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Changes in aquifer properties along a seasonal river channel of the Niger Basin: identifying

groundwater recharge pathways in a dryland environment
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Highlights
e Lithological facies characterized by MRS/TDEM and borehole logs.
e ldentification of previously unmapped clayey sandstone formation.

e Alluvium-bedrock architecture defined along seasonal river in the Sahel.
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e Variability in hydrogeological properties controlling focused recharge identified

e Storage properties of alluvium and sandstone estimated from MRS

Abstract

In drylands of tropical Africa, groundwater plays a fundamental role in alleviating food insecurity
and adapting to the effects of climate change. Substantial uncertainty persists in the renewability
of groundwater resources in drylands and recharge pathways through the surface geology. Here we
characterize the architecture and hydrogeological properties of alluvium and underlying sandstone
and crystalline basement rocks along the ephemeral River Goulbi de Maradi in the lullemmeden
Basin of Niger using Magnetic Resonance Soundings (MRS), Time-Domain Electromagnetic
(TDEM) soundings, and borehole lithological data. Considerable variations in lithological facies
and hydrophysical properties are found along a series of 5 transects perpendicular to the
seasonal/ephemeral river channel and adjacent plateaux of the Continental Hamadien (CH)
sandstone. The CH aquifer comprises a pebbly sand facies upstream and sandstone clay facies
downstream with Farak-type sandstones located at the base of the two facies. Consistent with these
variations in facies, the geophysical parameters decrease from 19%, 390 ms, and 800 Q m upstream
to 3%, 160 ms, and 10 Q m downstream, respectively for effective porosity, relaxation time, and
resistivity. The transmissivity and specific yield estimated from the decline of MRS longitudinally
also vary from upstream to downstream. The combined use of surface geophysics constrained by
lithological borehole logs provides vital insight into groundwater replenishment in this dryland

environment.

Keywords: Goulbi de Maradi; Alluvium; Sandstone; Subsurface geophysics; Dryland/semi-arid;

lullemmeden Basin
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1. Introduction

In drylands of tropical Africa, groundwater is often the only perennial source of freshwater
and it plays a vital role in enabling human access to safe water, livestock watering, and irrigated
agriculture (Calow et al., 2010; MacDonald et al., 2012; Favreau et al., 2012; Nazoumou et al.,
2016; Abdou Babaye et al., 2019). Increasingly, groundwater is also considered a source of
freshwater that is more resilient to climate change than surface waters (Taylor et al., 2009; 2013;
Cuthbert et al., 2019). However, in drylands where rainfall and surface water are limited, intensive
use of groundwater, especially for irrigation, risks groundwater depletion (Siebert et al., 2010;
Wadaetal., 2010; 2012; Scanlon etal., 2012; Taylor et al., 2013; Bierkens & Wada, 2019; Jasechko
& Perrone, 2021). Thus, understanding mechanisms of groundwater renewal, as well as estimating
hydrogeological properties, can inform sustainable use of groundwater (Descloitres et al., 2013;

Kemgang Dongmo et al., 2019).

Many aquifers in drylands are replenished by focused recharge via the infiltration of seasonal
rivers or ponds (Scanlon et al., 2006; Favreau et al., 2009; Villeneuve et al., 2015; Cuthbert et al.,
2016; 2019; Seddon et al., 2021). Such recharge pathways are known to be controlled by the
structure and hydraulic properties of the surface geology (Scanlon et al., 2006; Wheater et al.,
2010). For example, it has been widely demonstrated that the recharge rates linked to transmission
losses of rivers are less influenced by river stage height than the lithology and the hydraulic
conductivity of the riverbed and the unsaturated zone (Carter & Alkali, 1996; Dahan et al., 20083;

Costa et al., 2012; Flinchum et al., 2020; Zarate et al., 2021)

