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Abstract

This study was conducted in the region of Tahoua the northeastern part of
the Southern Illulemeden sedimentary basin. In this region the transboun-
dary aquifer system of Continental Intercalaire (CI) and the Continental
Hamadien (CH) are potentially rich in underground water especially in free
and captive aquifers. More, this water is the main source of drinking water
for the populations, the animals and for agriculture and extractive indus-
tries. However, the population growth, the agricultural development, and
the climate change have a real impact on the dynamics of groundwater and
the exploitation of these resources. Hence, this study aims at analyzing the
behavior of aquifers and assessing the impact of various natural and anth-
ropogenic factors. Especially it matters to analyze the drilling parameters
and cuttings, logging data and pumping test of nine new boreholes. The re-
sults reveal that the depths equipped with boreholes catching the CI/CH
complex vary from 70 to 800 meters from East to West while the average
thickness of the reservoir CH is 50 meters and it mainly consists of coarse
sandstone. Drilling penetrated more than 100 meters into the CI without
reaching the base. The CI tank is composed of several layers of gravel and
clay whilst the CI/CH aquifers flow rates range from 0.2 to 22.8 m*/h/m. So
this is cause of great variability of the water potential within this aquifer.
Lastly, the transmissivity coefficients are more important in the CH than in
the CI, and the water flow average rates range respectively from 29 m/year to
7 m/year.
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1. Introduction

In the Tahoua Region of central Niger, the multi-continental trans-continental
aquifer of Continental Intercalaire/Continental Hamadien has significant water
potential [1] [2] [3] [4]. It is the main source of drinking water for people and
animals, and it also provides water for irrigation and extractive industries. Re-
curring droughts from the 1970s to today in the region [5] [6] [7] [8] [9], popu-
lation growth and the increasing number of livestock [10], the development of
irrigation and extractive industries are factors likely to affect the quantity and
quality of water resources in the CI/CH aquifer system. In fact, knowledge is still
limited to these potentials, despite the work and studies carried out [4] [11]-[19]
[20]. This is evidenced by the recent research by [19], which indicates that the
current level of knowledge of the Iullemeden Aquifer System, regarding recharge
areas, outflows, available resources and flow characteristics, is very uncertain.
The main objective of this study was to contribute to a better knowledge of the
CI/CH system. The specific objectives were to analyze the monitoring data of
drilling achievements, to interpret measurements of logging and pumping tests
and to process all the data acquired using technical software (ArcGis, Gesfor, II-

lustrator and Statistica).

2. General
2.1. Study Area 1

The region of Tahoua is one of the eight regions of Niger and it comprises
twelve departments. This region is situated between 13°20" and 18°40' north La-
titude and between 3°50' and 7° Longitude and it covers about 114,425 km?
(Figure 1).

2.2. Climate and Hydrography

The climate of the Tahoua region is of Sahel-Saharan type and it is characterized
by two seasons; a dry season dominated by warm and dry winds. Hence the dry
wind Harmattan blows from North and North-East while the during the rainy
season the Monsson blows from South to South-West and a wet, rainy season,
with monsoon winds coming from the Atlantic to the south and circulating to
the northeast. A dry, dominated by warm and dry winds, the Harmattan. This
climate is subdivided into three (3) sub-zones from north to south of the region
which are:

* the Saharan sub-zone, north of latitude 17° north latitude, is characterized by

an annual cumulative rainfall of less than 150 mm;
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Figure 1. Location map of the study area.

¢ the Sahelo-Saharan sub-zone, located between 15° and 17° north latitude,
and is characterized by an annual cumulative rainfall between 150 and 300
mm. This is the domain of breeding;

* the Sahelian subzone, south of the 15th parallel of north latitude, with a rainfall
of between 300 and 600 mm. It is characterized by intense agro-sylvopastoral
activity.

The hydrographic network is composed by broad valleys including: Tarka, Mag-
gia, Badaguichiri Valley, Zourourou, Abalak, Tadiss, and Azaouak. They are active
only during rainy seasons. There are also several temporary, semi-permanent and

permanent ponds.

2.3. Geology and Hydrogeology

2.3.1. Geology

The geological context of the study area is characterized by five groups of sedi-

mentary formations [11], which are bottom-up (Figure 2):

* Continental Cretaceous formations: the Continental Intercalaire (Neocomian
to Albian) consists of fluvial, lacustrine and deltaic deposits. Its formations
consist mainly of sandstones, clay sands and clays. There are silicified woods
and remains of dinosaurs, crocodilians.

