Paleochannel groundwater discharge to the River Niger in the lullemmeden Basin estimated by

surface geophysics and piezometry

Rabilou ABDOU MAHAMAN ¥, Yahaya NAZOUMOU ?, Guillaume FAVREAU 23, Boukari
ISSOUFOU OUSMANE !, Marie BOUCHER *?, Maman Sani ABDOU BABAYE 4, Fabrice M. A.
LAWSON 5, Jean-Michel VOUILLAMOZ ?, Abdou GUERO ¢, Anatoly LEGCHENKO 2 and Richard

Graham TAYLOR’

!Département de Géologie, Université Abdou Moumouni de Niamey, Niger

2Univ. Grenoble Alpes, IRD, CNRS, Grenoble INP, IGE 38000 Grenoble, France

3Institut de Recherche pour le Développement (IRD), 276 Avenue de Maradi, BP, 11416, Niamey,

Niger

“Faculté des Sciences et Techniques, UMR SERMUG, Département de Géologie, Université Dan

Dicko Dan Koulodo de Maradi, Niger

*University of Abomey Calavi, National Institude of Water, Cotonou, Benin

®Niger Basin Authority, 288 rue du Fleuve Niger, BP 729, Niamey, Niger

"Department of Geography, University College London, London, UK

“Corresponding Author: Rabilou ABDOU MAHAMAN (rabdoumahaman@gmail.com)

Summary

In drylands groundwater is often the only perennial source of freshwater to sustain domestic water
supplies and irrigation. Knowledge of the pathways and dynamics of groundwater discharge and
recharge is therefore essential to inform sustainable and rational management of limited water

resources. The lower valley of the Dallol Maouri in Niger represents a large fossil tributary (i.e.



paleochannel) of the River Niger and drains groundwater regionally from the lullemmeden Basin
through coarse-grained Quaternary sediments. The objective of this paper is to quantify groundwater
discharge within this paleochannel using piezometry and surface geophysics (TDEM: Time Domain
Electromagnetics, MRS: Magnetic Resonance Sounding). TDEM and MRS experiments, conducted at
21 sites along 3 transects, show the mean thickness of Quaternary alluvium varies from 11 m to 18 m
with effective porosities ranging from 18% to 38% and a hydraulic conductivity of 2 x 10~ m/s. Dense
piezometric surveys along drainage channel reveal hydraulic gradients of 0.2%o to 0.3%o that generate
Darcy fluxes of 1000 to 2000 m®/day (dry season, i.e. minimum value). Paleochannel discharge, which
currently provides baseflow to the River Niger, is the focus local demand to increase access to water

for drinking, livestock watering, and supplementary irrigation.
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1 Introduction

Drylands are characterized by ephemeral rivers (D’Odorico and Bhattachan 2012; Tarnavsky et al.
2013; Koch and Missimer 2016 ; Davies et al. 2016). The Sahel of West Africa features strong seasonal
variations in rainfall, causing intense runoff to topographic depressions that facilitate focused
groundwater recharge (Favreau et al. 2009). Climate change intensifies precipitation, resulting in fewer
but heavier rainfalls. This transition has been observed in the Sahel (Taylor et al. 2017) and is expected
to amplify focused groundwater recharge (Cuthbert et al. 2016; 2019; Taylor et al. 2013a; Goni et al.
2021). Recent high-resolution modelling of Sahelian climate suggests further that the projected
intensification of rainfall by climate change is even greater than that estimated previously by General
Circulation Models (Berthou et al. 2019). Notwithstanding potential increases in groundwater recharge
from the amplification of heavy rainfalls, growing demand for freshwater is placing increasing pressure
on perennial groundwater resources (Taylor et al. 2013b; DeGraaf et al. 2019) whose discharges sustain

dryland ecosystems.



In the drylands of Niger, groundwater is a vital source for supplying drinking water to most large cities
and rural areas as well as for supplying livestock and irrigation (Nazoumou et al. 2016). Recent
hydrogeological studies of the unconfined aquifer of Continental Terminal in the southwestern
lullemmeden Basin have shown a rise in the water table since the 1960s (Favreau et al. 1998; Favreau
2000; Leduc et al. 2001; Favreau et al. 2002; Leblanc et al. 2008, Favreau et al. 2009). Knowledge of
the pathways and dynamics of groundwater discharge contained in Quaternary alluviums from valleys
of fossil tributaries is essential for the sustainable and rational management of these vital resources. In
the arid Heihe Basin of China for example, paleochannel groundwater discharges to the rivers are
considered critical to regulating the hydrological cycle and ecosystem health (Yao et al. 2016; 2018;

Zhao et al. 2016).

Several studies have demonstrated the efficacy of geophysical surveys for characterizing the geometry
and lithology of paleochannels in drylands in order to assess the availability of groundwater.
Oladunjoye et al. (2020) characterized the geometry of the llora Valley in southwestern Nigeria using
vertical electric soundings. Similarly, Owen and Dahlin (2005) delineated the extent and thickness of
the Quaternary infill of the Umzingwane Valley in Zimbabwe using Vertical Electric Soundings (VES).
In drylands of Australia, Airborne Electromagnetic (AEM) geophysical surveys and piezometry have
been used to define the dimensions of the Gallingarra Paleochannel and evaluate the groundwater

discharge to the Moore River (Speed and Killen 2020).

Magnetic Resonance Sounding (MRS) is a non-invasive geophysical method (Legchenko and Valla
2002) which makes it possible to obtain hydrogeological parameters of an aquifer by directly measuring
a signal emitted by the hydrogen protons of the water molecule (Vouillamoz et al. 2008). TDEM (Time
Domain Electromagnetism) is an electromagnetic geophysical sounding method that allows
determining the resistivity as a function of depth from the diffusion of a transient electromagnetic field
(Fitterman and Stewart 1986; Goldman et al., 1991; Descloitres 1998). The combination of these two
methods has already been successful applied in Niger in the study of the superficial aquifer of the

Continental Terminal (Vouillamoz et al. 2008; Boucher et al. 2009a, Boucher et al. 2009b, Boucher et



al. 2012) and on the unconfined Quaternary aquifer in the Komadugu Yobé valley of the Lake Chad

basin (Descloitres et al. 2013).

The lower valley of Dallol Maouri (Fig. 1), is one of the fossils tributaries of the River Niger
(paleochannel) which drains regional groundwater through Quaternary alluvium. This area is one of the
most suitable regions of Niger for irrigation (Cochand 2007; Dambo 2007) and has been the subject of
several hydrogeological studies since the 1970s. Early studies carried out by FAO (1970), exploited
deep boreholes and constructed several piezometers to characterize the hydrodynamic parameters of
aquifers in the area through pumping tests; the overall direction of groundwater flow and recharge areas
were also mapped (FAO 1970). Gaoh (1993) characterized the aquifers of the Continental Terminal
through a geophysical investigation and (Guéro 2003) through a hydrogeochemical and hydrodynamic
approach. Recently, (Abdou Ali (2018) characterized aquifers through electric soundings, increasing
hydrogeological knowledge of the Dallol Maouri valley. These previous studies examined the whole
basin of Dallol Maouri whereas here we focus on the Quaternary formations of the lower valley of the

Dallol Maouiri.

Applying MRS and TDEM, the objective of this paper is to quantify groundwater discharge in the lower
valley of the Dallol Maouri valley in the lullemmeden Basin. TDEM (Time Domain Electromagnetism)
and MRS (Magnetic Resonance Sounding) geophysical surveys were carried out on three transverse
transects and a longitudinal transect of the study area. In the paleochannel of the lower Dallol Maouri,
twenty-one TDEM and MRS soundings were conducted in order to characterize the geometry of
aquifers and their hydrodynamic parameters including aquifer transmissivity. Piezometric variations at
leveled piezometers along the paleochannel were used for to assess prevailing hydraulic gradients and

guantify groundwater flow.

