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Abstract

Cote d’Ivoire is made up of more than 97% bedrock. The majority of water
resources are contained in the fractured bedrock, where drilling has a high
failure rate. It is therefore important to better understand these water reser-
voirs, as their hydrogeological significance is considerable. This study is con-
ducted from this perspective and covers the sub-prefecture of Togoniéré (North
of Cote d’Ivoire) where the water problem is acute. Its objective is to charac-
terize the geometry of the aquifers in the sub-prefecture by using electrical
resistivity tomography. The results highlight an anisotropy of the underground
formations, more pronounced with depth, represented by a succession of re-
sistant-conductive-resistant terrains. They reveal conductive formations in-
terpreted as lateritic aquifers, located between 20 and 75 m deep and generally
with thicknesses of 30 to 50 m. They have a triangular shape and lateral exten-
sions of about 85 m. Other conductive formations (3 to 10 m), which have a
NW-SE and NE-SW dip and a 45° inclination, suggest a network of fractures
facilitating the infiltration and storage of water. Their reach does not exceed
85 m but can extend to 185 m in length. These aquifers result from regional
tectonics or local alteration.
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1. Introduction

Water is an essential resource for life and human activity, and as such, it is used
by everyone. The term “rare commodity” often associated with it may seem para-
doxical considering the total volume of water in the seas and oceans of our planet,
which is approximately 1.33 billion km? [1]. Freshwater accounts for only 3% of
the previously mentioned volume [2]. This freshwater is susceptible to pollution
and sensitive to climate change, making groundwater the preferred source of
freshwater. In Africa, for example, the main source of Drinking Water Supply (DWYS)
is groundwater [3].

In West Africa, and more specifically in Cote d’Ivoire, access to drinking water
remains a major challenge. This observation applies despite an abundance of sur-
face water, which makes the exploitation of groundwater all the more strategic.
Apart from the coastal area, 85% of the inland localities are supplied by ground-
water. For four decades, numerous studies [4]-[7] have been conducted in West
Africa to better understand aquifers in bedrock environments. At the same time,
studies on geometry have also been carried out [6] [8]-[11]. These works reveal that
fractured aquifers are interesting reservoirs for drinking water supply because they
are less vulnerable to pollution and are the most sought-after and exploited reser-
voirs in bedrock areas. According to [12], in Cote d’Ivoire, determining an aquifer
in bedrock formation is very delicate due to the complexity of the underground
environment. For example, in the central and northern regions of Cote d’Ivoire,
particularly in Bouaké, Niakara, Ferkessédougou, and Doropo, the availability of
drinking water for the total coverage of the population remains a difficult equation
to solve [13].

Furthermore, drilling campaigns record a high failure rate, making living con-
ditions for the population difficult. In addition to local challenges, North Cote
d’Ivoire faces notable pressures on water resources linked to population move-
ments caused by the deterioration of the security situation in Mali and Burkina
Faso [14]. To limit failures during drilling, a good understanding of hydrogeolog-
ical and environmental contexts, coupled with appropriate technology, is essential
[6]. Among these techniques and disciplines, the geophysical approach has con-
tinued to develop and demonstrate its importance in characterizing aquifers [10]
[15] [16] [11].

In response to these challenges, this study aims to characterize the geometry of
aquifers with a view to establishing a drinking water well in the sub-prefecture of
Togoniéré. Specifically, it involved:

—Studying the spatial distribution of the electrical resistivity of underground
formations using pseudo-sections obtained through electrical tomography;

—Identifying formations favorable to the accumulation of groundwater that
could be aquifers;

—Characterizing the geometry (depth, thickness, shape, structural direction) of

these aquifers.
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2. Study Area

