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Abstract

Access to groundwater, particularly in the base zone, is a real problem. Located
in the northwest of Benin, the structural and tectonic units of the Atacora chain
are composed of fractured sedimentary and crystalline formations. The objective
of this study is to dimension fractures on the scale of the Atacora Tectonic Unit
and its foreland. The Landsat OLI 09 TIRS images have been processed in order
to enhance the linear elements considered as lineaments. The lineaments ob-
tained were compared with high-flow drilling data in order to identify fractures
in the lineament network. In total, 417 fractures of various sizes (0.33 - 34.10 km)
and orientations (NNE-SSW, NE-SW, ENE-OSO, ESE-ONO, SE-NO, and SSE-
NNO) were identified. The distribution of fracture orientations shows a certain
heterogeneity of fracturing in the study area. The statistical analysis shows that
the fractures are numbered in the ESE-WNW directions: 146 fractures of length
between 0.5 - 34.10 km and density between 7.87 x 107 - 2.50 x 107> km/km?
NE-SW, a total of 121 fractures with a length between 0.335 - 14.41 km and a
density between 2.49 x 107 - 1.07 x 10~* km/km?* ENE-OSO, 91 fractures with a
length between 0.5 - 14.10 km and density between 3.78 x 107 - 1.04 x 107
km/km? and for NNE-SSW, there are 39 fractures with a length between 0.33 -
6.74 km and a density between 2.88 x 107° - 5.01 x 107> km/km?. All the results
contribute to a better understanding of fracture networks and the functioning of
groundwater in the structural and tectonic units of the Atacora chain.
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1. Introduction

The climatic conditions of the Atacora department (Sudanian type climate)
provide rainfall amounts of around 1199 mm per year. These rains, in turn,
generate infiltration of around 150 million m*/year [1]. Although the Atacora
department is blessed with relative wealth in water resources, it faces challenges
in mobilizing them. Groundwater is the main source of drinking water supply;
its occurrence and availability are governed by the existing relationship be-
tween factors intrinsic to the environment (hydrogeology, drainage network,
fracturing, slope) [2] [3].

However, the exploitation of groundwater poses a problem in crystalline base-
ment areas. Indeed, the hydrogeology of crystalline basement zones is very com-
plex [4]. Groundwater capture has long focused on identifying geological struc-
tures for water production. In the basement areas, the hydrogeological charac-
teristics of the crystalline rocks determine the recharge of the water tables and
therefore the sustainability of the drilling carried out. A study carried out on
nearly 5300 drillings showed that the success rate of drilling is 70% to 90% in
the sedimentary zone, compared to around 60% in the basement [5]. The rocks
of the crystalline and crystallophyllian zones are intrinsically very poorly per-
meable; it is the fractures that account for almost all of their permeability prop-
erties (depending on their density, size, and aperture) [6] [7]. The fracture net-
work, both ancient and recent, constitutes one of the main parameters for char-
acterizing hydrogeological systems in the basement environment. Their charac-
teristics are likely to explain the hydraulic functioning of fractured environ-
ments [8] [9].

To our knowledge, there has been no work on the characterization of the frac-
ture network in the study area. However, several works have been carried out on
the characterization of fractures in the Beninese crystalline basement [10] [11]
and in the Ivorian Paleozoic basement [12]-[14].

The structural and tectonic units of the Atacora range are located between lon-
gitudes 0°45' and 2°03' East and latitudes 9°30' and 11°30"' North (Figure 1(a)).
Figure 1(b) presents the altitudes, which reflect the terrain relief of the study area.
In the area, altitudes decrease from East to West. This situation divides the study
area into three sectors: eastern, middle, and western. In the eastern sector, alti-
tudes vary between 302 m and 675 m and correspond to the domain of the Atacora
mountain range, which belongs to the Pan-African Dahomeyid orogen. In the
center, we approach a plain of piedmont and hills (206 - 301 m); this sector is
characterized by medium altitudes and geologically corresponds to the Buem unit
of the Dahomeyids chain. To the west, the altitudes are lower (128 - 205 m) with
relatively gentle slopes; this sector corresponds morphologically to the Pendjari
plain and geologically to the Volta basin.