2  Presentation of the study area

2.1 General context



Niger has a hydrographic network consisting essentially of temporary rivers with the exception of the
main channel of the River Niger. The hydrographic basin of River Niger in Niger is considered to host
substantial groundwater resources, contained in the geological formations of the lullemmeden basin
and in the alluvial deposits of the valleys of the fossil tributaries of the River Niger (Favreau et al. 2012;
MH/A 2017). The valley of the Dallol Maouri is a fossil tributary on the eastern bank of the River Niger
in Niger and has a drainage area of ~45,000 kmz2 (Fig. 1). It is the southernmost area of Niger and the
most humid. Mean annual rainfall recorded at Gaya (Fig. 2) varies from 600 to over 1000 mm occurs
over seven months of the year from April to October with the most intense months of rainfall from June
to September. This region is classified as semi-arid within the Sudanese hydro-climatic zone. Diurnal
temperatures vary considerably by values that can exceed 14°C. Potential evapotranspiration, estimated

by the Penman method, is 2360 mm per year.
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MRS drilling sites as well as historic piezometric contours from the 1960s (FAO, 1969).



The valley of the Dallol Maouri is characterized by tropical ferruginous soils with little or no leaching
of clays and ferralitic soils on the plateaux and terraces of the River Niger. Hydromorphic soils are
found in the valleys of the Dallol and the River Niger (Gavaud 1977). Discharges of the regional aquifer
in the lowlands of the valley form a string of ponds that become interconnected during the rainy season
and flow towards the River Niger. Due to its favorable climatic conditions for agriculture and livestock,
this area is experiencing strong demographic pressures. The Gaya locality has an area of 4044km?
(Dambo 2007). The population of the Gaya area has increased from 164 000 inhabitants in 1988 to
over 261 000 inhabitants in 2012, representing a density of 65 inhabitants/lkm? and annual growth rate
of 3.4% (INS 2012); these changes are increasing freshwater demand for domestic and agricultural

purposes.

2.2  Geological context

In the lower valley of the Dallol Maouri, the surface geology comprises Quaternary alluvium. On the
plateau, geological formations comprise a detrital complex of Oligocene age, siderolithic series of Ader
Doutchi consisting of fine to medium clayey oolitic sands (CT1), clayey sandstones of CT3, and

sandstones of CH, (BGR/ABN 2019) (Fig. 2).
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Fig. 2 Surface geology and contemporary (2019) piezometric contours of the unconfined aquifer in the

Dallol Maouri valley and interfluves of southwestern Niger (BGR/ABN, 2019).

A geological section along the longitudinal axis of the Dallol Maouri valley, presented in Fig. 3, is
based on a synthesis of borehole logs with depths varying between 55 and 346 m, electrical soundings
from previous work (CGG 1968; Abdou Ali 2018), and geological sections found in the literature (FAO
1970; Guéro 2003; BGR/ABN 2019). This cross-section presents a succession of four (4) geological

formations:

Precambrian basement rocks are reached by Bengou | borehole at a depth of 342 m (FAO 1970). This

lithological surface is found depths of 11 m at Talambou (Northwest of Gaya), 375 m in Dosso (north



of the study area), and sub-outcrops on the banks of the Niger River between Koulou and Sia (Guéro

2003), west of the study area.

The Lower Cretaceous Continental Hamadien is equivalent to the continental deposits of the Illo
Formation of the Nigerian part of the lullemmeden Basin (BGR/ABN 2019). This formation outcrops
in the southern part of the study area between Sabon Birni and the Niger River. Its thickness is estimated
at 323 m at the borehole of Bengou | (FAO 1970). This geological formation comprises alternating fine
to coarse sands and mostlyclayey sandstones. Weathered sandstone formations of the Bengou sector are
succeeded by more clayey sandstone formations at the village of Sabon Birni (Fig. 3). In places, there

are traces of lignite and pyrite strewn in the sandstone formations.

Marine deposits of the Paleocene-Eocene (Tertiary) are of low thickness consisting mainly of marl,
marl-limestone, gray to whitish clays and attapulgites in the western part of the Dallol Fogha (Guéro
2003). These mark the upper boundary of the sandstone formations of the Continental Hamadien. Its
thickness is estimated at 3 m at the Toudoun Wada borehole and is absent under the alluvium between

Bana and Hamdallahi (Fig. 3).

The Continental Terminal (CT), equivalent to the Gwandu formation in Nigeria (Greigert 1966),
outcrops on all plateaux of the Bana and Bengou sectors but is not found in the valley of the study area.
The CT is traditionally subdivided into three main lithological units: the siderolithic series of Ader
Doutchi (CT1), the sandy clay series with lignites (CT2), and the clayey sandstones of Middle Niger
(CT3) (Greigert 1966). The siderolithic series is characterized by alternating loose sands and oolites.
The thickness of this formation is estimated at 20 m from the borehole log of Malankadi, 5 km north of
Bana (Conseil de I'Entente 1998) and 75 m in Dogondoutchi (Guéro 2003), 170 km north of the study
area. CT2 does not appear in the study area. It is a formation characterized by the intercalation of fine
to coarse sands and gray clay to lignite. The thickness of this formation is estimated at 60 m at
Dogondoutchi (Guéro 2003). The Middle Niger clayey sandstone series (CT3) constitutes the most

extensive outcrop formation in the study area. CT3 is essentially made up of alternating ferruginous



sandstone and yellow and reddish clays. In the study area, its thickness is estimated to be 15 m from the

borehole log at Toudoun Wada and 175 m at Dogondoutchi (Guéro 2003), north of the study area.
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Fig. 3 Geological cross section along the longitudinal axis of the lower Dallol Maouri valley (cross

section is presented by a line on the Fig. 2)

2.3 Hydrogeological context

Previous hydrogeological studies (Greigert 1957; FAO 1970; Greigert 1978; Armand 1987; Gaoh 1993;
Guero 2003; Abdou Ali 2018) have described the general characteristics of the aquifers of the Dallol
Maouri valley. Most groundwater is considered to flow in detrital terrigenous sedimentary formations
of the Cretaceous (Continental Intercalaire/Hamadien) and the Tertiary-Quaternary formations
(Continental Terminal and alluvium valleys). In the lower valley of the Dallo Maouri, groundwater is
located in alluvial formations and terrigenous detrital formations of the Continental Hamadien (FAO
1970); these two formations form an unconfined aquifer in the valley with a thickness of 220 m in the
Bengou sector (Guéro 2003). The Continental Hamadien formations present a confined aquifer between
300 and 342 m deep. Inthe northern part of the study area where the formation of Continental Hamadien

is overlain by Paleocene-Eocene marine formations.



The historic piezometric map (Fig. 1b) of the water table of the lower Dallol Maouri from 1969 shows
a north-south flow along the axis of the valley with a hydraulic gradient of 0.3 %o (FAO, 1970). On the
left bank plateau, the contours are rectilinear and there is an absence of evidence of human withdrawals
from the unconfined aquifer during this period. The contemporary (2019) piezometric map (Fig. 2) also
shows a north-south flow along the axis of the valley, with a very low gradient of 0.4 %o. On the plateau,
the flow converges towards the Dallol Maouri valley with a hydraulic gradient of 3 %o on both banks
of the Dallol Maouri. The disappearance of contours 160 m and 155 m towards the outlet also highlights
a rise in the unconfined aquifer of 4 to 6 m, the high values of the hydraulic head on either bank suggest

that the plateaux may constitute recharge areas to the unconfined aquifer.