The department of Ferkessédougou, the capital of the Tchologo region, is located
in the North of Cote d’Ivoire, 574 km from Abidjan. It is situated between latitudes
9°12" and 9°57' North and longitudes 4°42' and 5°23' West. It consists of 3 sub-
prefectures, including that of Togoniéré. Togoniéré is located 22 km from the de-
partment. It is bordered to the North by Burkina Faso, to the South by the sub-
prefecture of Koumbala, to the East by that of Sikolo, and to the West by the sub-
prefecture of Ferkessédougou (Figure 1). Its population is 15,342 inhabitants [17].
The climate of the department is tropical, characterized by two main seasons: a
dry season from November to April, marked by the harmattan that extends from
December to February, with temperatures approaching 40°C in March and April,
and a maximum of precipitation observed in August and September in recent years.
Annual rainfall varies between 1000 and 1200 mm [18]. The hydrographic net-
work is dominated by temporary watercourses, which reflect the marked influence
of the long dry season. The region’s vegetation is that of a wooded savanna. Like
in all of northern Céte d’Ivoire, this region features a plateau relief, with slight peaks

around 400 m in altitude.
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Figure 1. Localization of the study area (sub-prefecture of Togoniéré). (Source: the au-
thors)
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2.1. Hydrological and Geological Context

The Tchologo region is primarily drained by two major rivers, the Comoé to
the East and the Bandama to the West, along with their main tributaries. In Togon-
iéré, the watercourses are of first, second, and third order (Strahler order), rep-
resenting the hierarchy of the hydrographic network, from the smallest streams
(order 1) to the first structuring tributaries (order 3) (Figure 2). It is important to
note that this network is dominated by temporary watercourses, reflecting the sig-

nificant influence of the long dry season on the entire hydrographic network [19].
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Figure 2. Hydrographic network of the Tchologo region.

The geology of Cote d’Ivoire is composed of 97.5% crystalline and crystalline-
phyllitic basement rock. It is located at the heart of the Man Ridge, whose litho-
logical units are affected by three orogenies (Leonian (3.5-2.9 Ga), Liberian (2.9-
2.4 Ga) and Eburnean (2.4-1.6 Ga)). The geological formations in northern Cote
d’Ivoire consist of a succession of bands of schistose rocks, migmatitic rocks, and
plutonic rocks. These are primarily granites, granodiorites, formations of undif-
ferentiated schists, and sericitic schists. This observation is the same in the sub-

prefecture of Togoniéré, where granitoids and schists are dominant (Figure 3).

DOI: 10.4236/ijg.2025.169030

623 International Journal of Geosciences


https://doi.org/10.4236/ijg.2025.169030

M. Ouedraogo et al.

5°51'0 5°24'0 4°57'0 4°30'0 4°3'0

10°21'N
10°21'N

9°54'N
9°54'N

LEGEND

T2 Sub-prefecture of Togoniere
[ TchologoRegion

€ €

5 R Lithologies

o o | Andesites, spilites, basalts, amphibolites
[ Dolerites, gabbros
[ intensely metamorphosed formations
Akeritic granites

- - [ Undifferentiated granites and granitoids

B © | Vvarious granites

o @ B intusive granites
[ Heterogeneous granitoids with biotite
[] Subalkaline granitoids with two micas
Granodiorites, diorites

z g z [T Rhyolites, dacites, keratophyres

o,':’, 4+ + + + 0 18- 20 km g".; [E0] schists and greywackes

@ L ® | [ Schists and undifferentiated rocks
B Ulabasic rocks, Basic rocks

5°51’'0 5°24’0 4°57'0 4°30'0 4°3'0

Figure 3. Geological map of the Tchologo region. (Source: the authors)

2.2. Hydrogeological Settings

In Cote d’Ivoire, which is predominantly made up of bedrock, several studies at-
test to the fracturing of this environment. It can, therefore, be likened to a porous
medium [12]. Groundwater reservoirs are found both at the level of laterites, in
the formations of the coastal sedimentary basin, and in the rocky formations. In
the bedrock area, such as in the sub-prefecture of Togoniéré, we encounter laterite
aquifers and fractured reservoirs.

Crystalline rocks, once exposed to the surface, are subjected to chemical and
physical weathering processes [20]. These begin with the infiltration of water into
the cracks and fractures initially present in the parent rock. This infiltration of
water leads to the alteration of the minerals in the parent rock, favoring the devel-
opment of a weathering profile consisting of loose laterites at the surface, a con-
solidated and fractured formation at depth, and finally the intact rock (Figure 4).
Several factors favor the establishment of weathering profiles. Among these fac-
tors, we can cite, for example, the composition (parent rock), type of climate, and
exposure time of the rock [6]. The weathering profile can be defined as the set of
lithological sequences above the intact, unfractured rock [20].