The application of surface geophysical methods has proven to be effective in identifying and
estimating the physical properties of aquifers. Magnetic Resonance Soundings (MRS) can be used

to quantify the transmissivity, permeability, and specific yield reliably at an average depth of 100
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m, based on the measured effective porosity and relaxation times (Boucher et al., 2009; Vouillamoz
et al., 2014). Compared to hydraulic testing, which require construction of a pumping well and
monitoring piezometer, MRS is rapid, less costly, and applicable at several sites (Gev et al., 1996;
Legchenko et al., 2002; Vouillamoz et al., 2008, 2014; Boucher et al., 2009; Behroozmand et al.,
2015). Additionally, for sedimentary aquifers and weathered basement aquifers, it has the
advantage of removing the fundamental uncertainty related to the utilization of the equivalent
resistivity between groundwater and lithology (Goldman et al., 1994; Legchenko et al., 2009). MRS
is vulnerable to the influence of external signals created by electrical power-lines, electrical

generators, radio transmitters, cars and trains, electrical fences, and magnetic storms.

The combination of MRS and resistivity measurements such as Time-Domain
Electromagnetic Method (TDEM) has a distinct advantage in that they increase the estimation of
MRS parameters (e.g. effective porosity and the decay times T1 and T2"), which depend on the
structure and grain size of the volume investigated, respectively (Schirov, et al., 1991; Legchenko
et al., 2002). For large unconfined aquifers in the Sahel including southwestern Niger and the Lake
Chad Basin, this combination of methods has been used successfully to provide an estimate of
aquifer properties (Boucher et al., 2009, 2012; Descloitres et al., 2013); these methods have also
been applied to map freshwater-saltwater interfaces (Kafri & Goldman, 2005; Legchenko et al.,
2009; Vouillamoz et al., 2012). Here, we apply a combined MRS-TDEM geophysical approach
with borehole lithological logs to characterize the hydrogeological setting/recharge pathways: (1)
to determine the hydrogeological properties of aquifers, (2) to define the geometry of aquifers
alluvial and the Continental Hamadien (CH), and in order (3) to assess their hydraulic

interconnection.

2. Study area
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2.1.  Location, human and hydroclimatic context

The study area, located in the southeastern edge of the lullemmeden Basin in West Africa
(Fig. 1la-b), is the River Goulbi de Maradi Basin (RGMB) (Fig. 1c). This region is one of the most
densely populated areas in Niger (81 to 105 inhabitants/km?) and a fertility rate of 7.6 children per
woman that is among the highest rates in the world (INS, 2012). People in this region depend
mainly on rain-fed agriculture and animal husbandry, which have recently become less productive
and increasingly vulnerable to climate hazards. During drought years, declines in agricultural

production have led to major food crises and occasionally famines (Nazoumou et al., 2016).

The River Goulbi de Maradi (RGM), the only ephemeral source of surface water, drains a
transboundary river basin between the Republic of Niger and the Federal Republic of Nigeria. Its
flow is seasonal, occurring episodically from July to October depending on local rainfall and
releases from the Jibya dam in northern Nigeria (storage capacity: 142 million m?®). The headwater
area of the river in northern Nigeria is underlain by crystalline massifs of Zamfara, under River
Gada in Nigeria, and crosses 120 km into Niger to join Sokoto Rima, a tributary of the Niger River
(ORSTOM, 1972). In Niger, the RGM has a watershed area of 6650 km?, comprising ~65% of the

total basin area (10326 km?).

The RGM basin currently experiences a semi-arid climate where two masses of air circulate:
the monsoon (hot and humid) coming from the Atlantic Ocean and delivering rainfall from June to
September and harmattan (dry and very hot) coming from the Sahara desert to the north (Issa Lélé
& Lamb, 2010). The synoptic meteorological station at Maradi airport recorded mean annual
rainfall of 520 mm with a standard deviation of 120 mm from 1953 to 2014. Ambient daily air
temperatures vary from 25 to 40°C for periods of high and low temperature, respectively; mean

annual potential evapotranspiration is ~2000 mm.
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2.2.  Geology and hydrogeology