Geologically, the structural and tectonic units of the Atacora range belong to
the tectonic unit of Atacora and its foreland. It is subdivided into several areas,

which are the Atacora Structural Unit, the Bueme, the Tiélé Structural Unit, and
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the Volta Basin and its foreland (Figure 1(d)), which are from East to West. They
outcrop sedimentary formations (sand, argillite, ancient and recent alluvium) and
crystalline formations (sandstone, silistone, schist, jasper) (Figure 1(c)) [15]. The
reconstruction of the genesis of the study area is broken down into three stages:
the construction of a passive margin on the western edge of a Pan-African ocean;
the collision of this passive margin with the Benino-Nigerian plate, giving rise to
the Dahomeyid chain. These events contributed to the formation of a molassic
basin at the foot of the Dahomeyid chain [16].
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Figure 1. Presentation of the Atacora Structural Unit and its foreland: (a) Geographical
location of Benin in West Africa; (b) Altitudes of the study area; (c) Geological map of the
study area; (d) Geological profile of the units composing the structural and tectonic units
of the Atacora chain and its foreland.
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2. Data and Analysis Methods

Planimetric data consisting of satellite images (Landsat 09 type Oli Shots of scenes
193-52; 192-52; 193-53 and 192-53) and geological sheets (E: 1/200,000) of Natit-
ingou, Porga, and Sansanne-Mango, associated with a series of drilling flow rates
in the study area, were used to extract the lineaments. The different strips and
scenes of the images were stacked, mosaicked, and then cleared. The clearance was
carried out using statistics based on Principal Component Analysis (PCA) of the
different image bands in order to eliminate redundant information [17] (Figure
2). Sobel filters of type 7 x 7 were applied to enhance and extract the lineaments
obtained (Figure 3). These filters accentuate the lithological and structural dis-
continuities of the land surface along the N-S; E-O; NE-SW; and NW-SE direc-
tions, which enhances the perpendicular directional lineaments [14] [18] [19].
The abrupt discontinuities in tone observed on enhanced images are represented
by straight segments [13]. A total of 775 lineaments were identified, including 10%
in the WNW-ESE direction, 7% following the NNE-SSW direction, 7% following
the NE-SW direction, and 5% following the NW-SE direction (Figure 4(a)).

To identify the fracture networks in the extracted lineaments, the major direc-
tions of the lineaments and those of the fractures revealed on the geological sheets
were determined using the directional rosette and then compared with each other
(Figure 4). The extracted lineaments whose major directions coincide with those of
the revealed fractures would contain within them a network of fractures, which were
then separated from the predefined lineaments. Fractures validated [14] [20] are
those which follow the distribution of drilling (Figure 5) at medium or high flow
rates. A total of 417 fractures were identified across the study area (Figure 6).
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Figure 2. Lineaments visible on PCA.
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Figure 4. Directional rosette: (a) lineaments identified; (b) fractures revealed.

The orientation, density, and length of identified fractures were determined.

The orientation of the fractures is indicated by the directional rosette. The lengths

of the fractures are determined using the function of the Qgis 3.16 interface. The

density of fractures is determined according to the expression [4] [19]:

"L
szzzl i

1

with DFf density of fractures [km/km?], L total length of fractures in km, and A:

surface area occupied by fractures in km?

DOI: 10.4236/0jg.2026.162005

77

Open Journal of Geology


https://doi.org/10.4236/ojg.2026.162005

R. F. Avahounlin et al.

1°18'0"E 1°25'0"E 1°32'0"E 0°53'20"E 0°59'30"E 1°0'0"E 1°30'0"E 2°0'0"E
=z L L L =z 1 1 L 1 L
° o | am z z
io ] o m o =)
w Yol & >
o 5 S B
= z
z zo (4
) 52, <
] oy ~
) T =]
=) 52 -z z
- <] <]
od L O
3 ~
z z S 2
o )
¥ T
=) o
= \ ‘_=Z -
~ s N - 3 Sz z
’ ~ \ 27 S o
—=L e by o L S &g- T T T -g
1°18'0"E 1°25'0"E 1°320"E 0°5320"E 0°5930"E = 1°0'0"E 1°30'0"E 2°00"E  ~
1°440"E 1°11'50°E 1°2'30"E 1°6'40"E 1°1050'E N
z z
o8 o
? 5
e 9 0 225 45 9 135 18
z z Km
S S \-
3 LS - Coordinate system WGS 1984 Zone 31N
™ g m A '.
o o
= T |m wm \ \ Flow Interval (m3/h)
z z = Very Weak (0-1)
o o
g-/ = = -g = Weak (1-2.5)
=) \ =] Means (2.5 - 5)
z z
5 S = Strong (> 5)
S S Lineament
o - - III
I 1 ) J T
1°4'40"E 1°11'50"E 1°2'30"E 1°6'40"E 1°10'50"E