Above and in the southern part of the Continental Intercalaire lies the Conti-
nental Hamadian (Upper Cretaceous), consisting mainly of medium to coarse

sandstones, more or less clayey;
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Figure 2. Geological map of the Iullemeden basin [21].

* The marine formations of the Upper Cretaceous: They consist of clays, cal-
careous sandstones, white limestones, gypsiferous clays, sea limestone alter-
nations with foraminiferal and oyster debris, and continental limestones with
gastropods, ostracodes, vertebrates dinosaurs, and finally there are fossilifer-
ous marls;

* The marine formations of the Paleocene/Eocene: they consist of limestones,
marl-limestones with operculinoids, marls and shales of thin thickness;

* Continental Cenozoic formations: called Continental Terminal [22], they are
detritic, quartzo-kaolinic, siderolitic facies of middle post-Eocene and
pre-Quaternary age. They are outcropping in the western and southwestern
part of the study area;

* The Quaternary formations: these consist of fixed dunes covering indiffe-
rently the underlying formations (Cretaceous and Tertiary), living dunes in

the northern part of the region, and alluvial deposits along the valleys [22].

2.3.2. Hydrogeology

We distinguish from bottom to top the following aquifers:

* The aquifer of Continental Intercalaire/Continental Hamadien, it is a trans-
boundary aquifer system, shared between Niger, Mali, Nigeria and inciden-

tally Benin. It has a great hydropower potential, it is very exploited for the
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water supply of the population [2]. This aquifer is open water to the east of
the Tassara-Abalak axis and is collected at a shallow depth. On the other
hand, it becomes captive in the rest of the region [1], with significant catch-
ment depths;

* The aquifer of the Upper Cretaceous marine, it is of limited extension, flows
are derisory with a strong mineralization of water. This aquifer is located
mainly in the northern part of the Tahoua region and is not much used [1];

* The Paleocene aquifer, it is contained in limestone layers, of very limited ex-
tent, it is captured at shallow depth, and flow rates are very low;

* The Continental Terminal (CT) multilayer aquifer system, consisting of three
layers, CT1 and CT2 which are captive and CT3 which is free. Only the CT1
and CT2 slicks can be exploited in the Tahoua region with flows that can be
close to 20 m*/h locally;

* The Quaternary aquifers, with groundwater, are captured by shallow depths
and by wells (cemented and traditional). They are easily accessible to people
because of their shallow depths. However, these aquifers are very sensitive to
pollution, linked to different human activities (intensive use of chemical fer-

tilizers and pesticides).

3. Material and Methods
3.1. Material

The materials used in this study consist of data and tools. Accordingly, the data
includes reports related to technical and lithological drill cuts, logging records,
pumping tests, geological and hydrogeological maps, and digital terrain model
(DTM) at 30 meters resolution. The study tools comprise logging recording
blowers (compressor) and pumping tests (GRUNDFOS brand generator and
pumps). In addition, the tools include various software; Gesfor, Adobe Illustra-
tor CS6, ArcGis 10.2.2, Statistica and R.

3.2. Methods

The methodological approach adopted is the following:

3.2.1. Acquisition of Data
= Collection of data

The collection of data during this study was carried out at the technical do-
cumentation centers, in Niamey and in the interior of the country, with projects,
NGOs, companies and consulting firms.
* Collecting cuttings

Samples or cuttings of different drilled layers were collected and analyzed in
the field to establish the stratigraphic profile at each site.
* Logs

The procedure was to go down into the borehole before a probe reconnection

connected to an electric cable, the latter was connected to a control device (Mi-
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crolloger). Three (3) parameters (resistivity, natural radioactivity and spontane-
ous polarization) were recorded according to depth in the form of logs. These
parameters inform the nature of the layers (clays or sands) and water producing
areas (saturated or unsaturated) with great precision.
* Measurement of static levels

Measurements of the static levels of the 9 new drillings were made imme-
diately after the development and stabilization of the water level in the struc-
tures, in order to have reference levels. For other structures (wells and bore-
holes) with measuring ports, a static level measurement campaign was con-
ducted using a sound probe in September 2016.
* Pumping tests