The geology of the study area consists of Quaternary formations, the Continental Hamadien
(CH) of the Upper Cretaceous, and the crystalline to crystallophyllian Precambrian basement (Fig.
1c). The Precambrian basement, which consists of granites, gneisses, and schists from
Paleoproterozoic to Cambrian, is exposed in the southern part of the study area along the Nigerian
border in an east-west direction. It is in geological continuity with the northern Nigerian shield
mobile zone (Mignon, 1970). Outcrops are isolated from each other either by Quaternary deposits
(dune or alluvial sands) or by conglomerate sandstone from the Upper Cretaceous (CH). Tectonic
events affecting the area are marked by pan-African ductile deformations with a major orientation
NW-SE to E-W (Mignon, 1970). Due to limited weathering and regolith thickness, crystalline rock
(basement) aquifers of the area produce low well yields (0.5 to 3 m®/h). To source water, the people

who live on these formations dig shallow wells by hand in the sediments of ephemeral rivers.

The Continental Hamadien (CH) constitutes a continental formation that has been formed in
parallel to marine sediments deposited during various transgressions during the Upper Cretaceous
(Dikouma, 1990). Surmounted by Quaternary deposits including dune sands on the plateaux and
alluvial deposits in the valleys, the CH is composed of two geological groups specifically: a pebbly
sand series at the top and Farak-type sandstones at the base with often-thin clayey intercalations.
The pebbly sand series is characterized by the presence of rolled quartz pebbles with grain sizes of
20 to 30 mm but can be as coarse as 60 to 70 mm comprising an abundance of slightly worn quartz,
and kaolinized feldspars (Greigert, 1966). This formation occupies large northeastern depressions,
between longitudes 7° and 8°, dug in Farak-type sandstones during erosion phases of the Upper
Cretaceous. Farak-type sandstones are clayey with the presence of worn quartz exceptionally

reaching 1 to 2 mm, most often embedded in a whitish kaolinitic paste. The thickness and lateral
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extent (geometry) of these different formations have not, however, been well reported. In the
Nigerian part of the lullemmeden basin, the CH is represented by the Rima Group formation (Toyin

etal., 2016).

Hydrogeologically, the CH constitutes a transboundary aquifer between Niger, Nigeria, and
Mali (OSS, 2008). It is found throughout the study area in Niger except for the southern part and
forms an unconfined aquifer. Recorded well yields vary spatially from 8 to 70 m®/h. Quaternary
formations comprise aeolian sands encountered on the plateau and alluvium found along with the
RGM and its tributaries. The thickness of the alluvium ranges from 10 to 30 m and derives from
the erosion of CH and Precambrian basement (BRGM, 1978; Durand et al.,1981). At present, the
alluvial aquifer is used much more for irrigation compared to the CH. Static water levels in the

alluvium vary from 4 to 18 m; pumping rates are 20 to 70 m3/h (Issoufou Ousmane, 2014).
3. Materials, data, and methods

Our methodological approach (Fig. 2) comprises an analysis of borehole records, piezometric

measurements, and geophysical measurements (MRS and TDEM).

3.1.  Borehole records and piezometric measurements

Well records from ~500 boreholes that were drilled between 1980 and 2015 and range in depth
from 20 to 300 m, were amassed from the Maradi Regional Direction of Hydraulics and Sanitation
(DRH/A-Maradi). These well records comprise lithological logs, an equipment plan, and static
water level depths. Records with missing data were discarded. For the boreholes showing erroneous
data, lithological descriptions were corrected based on neighboring lithological logs. Five transects
perpendicular to the RGM (Fig. 1c) were then chosen for MRS and TDEM experiments. Under

this research, eight additional dedicated piezometers were constructed to assist in the
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characterization of the superficial geology and refine the interpretation of geophysical parameters:
resistivity, effective porosity, and decay times Ti and T2". Further, we considered field
measurements of static water levels in 165 wells and boreholes, measured in October 2019. Based
on these data, which were leveled using a Digital Elevation Model (DEM) of 30 m resolution

(https://www?2.jpl.nasa.gov/srtm/), piezometric contours were initially drawn by kriging (Surfer)

and then reworked in ArcGIS to correct erroneous interpolations related to DEM artifacts.