3  Materials and Methods

3.1 Surface geophysics: combined use of Time Domain Electromagnetism (TDEM) and

Magnetic Resonance Sounding (MRS)

TDEM makes it possible to determine the vertical distribution of soil resistivity with depth (Descloitres
1998). Detailed descriptions of the method can be found in Fitterman and Stewart (1984), Descloitres
(1998), and Reynolds (2011). Magnetic Resonance Sounding (MRS) is a non-invasive geophysical
method (Legchenko and Valla 2002). This method makes it possible to obtain hydrogeological
parameters of an aquifer by directly measuring a signal emitted by the hydrogen protons of the water
molecule (Vouillamoz et al. 2008). Details of the method can be found in (Legchencko and Valla 2002).
This method has the advantage of having information that is directly related to the mobile water content

in the subsoil and a relaxation time related to the size of the pores (Schirov et al. 1991).

The hydrogeophysical parameters from MRS are the water content, which represents the part of the
investigated volume occupied by mobile water (Legchenko et al. 2004; Lubczynski and Roy 2005), and
the proton relaxation time constants T, and T», which provide information on the average pore size
(Legchenko et al. 2002; Vouillamoz et al. 2007). Water content (6,,rs), given by MRS, is comparable

to the effective porosity (Lubczynski and Roy 2005). The hydraulic conductivity (Kwmrs) and

10



transmissivity (Twmrs) Of the aquifer are deduced from these parameters using equations 1 and 2 (Kenyon

1997):
Kygs = Cp X Ofps X T4 (eq. 1)
Tyrs = Kyps X AZ  (eq. 2)

where Cp, a, and b are the parametric factors, dependent on the geology of the area, AZ the thickness
of aquifer. The factors a and b can take values 1 and 2 or 4 and 2 respective (Plata and Rubio 2008).
The couple 1 and 2 is the most used and which gives satisfactory results (Plata and Rubio 2008;
Lubczynski and Roy 2005; Boucher et al. 2009a; Vouillamoz et al. 2008; Chalikakis et al. 2008;
Descloitres et al. 2013; Legchenko et al. 2017; Kemgang et al. 2019). The parametric factor Cp
depending on the geology of the area, requires calibration with data from pumping tests (Chalikakis et
al. 2008; Boucher et al. 2009a). The geological formations of the study area are similar to the geological
formations of the intensely studied Continental Terminal (CT3) (Favreau 2000; Favreau et al. 2009;
Boucher et al. 2009a). All the hydrodynamic parameters (Kmrs and Twrs) Were estimated on all the
points of the soundings using the parametric factor (Cp = 1.4 x 10®) determined on the unconfined

aquifer of the Continental Terminal (Boucher et al. 2009a).
3.2 Field implementation

TDEM soundings employed Temfast 48, developed by Applied Electro Magnetism Research (AEMR
Technology). This very light device, ~2 kg, enabled relatively deep soundings ranging from 50 to 200
m, recorded by a “nomad” mini-computer. For MRS soundings, NUMISPtYS (which has an investigation
depth of approximately 100 m) and NUMIS'TE (which has an investigation depth of approximately 50
m), developed by IRIS Instruments were used. Two campaigns of geophysical sounding (TDEM and
MRS) were executed in December-January 2019 and April 2020. A total of twenty one (21) experiments
were conducted, 20 sites on 3 transects perpendicular to the valley and one site at Sabon Birni. The first
campaign was conducted at 13 sites. At each site, a series of 3 TDEM soundings were carried out with
loops of 50 and 150 m, in coincident mode, and 150 x 50 in central mode. During the second campaign,

11



only one TDEM sounding per site was carried out with a 100 m side loop at 8 sites. The characteristics
of all MRS experiments are summarised in Table 1. Eight-square loops were used to minimize the effect

of electromagnetic noise on sounding (Trushkin et al. 1994; Plata and Rubio, 2002).

3.3 Datainversion and assessment of the quality of sounding

TDEM soundings were inverted with TEM-RES software (AEMR Technology). The interpretation
method adopted for the data follows that of Décloitres et al. (2013). For the inversion of the MRS,
SAMOVAR_V11.6 software was used. The inversion is made by assuming a horizontally stratified
tabular field (Vouillamouz 2003). The geological logs constrain the interpretation of the MR Soundings.
The strategy adopted involved inverting the data into a “block™ following a model of two (2) to three
(3) layers consistent to the geology revealed by the geological logs and the TDEM results. To assess
the quality of the data collected, two parameters were used. The first parameter is the signal-to-noise
(S/N) ratio which must be greater than 4 (Descloitres et al. 2013), for a sounding to be considered of
good quality. The second parameter is the difference between the average frequency of the MRS signal
(Larmor frequency) and the average excitation frequency of the hydrogen protons which must be less
than or equal to 1 Hz in absolute value, (Chalikakis et al. 2008). Each experiment showed a good signal
to noise ratio (S/N) ranging from 6 to 77; differences between the average frequency of the MRS signal
(Larmor frequency) and average excitation frequency of the hydrogen proton varied from -1.41 to 1.56

Hz.

3.4 Hydrogeological method

Darcy's Law is applied to estimate groundwater discharge in the Bana, Bengou and Tounouga areas and

the average linear velocity of groundwater through equations 3 and 4, respectively.

Q=-KxAXxi (eq. 3)

v=(-K xi)/¢ (eq. 4)

where Q is groundwater discharge (m®day) ;

12



K'is the hydraulic conductivity of Quaternary alluvium (m/day);

A is cross-sectional area (m?);

i is the hydraulic gradient (unitless);

v is the average linear groundwater velocity (m/day);

and ¢ effective porosity =8y s (unitless).

Hydraulic conductivity K and aquifer thickness (AZ) were determined from surface geophysical

soundings using TDEM and MRS. The hydraulic gradient was determined using observed variations in

hydraulic head at levelled piezometers along the lower valley of Dallol Maouri
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Table 1. Characteristics and results of MRS soundings in the lower valley of the Dallol Maouri

Location Loop Signal/Noise Alluvium (Quaternary) MARL (Paleocene-Eocene) Sandstone (CH)
Site Formation .
Sharpe/size
. . Ovrs Kwmrs Az Twrs Owvrs Kvrs 4z Owmrs Kwmrs
Longitude  Latitude SIN Af(H2) oy (103mis) (m) (102m¥s) (%)  (ms) (m) (%) (103mis)

Toudou Wada 3.518183 12.034861 CH E125m 42 -0.06 - - - - - - 26 0.8
Baro GF01 3.523093 12.049319 Q/P/CH E50m 24 0.21 32 2 11 2 2 <10°® 4 32 0.4
Baro Q1 3.527482 12.052118 Q/P/CH E100m 21 -04 30 2 11 2 2 <10® 6 35 0.4
Baro_Q2 3.533831 12.053284 Q/P/CH E100m 20 -051 23 15 9 1.4 2 <10 6 30 0.3
Baro_Q3 3.541253 12.052517 Q/P/CH E 100 m 10 -1.41 18 0.9 8 0.7 2 <10°® 6 32 0.5
Bana_GF02 3.544254 12.054242 Q/P/CH E100m 10 -0.9 19 1 7 0.7 3 <10® 7 29 0.4
Bengou P26 3.559065 11.980012 Q/CH E 50 m 22 047 30 15 7 1 - - - 26 1
Bengou_Q1 3.565937 11.983333 Q/CH E100m 19 0.46 34 0.7 16 1 - - - 20 0.2
Bengou P23 3.572120 11.979304 Q/CH E50m 14 -0.07 38 2 18 3.6 - - - 20 2
Bengou GF01 3.582884 11.980524 Q/CH S75m 10 -0.67 35 0.8 19 1.5 - - - 22 0.8
Bengou_Q2 3.587077 11.982084 Q/CH E75m 8 -1.2 34 0.7 17 1 - - - 19 0.2
Bengou_CEG 3.591489 11.980006 CH E 100 m 9 1.56 - - - - - - - 23 0.1
Sabon Birni 3.604858 11.87207 Q/CH E 50 m 7 -0.36 34 0.8 10 0.8 - - - 9 0.01
Toun CT _CH-1 3.610111 11.797124 CH S150m 33 0.12 - - - - - - - 10 0.08
Toun CT/CH-2  3.651577 11.809453 CH S150m 10 0.43 - - - - - - - 11 0.08
Toun_Q1 3.631106 11.805919 Q/CH E100m 10 0.02 23 3 7 2 - - - 3 0.01
Toun_GF01 3.636271 11.805167 Q/CH S75m 9 027 18 2 10 2 - - - 4 0.06
Toun_Q2 3.645356 11.805219 Q/CH S75m 6 048 19 0.6 9 0.5 - - - 7 0.06
Toun_GF02 3.645874 11.804921 Q/CH S75m 8 0.29 33 2 11 2 - - - 14 0.05
Toun_Q3 3.620080 11.800585 Q/CH E50m 16 -0.59 26 2 10 2 - - - 15 0.3
Toun CT_CH-3  3.654995 11.809747 CH E50m 10 -0.35 - - - - - - 9 0.02