The pumping tests to determine the characteristics of the structures (maxi-
mum flow, maximum rabattement and pressure losses) and the hydrodynamic
parameters of the aquifer (Transmissivity, permeability and storage coefficients)
are as follows:
v’ Tiered test, determination of the characteristics of the structures

These tests were carried out in stages of 2 hours each, at constant flow. The
variation of the drawdown as a function of time was measured until the end of
the landing. At the end of each 2 hours of pumping, a stop of a duration of 2
hours was observed, to make it possible to follow the rise of the level of water.
Four stages were made by drilling, at increasing flow rates corresponding to Q,
Q: (Q1=2.Q), Q2 (Q2=3.Q) and Q5 (Qs = 4.Q).
v’ Long-term test, determination of the hydrodynamic parameters of the

aquifer

The long-term pumping test was carried out continuously at a constant flow
rate for 48 hours for drilling less than 400 meters deep (Doguérawa, Bouza, Kei-
ta, Tamaské, Ibohamane and Tassara) and for 72 hours for deep drilling. More
than 400 meters (Konni, Illéla and Takanamat). The rise in the water level in
each borehole was observed for a period of 12 hours after cessation of pumping.

The drawdowns, during pumping and during the ascent, are raised.

3.2.2. Data Processing
* Development of litho-stratigraphic logs
The cuttings were analyzed by meter of depth and allowed the development of
the litho-stratigraphic logs of the boreholes, using the GESFOR software.
Logging records and drilling rates of the different layers were also taken into
account during this development of the logs. These litho-stratigraphic logs have
been correlated with each other in north-south (A - B) and north-south to
east-west (C - D) directions, in order to highlight the superimposition of the dif-
ferent geological formations and aquifers.
= Development of maps of static and piezometric levels
V' Map of static levels
The results of the static levels, measured at the end of the pumping tests and

static levels for some structures with a system for raising static levels during
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September 2016 [4]. These data made it possible to map the static levels.
v’ Piezometric map

This map was drawn from static water level surveys and altitudes of water
points. Indeed, the piezometric coasts of the water levels in the structures were
calculated by the difference between the altitudes of the water points (extracted
at from the DTMs) and the value of the static level of each water point. The me-
thod of extracting altitudes from Digital Terrain Models (DTMs) was the fol-
lowing on ArcMap 10.2.2: “Arctoolbox” => “3D analyst tools” => “functional
surface” => “add surface info” => ok.

The coasts, thus calculated, made it possible to elaborate the piezometric map
of the Continental Intercalaire/Continental Hamadien aquifer system from the
ArcGIS software.
= Determination of transmissivity values

To calculate the transmissivity coefficients, Jacob’s method was used, equation
(1). It consisted of carrying the values of the drawdown (s), measured during the
long-term pumping tests, according to the logarithm of the pumping time
(t) .Then, on the line obtained, the slope (i) of this line s = f (logt) and the time
corresponding to the intersection of this line with the axis s = 0 [23].

From the transmissivity values, the coefficient of permeability can be deter-
mined according to the relation 7'= K-e (K = coefficient of permeability and e =
power of the aquifer).

083
|

T Q (1
With,
T: coefficient of transmissivity (m?/s);
Q pumping rate (m?*/h);
I slope of the right.
= Determination of groundwater flow velocities
The flow velocity of water between two points, bore A (start) and drill B
(finish), can be calculated according to Darcy’s law, Equation (2):
K
T ne

\Y )

With,

V- water flow velocity (m/s);

K: coefficient of permeability (m/s);

£ unit hydraulic gradient (without unit);

ne: effective porosity (without unit).

4. Results and Discussion
4.1. Hydrogeological Parameters

4.1.1. Total Depths of Drilling
The total depths of the holes in the Continental Intercalaire/Continental Hama-

dien aquifer system in the Tahoua region range from 70 meters to 799 meters
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from east to west, with an average of 330 meters and a standard deviation of 278
meters (n = 290). In the free part of this CI/CH system, east of the Tassa-
ra-Abalak axis, it is captured less than 100 meters deep (eg Abalak’s P; and P,
wells, Louberat drilling). On the other hand, to the west of the same axis, this
aquifer system of the CI/CH becomes captive, and the depths of capture range
from more than 100 to 800 meters (including for example the drilling of Bouza,
Konni, Takanamat).

The depths of the depths equipped with boreholes (Figure 3) decrease from
east to west in the Tahoua region from 350 meters to —550 meters altitude. This
confirms the increase in catchment depths from east to west, which can be ex-
plained by the topography of the area and the geometry of the Iullemeden basin
[1].