The alteration of crystalline rocks, which are massive and electrically resistant
when they are healthy, is accompanied by an increase in water and clay content
when they are fractured and altered, which manifests as abnormally low resistivi-
ties [21].

2.2.1. Laterite Aquifers

Laterites are formations resulting from the physico-chemical alteration of the bed-
rock (Figure 4). Their profiles and thicknesses vary according to the nature of the
rock, the climate, the topography, and the season. The laterite aquifers, tapped by
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traditional or modern wells, have a capacitive function and a variable thickness,
often composed of several layers: from saprolite (weathered rock at the surface)
to saprock (partially weathered rock at depth).

The laterites of the Ferkessédougou department are composed from top to bottom

of lateritic crust, clayey sand, and gritty arenas [22].

2.2.2. Fissured Aquifers

The crystalline and metamorphic basement can be affected by cracks or fractures
of tectonic origin, which determine the presence of aquifers (Figure 4). These fis-
sured environments are heterogeneous, and their hydraulic characteristics depend
on the geometry, density, and interconnection of the cracks [6]. These aquifers
are irregular, located at variable depths, and are exploitable by drilling. Not all
fractures are hydraulically active [6]. These reservoirs have a conductive function
and can be detected by geophysical methods.

Laterite
| Paleosurface

Saprolite

Percolation front
(bottom of the aquifer)

\"\K Deep discontinuity (ancientfracture, j;; ;
B K .; dyke, lithological contact, etc.) Wy

Figure 4. Typical weathering profile developed within basement rocks. [23]

3. Materials and Methods
3.1. Array and Method for Electrical Resistivity Tomography (ERT)

The method adopted is based on an electrical method, in particular, the resistivity
method, implemented through the electrical resistivity tomography technique.
There are many measuring arrays. The choice of one or more arrays should be
guided by the behavior of the target and the objectives of the study. However,
some arrays stand out more often than others in the literature. In this study, the
dipole-dipole array was used because, in addition to benefiting from greater vertical
coverage and greater depth of investigation, it is widely used in the basement, and
this array is particularly suitable for imaging vertical or oblique structures (fractured
environments) and 3D structures [24]. Its disadvantage is that its deployment in
the field is tedious due to the number of electrodes that must be implanted over
long distances.

The purpose of tomography is to image the properties of a medium based on a

series of measurements taken around and within it [16]. Electrical resistivity to-
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mography (ERT), also called “electric panel” or “electrical resistivity imaging
(IRE)”, allows for measurements of soil resistivity according to a vertical plane
(2D) or within a volume of soil (3D).

In the case of 2D imaging, it is assumed that resistivity does not change in the
direction perpendicular to the profile. Theoretically, a 3D study is more accurate
as the different dimensions of the investigation space are taken into account.
However, it requires significantly more acquisition time, higher equipment costs,
and more complex data interpretation. As a result, 2D imaging seems to be a good
compromise between obtaining reliable data and maintaining reasonable acquisi-
tion and processing costs. The implementation of the ERT consists of implanting
a significant number of electrodes (24, 48, 72, 96 or more) spaced at a constant
distance “a” and connected by a multi-conductor cable to a resistivimeter and
connected to a multi-contact or multi-electrode cable. Each electrode can be used
as an emission electrode (A or B) or as a measuring electrode (M or N). The GRX,
therefore, receives the potential difference from electrode to electrode (Figure 5).

Electrical panels allow for highlighting possible lateral heterogeneities of resistivity

through a 2D or 3D image of the subsurface structure.
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Figure 5. Acquisition diagram of an electrical panel and a pseudo-section. Case of a dipole-
dipole array. [15]

3.2. Data Acquisition and Processing

Electrical resistivity tomography was implemented on the site using a TxII transmit-
ter and a GRx8-32 receiver associated with its portable digital assistant (Personal
Digital Assistant, PDA).

The orientation of the line, the device, and the deployment of the equipment
were completed; data acquisition began by preparing the measurement sequence
with the PDA. It should be noted that the dipole-dipole device consists of acquir-
ing data with a successive configuration of two injection electrodes, A and B (in-
jection dipole) and measurement channels formed by receiving electrodes ar-

ranged in dipoles: R1 and R2, R3 and R4, R5 and R6, and so on. This arrangement
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allows for exploring different depths for the same measurement, with the depth
increasing from one channel to another. Once the first measurement is completed
on the measurement line, electrodes R1 and R2 are disconnected, and electrodes
A and B are connected, involving a shift in the direction of the profile. On the
GRX, the first disconnected electrode is replaced by the next one, and the other
electrodes will follow this movement. On the PDA, a new configuration is prepared.
Then, a new measurement is performed, and the same manipulation is repeated
for the measurements until the end.