3.2.  Time Domain electromagnetic (TDEM) soundings

TDEM is an electromagnetic method used to determine the electrical resistivity of rocks as a
function of depth employing diffusion of a transient electromagnetic field in the time domain
(Descloitres et al., 2013). For hydrogeological studies, resistivity is associated inversely with one
or more of effective porosity, electrical conductivity, clay content, and substrate texture (Kafri &
Goldman, 2005; Descloitres et al., 2013). For non-argillaceous rocks completely saturated with

water, resistivity can be obtained from equation (1) defined by Archie, (1941):

pw/pr = ag™ 1)

where p,, water resistivity; p, rock apparent resistivity; 6 rock porosity (or water content at
saturation); a and m are empirical parameters dependent on geology. Their values are respectively

close to 1 and 2 (Kafri & Goldman, 2005).

TDEM emits an electric current from the surface using a transmission cable, which, being
constant and periodic, produces a primary magnetic field. It results in a variation of the magnetic
field that induces an electromotive force (emf) in the medium traversed following a sudden cut in
the power supply. The emf generates an electric current, the eddy current, whose circulation lines

describe a geometry similar to that of the transmission loop (Nabighian and Macnae, 1991). The
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gradual decrease in the intensity of the electric current emitted due to the resistivity of the
formations traversed causes a voltage pulse, which produces streams of the current induced at a
greater depth and distance from the transmission loop. This process creates a secondary magnetic
field measured at the surface through a receive loop (Rx), which may be the same transmit loop
(coincident shape-loop) or a smaller loop either centered in the transmit loop (central shape-loop)

or away from the center (offset shape-loop).

In this study, TDEM measurements were carried out using the TEM FAST 48HPC equipment

(Applied Electromagnetic Research Technology, www.aemr.net). Three field campaigns took

place in January and August 2019 as well as April 2020. During these campaigns, 31 TDEM
soundings (Fig. 3a) were performed near boreholes or piezometers and following the transects
perpendicular to the RGM (Fig. 1c¢). Square loops at variable sizes (150, 100, and 50 m), configured
with coincident mode (150 x 150, 100 x 100, and 50 x 50 m?) and in a central mode (150 x 50 m?),

were used.

TDEM data were inverted individually using TEM-RESEARCHER, TEM-RES software
(www.aemr.net, 2005; Barsukov et al., 2015) similarly to Boucher et al. (2009). The first step
consists of eliminating outliers at the start of the curve (i.e. distortions automatically eliminated by
the software) or the end (i.e. background noise). The sounding of the 50 x 50 m? coincident loop is
then reversed to determine the model of the first terrain which, in turn, is fed into the central 150 x
50 m? loop to find the deep terrain model. The deep terrain model is useful for correcting the first
terrain model. These two models are then used to interpret the sounding of the coincident loop 150
x 150 m2. The result is acceptable if a single resistivity model is obtained that matches the three

soundings with low RMS values, < 3%.
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3.3.  Magnetic Resonance Sounding (MRS)

The basic principles of (proton) Magnetic Resonance Sounding (MRS) are explained in
Legchenko and Valla (2002) and Behroozmand et al. (2015). Proton magnetic resonance,
sometimes known as surface nuclear magnetic resonance (SRMN), uses an alternating magnetic
field to excite protons in water molecules. In principle, in the equilibrium state (i.e., without
excitation), protons of each water molecule are oriented in the same direction as the Earth’s
magnetic field Bo, the local static field that prevails in an area. Protons deviate from their original
position as the result of the creation of a secondary magnetic field due to the emission of the

alternating current signal at a specific frequency or Larmor frequency defined by equation (2):
fu = LB, ¥

where Bo (Tesla) is the Earth's magnetic field which prevails at the measurement point; y,, the
proton's gyromagnetic ratio.