These large water catchment depths in the central and western part of the re-
gion constitute a major obstacle to access to these resources by the population,
as they do not have the means to realize and maintain this type of structure.
However, these great depths ensure the sustainable protection of water resources

against various pollution.

4.1.2. Nature Lithology and Reservoir Power
The lithologic formation of the Continental Hamadien Reservoir, marked in red
(Figure 4 and Figure 5), is essentially composed of medium to coarse sandstones,
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Figure 3. Map of depths equipped with boreholes capturing the CI/CH aquifer system.
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washed sand with quartz elements, very little clay sands and locally silts. This
reservoir exists only in the southern part of the Tahoua region, where its average
power is about fifty meters. As for the reservoir of the Continental Intercalaire,
mark in blue (Figure 4 and Figure 5), present both in the part north than in the
south, is in the form of a multilayer aquifer system. The lithological nature of

this reservoir consists mainly of clayey sandstones, sandy clays, clay silts and sil-
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ty clays. The CI wall has never been reached by the various boreholes in the area,

therefore, the reservoir capacity remains unknown.

The correlation between the different logs (Figure 4 and Figure 5), according
to profiles A - B and C-D (Figure 2), shows that:

* The aquifers of the CH and these of CI were supported by the same types of
geological formations namely the Turonian and Senonian;

* The CH groundwater table is absent in the northern part of the Tahoua re-
gion, which could be explained by the fact that at the time when the conti-
nental deposits continued in the southern part, the northern part was already
suffering the effects of marine transgressions;

* Drilling catchment depths in the CH increase from northeast to southwest.

In the CI, they increase from east to west and from north to south.

4.2. Hydrodynamic Parameters

4.2.1. Static Levels

The static levels of the CI/CH aquifer system in the study area showed that:

* Groundwater collection depths were between 66 and 799 meters and static
levels were between 3 meters above and 266 meters below the ground surface,
with an average of 66 meters (n = 170). These results showed that the system
was a loose web, with a captive groundwater table and an artesian captive
groundwater table.

* Areas of artesianism (Figure 6) were located in low elevation areas when the
aquifer was captive. They corresponded to areas located between 13°50' and
14°50' north latitude and 4° and 4°7' east longitude, in the departments of Birni
N'Konni, Illéla and Malbaza and the border between Niger and Mali, a little
north of latitude 17° north. It should be noted that, outside the study area, sev-
eral other areas of artesianism have been identified in the CI/CH aquifer sys-
tem, these were the Filingué, Birni and Lokoko zones [1] [22] [24] [18].

4.2.2. Piezometric Map of the CI/CH Aquifer System

The piezometric map (Figure 7), of the CI/CH aquifer system, shows that the
aquifers have simple and regular piezometric surfaces over the entire region.
This regularity of the piezometric surface for these two aquifer complexes is ex-
plained by the fact that the CI and CH layers were supported by the same types
of formations, namely the Turonian and Senonian formations (Figure 4 and
Figure 5).

However, it should be noted that despite this concordance of the piezometric
level, the chemistry of the aquifer system remains heterogeneous between the CI
and CH [4] [25].

The isopipe curves (Figure 7) decrease in altitude from east to west in the re-
gion from 390 to 280 meters, thus defining two main flow directions for the wa-
ters of the CI/CH aquifer system of the region of Tahoua. One of the water flow
directions, north of latitude 15°, has an east-west direction, while the other di-

rection of flow, south of latitude 15°, north-trending. towards southwest. These
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two main directions of flow converge towards the Niger River, these results are
consistent with those of previous studies [1] [22] [26] [27].

In most of the northern sectors of the region, specifically in the Tassara de-
partment, the piezometric surface of the Continental Intercalaire aquifer is
above that of the surface aquifers, thus favoring the construction of boreholes,

that is to say wells powered by drilling.

4.2.3. Specific Flows

The specific flow rates (Qsp), of the Continental Intercalaire/Continental Ha-
madien of 120 boreholes in the Tahoua region, vary from 0.2 m*h/m to 22.8
m?/h/m, with an average of 7.2 m*/h/m, and a standard deviation of 4.8 m*/h/m.
This highlights the importance of the water potential of CI/CH.