This deployment made it possible to carry out four (4) lines for this study. For
each line, 30 electrodes, including 2 for transmission and 28 for reception, were
implanted in the ground, respecting a regular spacing of 10 m and a total length
of 290 m (Figure 6).

Measurements were taken on 20 channels, which allowed for reaching depths
of up to 105 m. Of the four layers, the last three oriented at N200°, separated by an
inter-layer distance of 20 m, intersected the first layer at an angle of 90°, resulting
in an orientation of 290°.

The data processing was done using the IP Post Process software. Before this
step, filtering the data is essential to eliminate outlier values related to measurement
errors; the software generates a pseudo-section of results in 2D, representing re-
sistivities in the form of color ranges. This is the pseudo-section of apparent re-

sistivities.
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Figure 6. Layering grid of the study area.
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4. Results and Discussion
4.1. Results

The results are presented as a range of apparent resistivity on the V-section. They
are illustrated by a color canvas ranging from cool colors (low values: blue to green)
to warm colors (high values: orange to purple), passing through average values
(yellow to yellow-orange).

On profile line 1 (Figure 7), the analysis reveals lateral (horizontal) and vertical
(depth) heterogeneity, reflecting significant variations in the underground for-
mations. Three major formations are identified:

The first formation is the low-resistivity formation (light blue to green), with
values below 900 Q.m. It is located between 20 and 60 m deep and 50 to 80 m
along the profile; another is between 130 and 180 m along the profile and at depths
ranging from 30 to 75 m; and a third is between 220 and 250 m long and 25 to 50
m deep. All conductive formations are located between 10 and 75 m deep.

The second is the medium-resistivity formation (yellow to orange-yellow) with
values ranging from 900 to 2290 Q.m. It is distributed throughout the section, but
with a predominance toward the center of the section, between 85 and 160 m in
length and a depth ranging from 15 to 75 m.

And finally, high-resistivity formations (orange to purple) with resistivities greater
than 2290 Q.m. They appear at the ends of the profile: A first formation on the far
left between 10-15 m depth, a second from the middle to the end of the profile at
a depth ranging from 20 m, and finally a third at the end of the depth.
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Figure 7. Pseudo-section of the apparent resistivities on profile line 1.

On profile line 2 (Figure 8), at the surface (down to approximately —20 m),
resistivities are generally higher (close to or greater than 3150 (0.m), particularly
at the left and right ends (red to purple formations) and finally at depth.

On the depth scale, we observe an alternation of formations with high resistivities
(red/purple), formations with low resistivities (blue to green), and formations
with high resistivities (red), indicating a more pronounced heterogeneity in the
vertical plane of the geoelectric structures.

Formations with low apparent resistivity (blue to light green) appear toward
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the center of the section between 75 m and 250 m in length and between 20 m and

80 m in depth.
N200° == Pseudo-section 2 Length
Om Sl()m ll00m 150m 200m 250m 300m
1 A I } 1

Mixed resistivity
; formations
-100m

| Depth

[ s s Apparent resistivities (Ohm.m)

i
1000 3150
Low resistivities Mixed or medium - High resistivities
& resistivities

Figure 8. Pseudo-section of the apparent resistivities on profile line 2.

On profile line 3 (Figure 9), the section is substantially identical to the previous
one, except that this one, in addition to presenting a low anomaly in the center,
also presents a conductive facies at the beginning of the profile, that is to say, be-
tween 40 and 90 m in length and around the first 70 meters in depth. All the con-
ductive formations are between 20 and 80 m in depth. The transition between
formation 1 and formation 2 is manifested in the form of an inclined boundary
(thin band) which plunges N245°. Also, formation 2 has an extension inclined
N155°, resembling a thin band (3 m thick).
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Figure 9. Pseudo-section of the apparent resistivities on profile line 3.