@renaud mitchozounou

Figure 5. Distribution of operating flows and fracture network in the structural and tectonic units of the Atacora Chain.
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3. Result

The length of the validated fractures is between 0.33 and 34.10 km. These are clas-
sified (Figure 7 and Figure 8) according to the various orientations in the NNE-
SSW direction (39 fractures); NE-SW (121 fractures); ENE-OSO (91 fractures);
ESE-ONO (146 fractures); SE-NO (15 fractures); and SSE-NNO (5 fractures).
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Figure 7. Directionality of identified fractures.
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Figure 8. Directional classification of identified fractures.

The graphs in Figure 9 present the distribution of the number of fractures by
length class in different directions. The fractures oriented in the NNE-SSW direc-
tion are of varied lengths (0.38 - 6.74 km), including 13 with lengths between 0.38
- 1.97 km; 17 whose lengths are between 1.97 - 3.568 km; 7 with lengths between
3.568 - 5.158 km; and 2 whose lengths are between 5.158 km and 6.748 km. The
fractures following the NE-SW direction are between 0.35 - 14.41 km. Eighty-one
(81) fractures are between 0.32 - 3.853 km, 26 fractures have lengths between 3.85
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- 7.37 km, and 11 fractures have lengths between 7.371 - 10.88 km. The major
fractures (1.88 - 14.41 km) number 3. Fractures following the ENE-OSW direction
(0.5 - 3.9 km and 3.96 - 7.3 km) are 59 and 20 in number, respectively. The major
fractures (7.3 - 10.7 km and 10.7 - 14.1 km) number 9 and 3, respectively. The
ENE-ONO direction (146 in total) is made up of small fractures between 0.5 - 8.9
km (137 fractures), and 8.9 - 17.3 km (7 fractures). In this direction, the major
fractures are not sufficiently represented; the fractures between 17.3 - 25.7 km and

25.7 - 34.10 km are one in number for each length class.
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Figure 9. Distribution of the number of fractures by length class in the different directions.

The graphs in Figure 10 illustrate the classification of the density and number
of fractures in the different directions. It appears that the fractures have variable
density depending on the orientations. The fractures following the NNE-SSW di-
rection have varying densities, 13 of which have a density between 2.88 x 10~ -
1.46 x 10~* km/km? 17 with a density between 1.46 x 10™* - 2.64 x 10* km/km? 7
with a density between 2.64 x 10™* - 3.82 x 10~* km/km? and 2 with a density
between 3.82 x 107 - 5 x 107* km/km?. The fractures following the NE-SW direc-
tion have a density between 2.49 x 107 - 1.07 x 10~ km/km?. Eighty-one (81)
fractures have a density between 2.49 x 107 - 2.85 x 10™* km/km? 26 fractures
have a density between 2.85 x 107 - 5.46 x 10~* km/km? and eleven (11) fractures
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have a density between 5.46 x 107 - 8.07 x 10™* km/km?® The densest fractures
(8.07 x 107 - 1.07 x 10~* km/km?) are 03 in number. The fractures following the
ENE-OSO direction (3.78 x 107 - 2.87 x 10~ km/km? and 2.87 x 10™-5.37 x 10™*
km/km?) are respectively 59 and 20. The major fractures (5.37 x 107 - 7.87 x 10™*
km/km? and 7.87 x 107 - 1.04 x 107 km/km?) are respectively 9 and 3 in number.
The ENE-ONO direction (146 in total) is made up of low-density fractures be-
tween 7.87 x 107° - 6.53 x 10 km/km? (137 fractures); 6.53 x 107 - 1.2 x 1073
km/km? (7 fractures). In this direction, high-density fractures are not sufficiently
represented, fractures between 1.2 x 107 - 1.8 x 10~ km/km? and 1.8 x 107 - 1.04

x 107 km/km? are present at the number of one for each fracture density class.