CH Continental Hamadien; Q Quaternary ; P Paleocene ; E Eight ; S Square ; S/N signal/noise ; 8,z MRS water content ; Kurs MRS hydraulic conductivity ;
Az thickness of the saturated aquifer ; Twrs MRS transmissivity. Kurs and Twrs Were estimated using the parametric factor (Cp = 1.4 x 10®) (Boucher et al.,
2009a)
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4  Results

4.1 Interpretation procedure for TDEM and MRS soundings

Figures 4 and 5 show detailed descriptions of lithological logs with evidence from MRS and TDEM
experiments for Bengou | borehole and Sabon Birni piezometer, respectively. Evidence from Bengou |
borehole (Fig. 4) shows a succession of four layers of varying resistivity that include two aquifer
formations. The first (shallowest) layer (p (real resistivity) = 60 to 70 Q-m) with a thickness of 15 m
and effective porosity of 30% corresponds to unconsolidated Quaternary sediments in the lithological
log. The second, more resistant layer (p =200 to 240 Q-m) with a thickness of 30 m and effective
porosity of 25%, corresponds on the lithological log to fine to coarse sands of CH. The third, more
conductive layer (p = 13 to 20 Q-m) over a thickness of 14 m, corresponds to fine clayey sandstones of
the CH. The fourth layer (» = 150 to 200 ©-m) encountered beyond a depth of 60 m, corresponds to the
alternating hard and soft sandstones of the CH as suggested by the lithological the log. At Sabon Birni
(Fig. 5), soundings reveal a succession of three layers of variable resistivity. The first (shallowest) layer
(p =90 to 137 Q-m) with a thickness of 10 m and effective porosity of 34% corresponds to Quaternary
sands. The second layer (p = 30 to 50 Q-m) has a thickness of 20 m below a depth of 10 m and
corresponds to fine to medium clayey sands of the CH. The third layer (p = 2 to 3 Q-m) strating at a

depth of 30 m is associated with clayey sandstones of CH.

The interpretation of soundings from these two sites enabled the calibration of inversion of the TDEM
and MRS soundings of the lower valley of the Dallol Maouri. It emerges from this interpretation that
Quaternary sands have a resistivity that varies between 60 and 130 Q-m from Bengou to Tounouga.
Predominantly hard sandstones of CH exhibit a resistivity greater than 200 Q-m whereas clayey
sandstone formations of the Bana-Bengou sector have a resistivity close to 15 Q-m. The very fine clayey

sandstones of the Sabon Birni-Tounouga sector reveal a very low resistivity around 3 Q-m.

15



A B C D

10000 - i ro 0 Fine sands !

RS- 60 |70 Q.m gy o at

= 2C -Mediumsands_ _ _ _ ' ____

+ + Field data .
Fine to medium sands:
1
_____________ 5
— Clayey sandstone |
E_ ++ “““““““““ 1
G 1000 - :

> il I L 80 ' CH
& il ::: 3 omrs (%) :
L~ i 150 - 200{0.m = '
1 1
‘7 1 i ,.'c_, '
[} % :'I Q |
- "i- ! [ 1
‘ué.; #*5- N L 120 O Sandstones '
- 5 [ q
8 100 tﬁ#ﬂ*‘:ﬂiﬂﬂ:{ﬁ:.:.'_ iy :
o il W :
< h '
|:' [
l - 160 :
W |
- - - Equivalence ::: :
e Model .:I '

I
RMS =1.49 % Iy !
10 e e 200
1 10 100 1000 1090 100 1000
Time (us) Resistivity (Q.m)

Fig. 4 Interpretation procedure for TDEM and MRS soundings, example of soundings around Bengou
I borehole, Bengou cross-section. A: TDEM raw data and the inversion model, B: TDEM results best

model and equivalences, C: MRS results, D: geological log of Bengou | borehole.

A B C D
100000 7 0 0 0 : :
1 M ¥ Field data 90 -137 O.m 1 Fine sand :
Model T g medium sands : (@)
ewitrth ad s e ccccaccllleceeccencclmiaeat ccccncccncaeea - --ee
. i \
10000 A . 30-50 Q. ) ii Soft sandstone :
— ] \"t I I‘ 1 20 !
£ o ‘*‘T Sandy clay :
c ¢ S 2 o = o [ momom i T
e Clayey sandstone |
Z 1000 - . | (CH)
2 ] £ |
i~ - Sandstone '
e 40 S40 I
@ 2-30.m e Clayey sands :
€ 100 - Q '
[ ] Sandstone !
e |
g 1
Q | | Clayey sandstone :
< 60 60 i
10 S :
] |
- - - Equivalence :
RMS = 1.35 % Model I
1 R — o oo L g9 80 b————
1 10 100 100010000 1 10 100 1000 0 20 40
Time (ps) Resistivity (Q.m ) emrs (%)

16



Fig. 5 Interpretation procedure for TDEM and MRS soundings, example of soundings around Sabon
Birni piezometer. A: TDEM raw data and inversion model, B: TDEM results, best model and

equivalences, C: MRS results, D: geological log of Sabon Birni piezometer.

4.2  Characterization of the geometry of aquifers

The inversion results of TDEM and MRS soundings carried out in the lower valley of the Dallol Maouri
show two aquifer layers with different characteristics depending on the transect. The first (shallowest)
aquifer layer is generalized across the entire valley and characterized by resistivities ranging from 25
to 40 Q-m at Bana (Fig. 6a), 60 to 70 Q-m at Bengou (Fig. 6b), and 90 to 120 Q-m at Tounouga (Fig.
6¢). Average thicknesses over these three transects range from 11 to 18 m (Fig. 6d). The associated
evidence from MRS reveals mean effective porosities that vary from 25% (range: 20 to 35%) at Bana

to 33% (range: 30 to 38%) at Bengou, and 20% (range: 17 and 26%) at Tounouga transect (Table 1).

The second shallowest aquifer layer is better represented in the Bana to Bengou sectors relative to the
Tounouga sector. It is characterized by resistivities ranging from 60 to 150 Q-m at Bana (Fig. 6a) and
200 to 220 Q-m at Bengou (Fig. 6b). Average thickness over these two transects is 30 m. From Sabon
Birni village to Tounouga, this aquifer layer has a resistivity of 30 to 40 Q-m, and an average thickness
of 20 m. The associated evidence from MRS reveals means effective porosities ranging from 25 to 33
% in at Bana-Bengou sector, and from 3 to 15% from Sabon Birni village to Tounouga sector. A highly
conductive formation (5to 7 Q-m), and very low effective porosity (2 to 3%), with an average thickness

of 5 m, separates the first two shallowest aquifers layers along the Bana transect.
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of the valley.