The spatial distribution map of the specific flow rates (Figure 8) shows a great
heterogeneity between the CI and the CH, this could be explained by the litho-
logic difference of these two reservoirs (Figure 4 and Figure 5). In fact, the
highest specific flows were observed in the southern part of the region, where the
CH groundwater table is captured, unlike the northern part where it is the CI
that is captured, where the specific flows are lower.

4.2.4. Coefficients of Transmissivity

The transmissivity coefficients of the nine new drillings determined according to
the examples of some diagrams (Figures 9-11) were between 2.3-10™* and
4.8-102 m?/s (Table 1). These transmissivity values and those of the old bore-
holes, a total of seventy-two, range from 2-10™ to 2-10™" m?/s, with an average of
2-1072 m?/s, and a standard deviation of 3-10~ m?/s.

The spatial distribution of the different values of the transmissivity coeffi-
cients of the Continental Intercalaire/Continental Hamadien aquifer system
(Figure 12) showed that they increase from north to south of the Tahoua region,
from 2-107* to 2-107" m?*/s. Thus, it was found that the transmissivity coefficients
of the CI aquifer system, north of the Tahoua region, were at least a factor 1
lower than those of the Continental Hamadien, collected in the southern part of
the study area. This could be explained by the lithological nature of the reser-
voirs. These results are consistent with those of other authors [6] [10] [14].

4.3. Flow Velocities

From the Darcy equation, the groundwater flow velocities of the Continental In-
tercalaire and Continental Hamadien aquifer systems have been calculated and
have values between 6 and 42 m/year. It can be noted that for the Continental
Hamadien aquifer, the values were between 13 and 42 m/year, with an average of
29 m/year. While, for the Continental Intercalaire aquifer, these vary from 6 to 8
m/year, with an average of 7 m/year. It is noted that the groundwater flow veloc-
ities in the CH were of the order of four (4) times higher than those in the IC.
This could be explained by the lithological nature of these aquifers, which would
consist mainly of medium to coarse sandstones for the Continental Hamadien

(south), and clayey sandstones and silty clay for the Continental Intercalaire
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Figure 8. Spatial distribution map of Qsp specific flows in the CI/CH aquifer system of
the Iullemeden basin (Tahoua).
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Figure 9. Long-term test pumping plug for Bouza SEEN drilling.
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Figure 11. Long-term test pumping plug for Tassara SEEN drilling.

Table 1. Transmissivity coefficient values of the nine new boreholes [4].

Site Altitude Longitude Transmissivity
Bouza SEEN 6.044917 14.425861 1.70E-02
Doguéraoua SEEN 5.592861 13.968861 1.80E-02
Ibohamane SEEN 5.923028 14.794222 2.90E-02
Iléla SEEN 5.246361 14.457056 1.80E-02
Keita SEEN 5.76875 14.758306 1.30E-02
Konni SEEN 5.248806 13.805944 4.80E-02
Takanamatt SEEN 4.770111 15.142667 9.30E-03
Tamaské SEEN 5.654028 14.829972 3.80E-02
Tassara SEEN 5.643472 16.808361 2.30E-04
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Figure 12. Spatial Distribution Map of Transmissivity Values in the CI/CH of the Iulle-
meden Basin (Tahoua).

(north) with poor hydrodynamic parameters. This is just to confirm the pre-
vious observations, on the fact that the tablecloths of the CH are more produc-
tive than those of the IC [1] [15] [18].

5. Conclusion

The main results obtained in this study were relatively numerous. The depths of
groundwater collection were increasing from east to west in the Tahoua region,
from less than 70 meters to more than 800 meters deep. This increase is mainly
due to the geometry of the basin. The reservoir of the CH, captured only in the
south of the region, has an average thickness of 50 meters. On the other hand,
the power of the IC, which is a multilayer system, is unknown because the wall
has never been reached by the various structures. The two tanks of CI/CH are
pressurized by the same types of formations, namely the formations of Turonian
and those of Senonian. The isopia curves were simple and regular, thus giving
two main directions of flow to waters that were east-west and north-east to

south-west, converging both to a single outlet on the Niger River. Specific flow
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rates, transmissivity and water flow rates were greater in the CH reservoir than
in the IC reservoir. The results showed that the CH water table has the best hy-
drodynamic characteristics and a higher water potential than the IC. Finally, it is
still necessary to continue investigations at the level of this aquifer, in order to
better evaluate its potentialities for the sustainable management of these under-

ground water resources.
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