock and unaltered rock then constitute a single resistant set 
[19]. On the other hand, if the contrast is weak, the clayey weathering and 
cracked rock merge; there is therefore overestimation of alterites thicknesses [1]. 

4.3. Study of the Drilling Flows 

The drilling flows vary between 0.5 (Akrassikro) and 30 m3∙h−1 (Yaokro) with an 
average of 4.22 m3∙h−1. To appreciate the distribution of these drilling flows, a 
classification based on that of the Inter-African Committee of Hydraulic Studies  

https://doi.org/10.4236/jwarp.2019.119065


A. Coulibaly et al. 
 

 

DOI: 10.4236/jwarp.2019.119065 1125 Journal of Water Resource and Protection 
 

 
Figure 14. Geoelectric profile in the village of Kékéréni. 

 
(C.I.E.H.) has been proposed. Thus, approximately 76.6% of the structures pro-
duce a flow rate Q > 1 m3∙h−1 (of which 50% of flow rates Q > 2.5 m3∙h−1), ac-
ceptable flow rates for a drinking water supply for rural populations (Table 2). 
However, for the water supply of large villages, higher flows (≥5 m3∙h−1) are re-
quired. 

Good water yields obtained from drillings implanted at the level of anomalies 
indicate the presence of the aquifer zone. 

5. Conclusions 
Fractures are accumulations and underground flows seat and are sought during 
hydrogeological surveys. In Tanda region, a multidisciplinary approach has been 
used to locate them. Indeed, these geological structures were extracted from the 
satellite images. Their main directions are N00-10 (N-S), N90-100 (E-W), 
N70-80 and N100-110. Then, electrical resistivity method identified fractures in 
the field. Electrical profiles confirmed the fracture directions (NW-SE N-S and 
NE-SW) while electric sounding curves interpretation led to the determination 
of their depth. This technique has also characterized the geological formations 
that overhang the fractured zones. It is first the surface covering which is made 
up of cuirass and lateritic clays and possibly topsoil and whose electrical resistiv-
ity is relatively strong (from 100 Ω∙m to 3538 Ω∙m). Then, the second level cor-
responds to an assembly of sands and/or clay sandstone whose resistivity varies 
between 13 Ω∙m to 180 or 240 Ω∙m. Finally, below, one meets the relatively re-
sistant substratum (170 - 2100 Ω∙m) corresponding either to the granites or to 
sandstones (to Kékéréni and Sénandé), or to schists (to Kokoyakro). The coupl-
ing of these two geophysical techniques has contributed to drill holes which pro-
vided water yields of 4.22 m3∙h−1. 
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Table 2. Classification of flows (C.I.E.H.). 

Sequence Flow classes Q (m3/h) Number of drillings % per flow class 

1 0 - 1 7 23.33 

2 1 - 2.5 8 26.66 

3 2.5 - 5 9 30 

4 Q > 5 6 20 

 Total 30 100 

 
Also, this study of fracturing directions indicates that the most productive are 

those of NE-SW, NW-SE, N-S and to some extent E-W. So, the most productive 
fractures are similar to the major fracturing directions of Tanda region. 

Ultimately, this study reveals the complementarity and the operability of these 
methods and techniques in the localization of aquifers in the basement area. It 
also allows better implementation of future drilling in the region. 
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