4.3

Estimation of hydrodynamic parameters from MRS
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The hydraulic conductivity (K) of Quaternary sands in the paleochannel ranges from 9 x 10 to 2 x 10-
3 m/s with a geometric mean value of 1.4+0.1 x 10 m/s at Bana transect, 7 x 10 to 2 x 10 m/s with
a geometric mean value of 1.0+0.1 x 10 m/s at Bengou transect, and 6 x 10* to 2 x 10 m/s with a
geometric mean of 9.0+0.2 x 10* m/s at Tounouga transect (Table 1). The value of transmissivity
ranges from 2 x 103 to 4 x 102 m?/s with a geometric mean of 1.5 x 102 m?/s. In the medium to coarse
sand and Continental Hamadien sandstone formations, hydraulic conductivities vary from 10 to 2 x
10 m/s with a geometric mean of 6 x 10* m/s in the Bana — Bengou sector. In the clayey sandstones
from Sabon Birni to Tounouga sector, hydraulic conductivities vary from 3 x 10° to 10* m/s with a
geometric mean of 5 x 10”° m/s. Geometric mean transmissivity is 2 x 102 m?/s in the Bana-Bengou
sector and 2 x 10 m?/s in the clayey sandstones encountered from Sabon Birni village to Tounouga

secteor.

5 Discussions

5.1 Integration of geological and geophysical data to delineate paleochannel architecture

The shallowest aquifer layer with a high effective porosity (18 to 38%), identified across the entire
valley, is correlated to Quaternary alluvial sands. The high effective porosities revealed by MRS in the
lower valley of Dallol Maouri are comparable to those obtained in some similar studies in the world
(table 2). The range of resistivity values given by the TDEM soundings (60 to 70 Q-m) in the Bengou
sector is comparable to that (88 Q-m) found by Abdou Ali (2018) using Vertical Electrical Soundings
(VES). The conductive layer with resistivity values of 5 to 7 Q-m revealed by soundings of the Bana
transect corresponds to the marl-limestone, a marine formation of the Paleocene-Eocene encountered
in a borehole of Toudoun Wada (Conseil de I’Entente 1998) and located on the plateau 1.5 km from the
sounding site. This formation has also been identified by VES with resistivity values of 5 Q-m, (CGG
1968) and a range of values from 2 to 60 Q-m (Abdou Ali 2018). The second shallowest aquifer layer
with effective porosities ranging from 20 to 35% in the Bana-Bengou sector corresponds to the fine to
coarse sands encountered by the Bengou | borehole (Fig. 4) between 19 and 45 m deep (FAO 1970).

From Sabon Birni village to Tounouga sector, the more conductive layer revealed by the TDEM
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soundings corresponds to the soft clayey sandstone and sandstone clay formations (effective porosities
ranging from 3 to 15%) encountered by the Sabon Birni piezometer (FAO 1970) and the Tounouga

borehole (Conseil de I’Entente 1998).

Table 2 Comparaison of the effective porosity values in the similar studies in the world

Effective porosity

Study area Geological formation (p=0(mrs))
Lower valley of Dallol Maouri (this
study) Alluvial deposits 18 to 38%
Sedimentary aquifers in Danemark 5 t0 33%
(Chalikakis et al. 2009) Clayey to sandy deposits
Sedimentary aquifers in Pays-Bas
(Roy and Lubczynski 2003) Clayey to sandy deposits 0.5 to 40%
Sedimentary aquifers in Canada
(Legchenko et al. 2011) Medium to coarse sandy 35 t0 35%

Hydrodynamic parameters determined by MRS compare favourably with data obtained by pumping
tests in the area (FAO 1970) and MRS soundings carried out in Niger (Boucher et al. 2009a; Descloitres
et al. 2013; Vouillamoz et al. 2008), as well as the results of hydrogeological modeling (Guéro 2003).
Values of hydraulic conductivity that vary from 3 x 10 to 2 x 10" m/s (geometric mean: 10 m/s) in
the alluvial sands are consistent with those found by Descloitres et al. 2013, in the Quaternary deposits
of the Komadouga valley, and unconfined aquifer of the Continental Terminal (Boucher et al. 2009a).
Estimated transmissivities vary from 2 x 102 to 3 x 10 m?%s (geometric mean: 1.5 x 10 m?%s) are
similar to that found in the sandy alluvium of Kizamou (1.4 x 102 m?/s) by Boucher et al. (2009a). In
the sands and sandstones of the Continental Hamadien, the geometric mean K revealed by MRS (5 x
10 m/s) is very close to that obtained by pumping tests in the aquifers of the Continental Hamadien
(6.5 x 10* m/s) throughout the Dallol Maouri (FAO 1970). K values of around 10° m/s on the plateau

of the Tounouga sector are consistent with those derived by hydrogeological modeling (Guéro 2003).

5.2  Estimation of groundwater flow

Groundwater flow within Quaternary sand formations of the lower valley of the Dallol Maouri is shown

schematically in figure 7. Longitudinal variations in the hydraulic head along the paleochannel reveal
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a change in hydraulic gradient between Bana and Bengou compared to that between Bengou and
Tounouga (Fig. 8). Estimated hydraulic gradients, hydraulic conductivities deduced from MRS

soundings, cross-sectional areas, and Darcy fluxes are summarized in Table 3.
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Fig. 7 Conceptual model of groundwater discharge in Quaternary alluvial formations of the lower valley

of the Dallol Maouri
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the paleo-drainage channel of the Dallol Maouri.
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Table 3 Groundwater discharge and its velocity in the Quaternary alluvium evaluated at the three (3)

Cross sections investigated

Section Sup— i Distance/River K A Q v
section (km) (10° mi/s) (m?) (m¥day) (cm/day)

1 2 10 000 400
2 2 9000 350

Bana 3 0.0002 40 15 6 000 200 50
4 0.9 5000 100
5 1 5000 100

Total 35000 1200
1 1,5 5600 150
2 0.7 6 400 100

Bengou 3 0.0002 30 2 14 000 500 75
4 0.8 15 000 200
5 0.7 10 200 100

Total 45 000 1000
1 0.3 3000 100
2 2 6 000 400

Tounouga 3 0.0003 10 0.6 4 000 100 80
4 2 8 000 450
5 2 14 000 700

Total 40 000 2000

Groundwater flow calculated by Darcy’s Law for the cross-section at Bana (Fig. 9a), located 40 km
from the River Niger with an hydraulic gradient of 0.2%o, is estimated to 1200 m3/day or ~4.5 x 10°
m?3/year. The value calculated for the Bengou cross-section (Fig. 9b) is 1000 m3/day, or ~4 x 10° m®/year
whereas that calculated for the cross-section at Tounouga, which is located 10 km from the River with
an hydraulic gradient of 0.3 %o (Fig. 9¢), is 2000 m®/day or ~7 x 10° m®year. The average linear
velocity of groundwater is 50 cm/day at the Bana section, 75 cm/day at the Bengou section, and 80
cm/day at Tounouga. Upstream, groundwater discharge at Bana (1200 + 60 m®/day) exceeds that
computed mid-stream at Bengou (1000 + 90 m®/day). The difference observed between these two

discharges may derive from uncertainty in parameters (K, i, cross-sectional area) that inform these
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calculations. Downstream discharge at Tounouga records a greater flow (2000 + 250 m®/day), due to
the change in the hydraulic gradient and especially to the contribution of the regional aquifer
(converging flow) to the valley for the Tounouga section. The groundwater discharge computed at the
Dallol Maouri paleochannel is equivalent to a basin-wide specific discharge of much less 1 mm/year
and comparable to the groundwater discharges quantified at the Gillingarra paleochannel and at Heihe