On profile line 4 (Figure 10), the resistivity distribution is essentially identical
to pseudo-sections 2 and 3. In addition, the conductive formations extend from
60 m to the end of the profile, considering the length, and have a depth of up to
90 m. Here, a connection between these conductive formations is observed.

Overall, this pseudo-section reveals a network of elongated, inclined, and par-
tially interconnected bands. These structures intersect primarily in the center,

forming an X-shaped geometry with lateral and vertical extensions. The potential

DOI: 10.4236/ijg.2025.169030 629 International Journal of Geosciences


https://doi.org/10.4236/ijg.2025.169030

M. Ouedraogo et al.

aquifers, of moderate thickness (5 to 10 m), are intersected and oriented along two
dominant directions: N245° and N155°. Formation 8 has an irregular shape and a
thickness of 30 m. All these conductive formations are located between 15 and 90

m deep, and the highly conductive formations are located around 20 and 70 m

deep.
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Figure 10. Pseudo-section of the apparent resistivities on profile line 4.

4.2. Discussion

There are limitations inherent in the method itself, but also in the data inversion
algorithm: the resolution of the method decreases with depth. The results reveal
lateral heterogeneity (horizontally) and are more pronounced vertically (in depth),
highlighting a more pronounced anisotropy with depth, thus reflecting a variation
in underground formations, as confirmed by [25], which highlights the vertical
anisotropy of aquifers developed on a granite weathering profile. Across all sections,
this variation is reflected by the alternation of high-resistivity terrains at the surface
(up to 20 m deep), conductive terrains, and terrains with medium resistivities in
the center, and very resistant terrains at depth. The surface formation (about 20
meters deep) exhibits moderate to high resistivities (orange-yellow to red formations),
suggesting the presence of low-conductivity materials such as dry, compact, or
lateritic soils. Indeed, the terrain recognition confirms this through the observa-
tion of lateritic crusts and lateritic soils in some places on the surface. The for-
mations represented in light blue to green (apparent resistivities of 900 ().m) are
typically interpreted as altered geological formations, which may contain clay ma-
terial or water-saturated altered formations, indicating the potential presence of
aquifers. In addition to these massive conductive formations, there are extensions
in bands oriented according to two preferred dips (N245° and N335°), all with a
dip of around 45° across all sections, but more pronounced on line 4. These oriented
anomalies may be attributed to structural control, such as fractured formations,
which have favored the infiltration and storage of water from the underlying aq-
uifers.

Stronger resistivity formations are also observed at depth (red to purple), in-

terpretable as more massive or less altered rock formations, such as sound rock,
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potentially acting as impermeable boundaries. Thus, the overall variation in resis-
tivities allows for the distinction of a more conductive central formation framed
by two more resistant formations. This variation is corroborated by [26], who de-
fines the succession of resistant-conductive-resistant terrains in the basement do-
main.

The geometry of potentially aquiferous formations is rather irregular, and this
is manifested in several ways.

The first three geophysical sections (Figures 7-9) show several notable geomet-
ric similarities. They all reveal the presence of conductive formations with low
resistivity, often in elongated shapes, sometimes in a V shape. In these figures, a
triangular shape, in V (Figure 7 and Figure 8) and inverted V (Figure 9), is ob-
served in the central formation of the sections. These shapes could correspond to
highly altered and water-saturated formations, resembling pockets of water, thus
leading to the presence of lateritic aquifers. The average depths are around 20 - 70
m, with an average thickness ranging between 55 - 65 m. The lateral extensions
reach up to 80, 100, and 70 m for pseudo-sections 1, 2, and 3, respectively. Particu-
larly in pseudo-section 3, a connection of a V-shaped lateritic aquifer to the cen-
tral lateritic aquifer (Figure 9) is noted by a thin band (3 m thick), which would
likely be a fracture. Indeed, Lasm et al. (2012) were able to show that the alteration
thickness varies from 8 to 63 m, with an average of 26 m according to drilling data
in the Ferkessédougou region. These depths and thicknesses are similar to those
obtained by the majority of authors who have worked on drilling productivity,
such as [27] in the Daoukro region and [28] in the Dimbokro region. Their results
confirm the presence of lateritic aquifers, with the most productive thicknesses
ranging from 8 to 50 m deep. In Katiola, a neighboring region, these thicknesses
vary between 20 and 50 m [29]. Similarly, the optimal depths for the most pro-
ductive groundwater are between 40 and 70 m for granites and between 40 and 80
m for schists in the Boungouanou region [30]. All of this is part of a broader con-
text where [5] showed that the thickness of weathering profiles is about 50 to 60
meters on granitoids and can reach up to 80 meters on schists in certain regions
of Cote d’Ivoire. In addition to these lateritic aquifers, recurring low-resistivity band-
shaped plunges, such as N155° (NW-SE), suggest fractures impacting the circula-
tion and storage of groundwater.