NNE-SSW Direction

Fracture Density Category (Km/Km?)

o _
N
3 2
e}
£
=}
Zz o
o <7
=]
©
o
[T [Tolb
© T288E-5- 1.46E-4- 2.64E-7- 3.82E-4-
1.46E-4 2.64E-4 3.82E-4 S5E-4
Fracture Density Category (Km/Km?)
ESE-WNW Direction
o
g -
g 84
£
S o |
Z ©
o
S 3 -
°
S o
w <7
(<] -
N
o
7.875E-5- 1.2E-3- 1.8E-3-
6.53E-4 1.8E-3  1.04E-3

NE-SW Direction ENE-WSW Direction
[ R
©
Q
@ o
w0
@ o]
o) o _| Q o
g © € <
=] =}
z zZ o
g 2 - g 7
2 ¥ 2
L o w
N o
© T249E-5 2.85E-4- 545E-4- 8.07E-4- © T3.78E-5- 2.87E-4- 5.37E-4- 7.87E-4-
2.85E-4 5.45E-4 8.07E-4 1.07E-3 2.87E-4 537E-4 7.87E-4 1.04E-3
Fracture Density Category (Km/Km?) Fracture Density Category (Km/Km?)
ESE-WNW Direction SSE-NNW Direction
S ~ 9
— © -
) 5 [ B
Qo Q
€ S
=] © - =
z P4
o e
2 < o 3
O Q
o o
w [ [E—
~ o
© T5A5E-5- 1.19E-4- B.45E-4- 4 9E-4 T5OE-5- 944E-5- 1.29E-4- 1.84E-4-
1.19E-4 3.45E-4 49E-4 6.4E4 9.44E-5 1.29E-4 1.84E-4 24E-4
Fracture Density Category (Km/Km?) Fracture Density Category (Km/Km?)

Figure 10. Distribution of the number of fractures by density class according to the different directions.

After analyzing Figure 9 and Figure 10, it is found that in all directions, frac-
tures of long length have a large fracture density, and those of medium and small

length have medium and low density.

4. Discussion

The structural and tectonic units contained in the geological formations of the
Atacora chain are made up of a large network of fractures. The presence of these

fractures could be explained by the tectonic replays observed during the orogeny
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of the Pan-African chain of Dahomeyids with the formation of longitudinal, trans-
versal, and oblique fractures [15]. On the scale of the structural and tectonic units
of the Atacora chain, the fractures observed are variously oriented, with length
(0.33 - 34.10 km) and density (2.45 x 107° - 2.50 x 10 km/km?) varied. These
results corroborate those obtained by previous work [11] [21] carried out in the
crystalline basement of Benin. Unlike the fractures observed in central Benin,
which are relatively short, the fractures in the Atacora range are of great length
and high density. On the scale of the study sector, the long fractures are located in
the South-West part, and those of short length are more localized in the North-
East of the study sector. While minor fractures contribute to the overall flow in
the aquifers and a certain connectivity, the longest fractures or major fractures
have a high linear density which provides high drilling productivity [22] [23].
Drilling is likely to be productive at the interception of two or more fractures, in
fracture corridors or in fracturing stars. The density of the fractures ensures high
productivity of the drilling to be carried out in the area and plays an important
role in the success of the latter. Indeed, it influences the connection of fractures

and ensures connectivity between fractures.

5. Conclusion

This study made it possible to dimension elements characterizing the fractures on
the scale of the structural units of the Atacora chain through their length, orien-
tation, and density. The fractures observed are variously oriented, with varying
length and density. Knowledge of the different characteristics of the fracture net-
work at the scale of the study sector must be used to make more judicious choices
in future hydrogeological prospecting campaigns. Knowledge of the directions of
fractures can guide hydrogeological prospecting work on the most significant
fracture families. Fractures parallel to the direction of the major tectonic stress are
better indicated than those perpendicular to this stress. Mapping of tectonic con-
straints therefore remains to be carried out in order to identify productive drilling

points in the structural units of the Atacora chain.
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