River in the drylands of Australia and China respectively (Speed and Killen 2020 ; Yao et al. 2017).
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Fig. 9 Groundwater discharge quantified at (a) Bana section, (b) Bengou section, (c) Tounouga; g1,

g2, g3, g4 and g5 denote groundwater fluxes through sub-sections delimited from geophysical

investigations.
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5.3 Paleochannel discharge in the Niger Basin

Groundwater discharge of 2000 m3®day (0.02 m?%s) quantified during the dry season at the most
downstream station of the lower valley of the Dallol Maouri, constitutes an environmental flow
(baseflow) contributing to the flow of the River Niger during low-flow periods. The average flow of
the River Niger during the period of low flow in May (1971-2019) at the gauging station in Niamey is
22 m¥/s though exceptional low flows have occurred during the Sahelian drought including no flow
conditions recorded from 16 to 22 June 1986. Although groundwater discharges in paleochannels are
rarely quantified, the maintenance of environmental flows (i.e. baseflow) to the River Niger is governed
by Annex 1 of the Niger Basin Water Charter relating to environmental protection in its "Article 95",
The latter stipulates that: "The States Parties undertake, within the framework of the qualitative and
guantitative protection of water resources, to preserve an environmental flow in the rivers of the basin
to ensure the life of the aquatic ecosystems and to maintain the services and goods they provide to
populations” (ABN 2011). Preservation of this environmental flow is stipulated and defined in Article
6 of Annex 2 of the Niger Basin Water Charter (ABN 2019). Article 4 of the Water Code of Niger
Republic also enshrines the right of everyone to have water corresponding to the satisfaction of their
personal and domestic needs. But these assets are subject to certain provisions underlined by article 47
of this code, which stipulates that all activities likely to reduce water resources or to substantially modify
the level, the flow mode or the regime of water, damaging the biodiversity of aquatic ecosystems, are

subject to a declaration.

Given the limited contribution of the estimated groundwater discharge from the Dallol Maouri
paleochannel (i.e. 0.1% of the mean low flow of the River Niger), its potential use for drinking water,
livestock watering and supplementary irrigation is not expected to impact substantially the flow regime
of the River Niger. Communities in the lower valley of the Dallol Maouri are moving towards the use
of groundwater for irrigation to amplify the productivity of rainfed agriculture. Indeed, the study area
is considered to have significant potential for irrigable land (Guéro 2003; Cochand 2007; CEIPI 2011).

Despite this significant land potential for irrigation, only a few individual plots currently exist within
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the valley. Under the Government of Niger’s new “3N” initiative emphasizing the use of groundwater
for irrigation, the Dallol Maouri may provide modest opportunities for supplementary irrigation of rain-

fed agriculture.

6 Conclusion

Surface geophysical investigations applying TDEM (Time Domain ElectroMagnetic) and (Magnetic
Resonance Soundings) have assessed lithlogical variations in the lower valley of the Dallol Maouri of
southern Niger and estimated groundwater flow within the paleochannel, which discharges to the River
Niger. The thickness of Quaternary alluvial sediments in the valley vary between 10 to 20 m. Further,
MRS (Magnetic Resonance Sounding) reveals substantial groundwater storage in the Quaternary
alluvium with effective porosities ranging from 20 to 38% and hydraulic conductivities ranging from 9
x 10* to 1.4 x 10 = m/s. Groundwater flow estimated from Darcy's Law in the Dallol Maouri
paleochannel increases downstream from 4.5 x 10°and 4 x 10° m®/year at Bana and Bengou cross-
sections, respectively, to 7 x 10 > md/year at the cross-section of Tounouga, close to its terminus at the
River Niger. Groundwater discharge draining the lower valley of Dallol Maouri contributes to the
baseflow of the River Niger but this estimated contribution is small (~0.1% of dry-season flow). .
Groundwater flowing within the paleochannel and through fine to coarse sands of the Continental
Hamadien may, however, serve locally to increase access to drinking water, livestock watering, and

smallholder supplementary irrigation augmenting rain-fed food production.

Acknowledgements

This study was conducted with the support of grants under the GroFutures (www.grofutures.org)

project (refs. NE/M008576/1, NE/M008932/1) from the UK government’s NERC-ESRC-DFID UPGro
programme. We would also like to thank « I’Institut de Géosciences et de I’Environnement (IGE) » for
lending us the NUMIS Lite to supplement our soundings. Thanks also go to Mr. Issa Taweye (IRD

Staff, Niamey for his assistance in the field).

Declarations

27


http://www.grofutures.org/

Conflict of interest All authors certify that, they have no confict of interest.

References

Abdou Ali | (2018) Caractérisation des réservoirs agquiferes multicouches du bassin des lullemeden dans
la région de Dosso (Sud-Ouest du Niger) : Apport de la télédétection, du SIG, de la géophysique

et de I’hydrogéochimie. Théese de doctorat de 1’Université Abdou Moumouni de Niamey, 310p.

ABN (2011) Annexe°1 a la charte de I'eau du bassin du Niger relative a la protection de I'environnement.

Rapport de réunion des gouvernements de pays membres de I'Autorité du Bassin du Niger (ABN),

74pp.

ABN (2019) Annexe°2 a la charte de I'eau du bassin du Niger relative au reglement d'eau pour la gestion
coordonnée des barrages constituants. Rapport de réunion des gouvernements de pays membres

de I'Autorité du Bassin du Niger (ABN), 17pp.

Armand C (1987) Actualisation de 1’ Atlas des eaux souterraines du Niger, Rapport BRGM 87 NER 108

EAU ; 148p.

Berthou S, Kendon EJ, Rowell DP, Roberts MJ, Tucker S, Stratton R (2019) Larger Future
Intensification of Rainfall in the West African Sahel in a Convection-Permitting Model.

Geophysical Research Letters, 46(22), 13299-13307. doi:10.1029/2019¢9183544

BGR/ABN (2019) Geological map of the transbondary region Benin, Niger and Nigeria. Sedimentary

basins: Southern lullemmeden, Kandi and Sokoto. Technical rapport N°5, 148pp.

Boucher M (2007) Estimation des propriétés hydrodynamiques des aquiféres par Résonance
Magnétique des Protons dans différents contextes géologiques, de 1’échantillon a 1’échelle

hydrogéologique. Thése de doctorat de 1’Université d’Orléans ; 199p

Boucher M, Favreau G, Vouillamoz JM, Nazoumou Y, Legchenko A (2009a) Estimating specific yield
and transmissivity with magnetic resonance sounding in an unconfined sandstone aquifer (Niger).

28



Hydrogeology Journal, 17(7), 1805-1815. https://doi.org/10.1007/s10040-009-0447-x

Boucher M, Favreau G, Descloitres M (2009b) Contribution of geophysical surveys to groundwater
modelling of a porous aquifer in semiarid Niger : An overview. Comptes Rendus Geoscience, 341,

800-809. https://doi.org/10.1016/j.crte.2009.07.008

Boucher M, Favreau G, Nazoumou Y, Cappelaere B, Massuel S, Legchenko A (2012) Constraining
Groundwater Modeling with Magnetic Resonance Soundings. Ground Water, 50(5), 775-784.

https://doi.org/10.1111/j.1745-6584.2011.00891.x

CEIPI (2011) Projets et Programmes de développement de I’irrigation au Niger (1960-2010) : Eléments

pour un bilan, p115

CGG (1968) Projet de mise en valeur du Dallol Maouri: Prospection géophysique par sondages

électriques, Rapport final, 22p

Chalikakis K, Nielsen MR, Legchenko A (2008) MRS applicability for a study of glacial sedimentary
aquifers in Central Jutland, Denmark. Journal of Applied Geophysics, 66(3-4), 176-187.

https://doi.org/10.1016/j.jappge0.2007.11.005

Chalikakis K, Ryom Nielsen M, Legchenko A, Feldberg Hagensen T (2009) Investigation of

sedimentary aquifers in Danemark using the magnetic resonance sounding method (MRS). C. R.