Such formations of immersion are typically interpreted as fractured aquifers
with variable thicknesses (slices of 3 - 10 m) and lengths of 20 to 70 m. As for
pseudo-section 4, which is distinguished from the others, these structures mainly
intersect at the center, forming an X geometry with lateral and vertical extensions.
It suggests the existence of several bands that could correspond to moderately
thick fractured aquifers (3 to 10 m) arranged in a network. These are interwoven
and oriented according to two dominant directions (N155° and N245°). These
conductive corridors, preferentially oriented NW-SE and NE-SW, were recorded
by [31] using traces and electrical soundings in Bouna, and in Bounkani by [32].
The NE-SW (N66°) and NW-SE (N130°) directions have proven to be very pro-
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ductive. They confirm that these fractures are located around 40 - 50 m deep, thus
confirming our results obtained (20 - 60 m). Additionally, [33] stated that in Cote
d’Ivoire, fractured formations can descend up to 70 to 90 m. Furthermore, [34]
showed that the thickness of the cracked horizon ranged between 20 and 70 m in
the Bélier region. The different orientations of these bands (N155° and N245°)
could indicate a permeability network influenced by the fracturing of the bedrock
on alocal (alteration) or regional (tectonic stress) scale. Generally, these directions
fit perfectly into the brittle tectonics of Cote d’Ivoire. Indeed, in the Korhogo re-
gion, [35] identified, based on drilling data, three main directions of groundwater
productivity: N-S, NE-SW, and NW-SE. These orientations are directly related to
the major tectonic deformations of Cote d’Ivoire. The N-S direction reflects local
structuring, while the NE-SW and NW-SE directions correspond, respectively, to
the Eburnean and Liberian structures. Across all sections, the fractured aquifers
(deeper) do not exceed 85 m. Furthermore, statistical studies between productiv-
ity and the depth of a well have shown that the probability of encountering open
fractures beyond a depth of 90-100 m is negligible (Faillat, 1986). Indeed, the
pseudo-sections (Figure 9 and Figure 10) highlight deep fractures, although they
seem to narrow with depth. Also, [25] showed that at the level of the fractured
horizon, the frequency of fractures decreases with depth, which would explain the
average resistivities observed along fractures 1, 2, or 3 at the level of pseudo-sec-
tion 4. The latter indicates that the development of fracturing is related to the
process of local alteration, mainly the alteration of phyllitic minerals (biotites in
particular), whose swelling causes fracturing.

All pseudo-sections reflect vertical anisotropy as well as the presence of aquifer
formations of laterites and fractured aquifers, attributed to the processes of local

and regional alteration.

5. Conclusions

The use of electrical resistivity tomography has allowed for the characterization of
the aquifers in the sub-prefecture of Togoniéré (Department of Ferkessédougou),
revealing a marked anisotropy with depth. The lateritic aquifers exhibit a triangu-
lar V morphology, with thicknesses ranging from 30 to 60 meters and lateral ex-
tensions between 35 and 85 meters. As for the fractured aquifers, they appear as
thin to wide bands (thickness of 3 to 10 meters), intercrossing to form a network
structure, particularly on pseudo-section 4. These structures have two directions:
N245° and N155° and a dip of 45°. The average depths are around 20 - 70 m for all
sections. The origin of these aquifers results from local weathering processes and
regional tectonic influences specific to the basement of Cote d’Ivoire.

In light of the results obtained, recommendations can be made to improve wa-
ter resource management in this locality: Target production at the level of for-
mations 2 (between the abscissas 135 - 140 m on pseudo-section 2, and at the
abscissa 140m for pseudo-section 4) where conductive anomalies and dense frac-

tures have been detected, aiming for a depth of 70 m. This will refine knowledge
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about these aquifer formations and contribute to the water supply of the area.
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