Geoscience 341 (2009) 918-927. D0i:10.1016/j.crte.2009.07.007

Cochand J (2007) La petite irrigationprivée dans le sud Niger: potentiels et contraintes d'une dynamique
locale, Le cas du sud du département de Gaya, mémoire de maitrise de I'Université de Lausanne,

149pp.

Conseil de I'Entente (1998) Campagne de réalisation des 1000 forages au Niger: Logs lithologiques des

forages.

Cuthbert MO, Acworth RI, Andersen MS, Larsen JR, McCallum AM, Rau GC, Tellam JH (2016)

29


https://doi.org/10.1016/j.jappgeo.2007.11.005

Understanding and quantifying focused, indirect groundwater recharge from ephemeral streams

using water table fluctuations, Water Resour. Res., 52, 827-840, d0i:10.1002/201SWR017503

Cuthbert MO, Taylor RG, Favreau G et al. (2019) Observed controls on resilience of groundwater to

climate variability in sub-Saharan Africa. Nature 572, 230-234. https://doi.org/10.1038/s41586-

019-1441-7

D'Odorico P, and Bhattachan A (2012) Review. Hydrologic variability in dryland regions: impacts on
ecosystem dynamics food security, Phil. Trans. R. Soc. B( 2012) 367, 3145-3157,

d0i:10.1098/rsth.2012.0016

Dambo L (2007) Usages de 1 * eau a Gaya ( Niger ) : entre fortes potentialités et contraintes majeures
Usages de 1 > eau a Gaya ( Niger ) : entre fortes potentialités et contraintes majeures. These de

doctorat a ’université de Lausanne ; 424p.

Davies J, Barchiesi S, Ogali CJ, Welling R, Dalton J, Laban P (2016) Water in drylands: Adapting to
scarcity through integrated management. Gland, Switzerland: IUCN, ISBN: 978-2-8317-1803-3,

http://dx.doi.org/10.2305/IUCN.CH.2016.06

DeGraaf IEM, Gleeson T, Rens van Beek LPH, Sutanudjaja EH, Bierkens MFP (2019)
Environnemental flow limits to global groundwater pumping, 92 /NATURE/VOL574/3 OCTOBER

2019, https://doi.org/10.1038/s41586-019-1594-4

Descloitres M, Chalikakis K, Legchenko A, Moussa AM, Genthon P, Favreau G, Le Coz M, Boucher
M, Oi M (2013) Investigation of groundwater resources in the Komadugu Yobe Valley (Lake
Chad Basin, Niger) using MRS and TDEM methods. Journal of African Earth Sciences, 87, 71—

85. https://doi.org/10.1016/j.jafrearsci.2013.07.006

Descloitres M (1998) Les sondages éléctromagnetiques en domaine temporel (TDEM): Application a
la prospection d’aquifeéres sur les volcans de Fogo (cap vert) et du Piton de la Fournaise (la

Réunion). These de doctorat de 1’Université Paris 6 ; 256p.

30


https://doi.org/10.1038/s41586-019-1441-7
https://doi.org/10.1038/s41586-019-1441-7

FAO (1970) Etude en vue de la mise en valeur des dallol Bosso et Maouri : Les eaux souterraines,

rapport final, 98pp plus annexes

Favreau G (2000) Caractérisation et mod¢lisation d’une nappe phréatique en hausse au Sahel:
dynamique et géochimie de la dépression piézométrique naturelle du kori de Dantiandou (sud-

ouest du Niger). Th. : Sci. de La Terre, Université Paris-Sud 11 : Orsay, 348

Favreau G, Cappelaere B, Massuel S, Leblanc M, Boucher M, Boulain N, Leduc C (2009) Land
clearing, climate variability, and water resources increase in semiarid southwest Niger: A review,

Water Resour. Res., 45, W00A16, doi:10.1029/2007WR006785

Favreau V, Nazoumou Y, Leblanc M, Guéro A, Goni IB (2012) Groundwater resources increase in the
lullemmeden Basin, West Africa. In Climate Change Effects on Groundwater Resources: A

Global Synthesis of Findings and Recommendations (Pp. 113-128). CRC Press

Favreau G, Leduc C, (1998) Fluctuations a long terme de la nappe phréatique du Continental Terminal
pres de Niamey (Niger) entre 1956 a 1997. Water Ressources Variability in Africa during the
XXJh CenJury (Proceedings of the Abidjan’98 Conference 253 held at Abidjan Céte d’Ivoire,

Novembre 1998). IAHS Publ. no. 252, 1998

Favreau G, Leduc C, Schroeter P, (2002) Reply to comment ‘Long-terme rise in the Sahelian water-
table : the Continental Terminal in South-West Niger’ by Leduc, C., Favreau, G., Schroeter, P.,
2001. Journal of Hydrology, 243, 43-54. Journal of Hydrology 255 (2002) 263-265. P11:5S0022-

1694(01)00517-0

Fitterman DV, Stewart MT (1986) Transient electromagnetic sounding for groundwater. Geophysics,

51(4), 995-1005. https://doi.org/10.1190/1.1442158

Gaoh AD (1993) Etude des nappes aquiféres du Continental Terminal entre les dallols Bosso et Maouri,

Département de Dosso, République du Niger, thése de doctorat a I’université de Liege ; 316p.

31



Gavaud M (1977) Les grands traits de la pédogénése au Niger Méridional. Paris, rapport ORSTOM

N°76 ; 106p.

Goldman M, Rabinovich B, Rabinovich M, Gilad D, Gev I, Schirov M (1994) Application of the

integrated NMR-TDEM method in groundwater exploration in Israel. Journal of Applied

Geophysics, 31(1-4), 27-52. https://doi.org/10.1016/0926-9851(94)90045-0

Goni 1B, Taylor RG, Favreau G, Shamsudduha M, Nazoumou Y, and Ngounou BN (2021)
Groundwater recharge from heavy rainfall in the southwestern Lake Chad Basin: evidence from
isotopic  observations. Hydrological ~ Sciences  Journal, Vol. 66(8), 1359-1371.

https://doi.org/10.1080/02626667.2021.1937630

Greigert J (1957) Introduction a la connaissance hydrogéologique du bassin occidental du Niger.

Rapport de fin de compagne 1955-1956 : troisieme partie ; 55p.

Greigert J (1966) Description des formations crétacées et tertiaires du bassin des lullemmeden (Afrique

Occidentale). Rapport BRGM ; 229 p

Greigert J (1978) Atlas des eaux souterraines du Niger: Etat des connaissances, Tome |. Rapport

BRGM, 438p

Guéro A (2003) Etude des relations hydrauliques entre les différentes nappes du complexe sédimentaire
de la bordure Sud-Ouest du bassin des lullemmeden (Niger): Approches géochimique et

hydrodynamique. Thése de doctorat a I’université de Paris Sud, 257p

INS (2012) Presentation des resultats preliminaires du quatrieme récensensement général de la

population et de I’habitat (RGP/H). Rapport, 10

Kemgang Dongmo T, Boucher M, Mvondo VYE, Favreau G, Ngounou Ngatcha B, Yalo N, Goni IB,
Legchenko A (2019) Contribution of time domain electromagnetic and magnetic resonance

soundings to groundwater assessment at the margin of Lake Chad basin, Cameroon. Journal of

32


https://doi.org/10.1016/0926-9851(94)90045-0
https://doi.org/10.1080/02626667.2021.1937630
https://doi.org/10.1080/02626667.2021.1937630
https://doi.org/10.1080/02626667.2021.1937630

Applied Geophysics, 170, 103840. https://doi.org/10.1016/].jappgeo.2019.103840

Kenyon WE (1997) Petrophysical principles of applications of NMR logging. Log Analyst, 38(2), 21—

40

Koch M, Missimer TM (2016) Water Ressources Assessment and Management in Drylands, Water

2016, 8, 239; doi:3390/w8060239

Leblanc MJ, Favreau G, Massuel S, Tweed SO, Loireau M, Cappelaere B (2008) Land clearance and
hydrological changes in the Sahel : SW Niger. Global and Planetary Change 61 (2008) 135-150;

doi:10.1016/j.gloplacha.2007.08.011

Leduc C, Favreau G, Schroeter P (2001) Long terme rise in the Sahelian water-table: The Continental

Terminal in South-West Niger. Journal of Hydrology, 243, (2001) 43-54

Legchenko A, Baltassat JM, Beauce A, Bernard J (2002) Nuclear magnetic resonance as a geophysical
tool for hydrogeologists. Journal of Applied Geophysics, 50(1-2), 21-46.

https://doi.org/10.1016/S0926-9851(02)00128-3

Legchenko A, Comte JC, Ofterdinger U, Vouillamoz JM, Lawson FMA, Walsh J (2017) Joint use of
singular value decomposition and Monte-Carlo simulation for estimating uncertainty in surface
NMR inversion. Journal of Applied Geophysics, 144, 28-36.

https://doi.org/10.1016/j.jappgeo.2017.06.010

Legchenko A, Valla P (2002) A review of the basic principles for proton magnetic resonance sounding

measurements. Journal of Applied Geophysics, 50(1-2), 3-19. https://doi.org/10.1016/S0926-

9851(02)00127-1

Legchenko A, Baltassat, JM, Bobachev A, Martin C, Robain H, Vouillamoz JM (2004) Magnetic

resonance sounding applied to aquifer characterization. Groundwater 42, 363-373

Legchenko A, Vouillamoz JM, Roy J (2011) Application of the magnetic resonance sounding

33



method to the investigation of aquifers in the presence of magnetic materials.

GEOPHYSICS, Vol. 75, No. 6 (November-December 2010). D0i:10.1190/1.3494596

Lubczynski M, Roy J (2005) MRS contribution to hydrogeological system parametrization. Near

Surface Geophysics, 3(3), 131-139. https://doi.org/10.3997/1873-0604.2005009

MH/A, 2017. Plan d’ Action National de Gestion Intégrée des Ressources en Eau (PANGIRE) ; Rapport

définitif, 167p

Nazoumou Y, Favreau G, Adamou MM, Mainassara | (2016) La petite irrigation par les eaux

souterraines, une solution durable contre la pauvreté et les crises alimentaires au Niger ? Cahiers

Agricultures, 25(1). https://doi.org/10.1051/cagri/2016005

Oladunjoye MA, Adefehinti A, Akinrinola R (2021) Integrated geophysical investigation for the
characterisation of valley bottom soil at llora, Southwestern Nigeria, NRIAG Journal of

Astronomy and Geophysics, 10:1, 110-124, DOI: 10.1080/20909977.2020.1859668

Owen R, Dahlin T (2005) Alluvial aquifers at geological boundaries: geophysical investigations and
groundwater resources. In E. Bocanegra, M. Hernandez, & E. Usunoff (Eds.), Groundwater and

human development. (pp. 233-246). A A Balkema Publishers

Plata JL, Rubio FM (2008) The use of MRS in the determination of hydraulic transmissivity: The case
of alluvial aquifers. Journal of Applied Geophysics, 66(3-4), 128-139.

https://doi.org/10.1016/j.jappgeo.2008.04.001

Plata JL, Rubio FM (2002) MRS experiments in a noisy area of a detrital aquifer in the south of Spain.

Journal of Applied Geophysics, 50(1-2), 83-94. https://doi.org/10.1016/S0926-9851(02)00131-3

Reynolds JM (2011) An Introduction to Applied and Environmental Geophysics. Second Ed, J. Wiley

Publ., UK. 712 pp

34



Roy J, Lubczynski M (2003) The magnetic sounding technique and its use for groundwater

investigation. Hydrogeological Journal (2003) 11:455-465. doi:10.1007/s10040-003-0254-8

Schirov M, Legchenko A, Creer G (1991) A new direct non-invasive groundwater detection technology

for Australia. Exploration Geophysics, 22(2), 333-338. https://doi.org/10.1071/EG991333

Speed R, Killen A (2020) Hydrogeology of the Gillingarra Paleochannel. Resource management

technical report 413, Department of Primary Industries and Regional Development, Perth. 74pp

Tarnavsky E, Mulligan M, Ouessar M, Faye A, Black E (2013) Dynamic Hydrological Modeling in

Dryland with TRMM Based Rainfall. Remote Sens. 2013, 5, 6691-6716; doi:10.3390/rs5126691

Taylor RG, Todd M, Kongola L, Nahozya E, Maurice L, Sanga H, MacDonald AM (2013a) Evidence
of the dependence of groundwater resources on extreme rainfall in East Africa. Nature Climate

Change, Vol. 3, 374-378

Taylor RG, Scanlon B, Déll P, Rodell M et al. (2013b) Ground water and climate change, Nature Clim.

Change. http://dx.doi.org/10.1038/nclimate1744 (2012)

Taylor CM, Belusi¢ D, Guichard F, Parker D J, Vischel T, Bock O, Harris P P, Janicot S, Klein C,
Panthou G (2017) Frequency of extreme Sahelian storms tripled since 1982 in satellite

observations. Nature, 544(7651), 475-478. doi:10.1038/nature22069

Trushkin DV, Shushakov OA, Legchenko AV (1994) The potential of a noise-reducing antenna for
surface NMR groundwater surveys in the earth’s magnetic field. Geophysical Prospecting, 42(8),

855-862. https://doi:10.0rg/1111/].1365-2478.1994.tb00245.x

Vouillamoz JM (2003) Les caractéristiques des aquiféres par une méthode non invasive: Les sondages

par resonance magnétique protonique. Thése de doctorat de 1I’Université de Paris XI, 315p

Vouillamoz JM, Chatenoux B, Mathieu F, Baltassat JM, Legchenko A (2007) Efficiency of joint use of
MRS and VES to characterize coastal aquifer in Myanmar. Journal of Applied Geophysics, 61(2),

35


https://doi:10.org/1111/j.1365-2478.1994.tb00245.x

142-154. https://doi.org/10.1016/j.jappge0.2006.06.003

Vouillamoz JM, Favreau G, Massuel S, Boucher M, Nazoumou Y, Legchenko A (2008) Contribution
of magnetic resonance sounding to aquifer characterization and recharge estimate in semiarid
Niger. Journal of Applied Geophysics, 64(3-4), 99-108.

https://doi.org/10.1016/j.jappgeo.2007.12.006

Yao Y, Zheng C, Tian Y, Li X, Liu J (2017) Eco-hydrological effects associated with environmental
flow management: A case study from the arid desert region of China. Ecohydrology. 2018;

11:e1914, https://doi.org/10.1002/eco0.1914

Yao Y, Tian Y, Andrews C, Li X, Zheng Y, Zheng C (2018) Role of groundwater in the dryland
ecohydrological system: A case study of the Heihe River Basin. Journal of Geophysical Research:

Atmospheres, 123. https://doi.org/10.1029/2018JD028432

Zhao Y, Wei Y, Li S, Wu B (2016) Downstream ecosystem responses to middle reach regulation of
river discharge in the Heihe River Basin, China. Hydrol. Earth Syst. Sci., 20, 4469-4481, 2016,

www.hydrol-earth-syst-sci.net/20/4469/2016, doi:10.5194/hess-20-4469-2016

36