After the power to this secondary magnetic field is cut, protons precessing at the same
frequency return to equilibrium and release energy as a signal of magnetic field relaxation. Detected
by the reception loop (Rx), this magnetic relaxation field indicates the presence of effective porosity
(free water content) in the medium crossed. The derivable parameters of this signal include
effective porosity and relaxation time constants, T1 and T2" depending on the mean size of the
water-saturated pores, as a function of the depth (Legchenko et al., 2004). However, estimation of
T2" decay time can be affected by the host rocks magnetic heterogeneity (Legchenko and Valla,
2002; Vouillamoz et al., 2011); T1, which is not very sensitive, offers the best choice, especially in
sedimentary environments with a strong MRS signal (Boucher et al., 2009; Descloitres et al., 2013).

For MRS, we employed NUMISP'¥ and NUMISY"® (www.iris-instruments.com) instruments and a
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proton magnetometer for measuring the magnetic field. During three campaigns in 2019 and 2020,
19 MRS were also carried out near boreholes or piezometers and along transects perpendicular to
the River GM (Fig. 1c).

The characteristics of all soundings are summarized in Table 1. Two kinds of transmitter-
receiver loop geometries, both configured in coincident mode, were mainly used: a 150 x 150 m?
square shape-loop (for 4 MRS) and two eight shape-loop 100 x 100 and 50 x 50 m? (for 11 and 2
MRS, respectively). Two MRS were carried out with an eight loop of 75 x 75 and 37.5 x 37.5 m?,
respectively. To optimize investigation depth, a strong pulse moment between 6500 and 13000
A.ms was injected with Numis™® (Behroozmand et al., 2015; Legchenko et al., 2018). For
Numis-", the low resistance of the loop did not allow more than 1500 A.ms to be injected for an
eight-loop configuration of 100 x 100 m2. However, by reducing the loop size to 50 x 50 m? and
doubling the cable, the pulse moments were optimized to 5000 A.ms. The maximum amplitude of
the signal is between 1253 and 165 nV (Fig. 3b). In the study area, the daily variation of Larmor
frequency is from 8:30 am to 1 pm and from 2 to 6 pm where an ascent and descent can be observed,
and stability of the frequency from 6 pm until 8 am. It has been indicated that the daily variations

of frequency are linked to sun activity (Vouillamoz et al., 2008).

MRS data were inverted with SAMOVAR_V11.6 software using 04 °N like magnetic field
inclination for all the sites; linear filters were established based on the resistivity models defined
by the TDEM (Behroozmand et al., 2012; Legchenko et al., 2018). For each sounding, we realized
two inversions. A smooth automatic inversion to obtain effective porosity (water content)
distribution and decay times (Descloitres et al., 2013) and a block inversion with one layer for the
soundings outside of the valley and at two layers for the soundings in the valley to obtain average

values for the effective porosity and the decay times T1 and T2". To assess the quality of soundings,
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we compared the generator frequency (invariable during the day) to the Larmor frequency for each
given site (Legchenko et al., 2016). Thus, for all the soundings, the difference in frequency was
less than 1.5 Hz (Af), and the signal/noise ratios (S/N) vary between 29.5 and 6.6 except the
Nielloua_GF02 and Kartakaye presenting respective values of 4.6 and 2.8 (Table 1). MRS are of
good quality if the ratio S/N is >2 and Af < 2 Hz (Lubczynski & Roy, 2005; Legchenko, 2007;

Descloitres., 2013).
3.4.  Hydrodynamic parameters estimation

3.4.1. Hydrodynamic parameter estimation from pumping tests

Two constant-discharge pumping tests were conducted on the drinking water supply boreholes
in Hanou Gazane and Nielloua (green point, Fig. 1c) proximate to MRS and TDEM experiments)
in August 2019 at rates from 8.9 and 10.2 m%h for 7 and 6 h, respectively. Although it was not
possible to measure drawdowns on the pumping boreholes, observation piezometers located less
than 20 m from the pumped boreholes were monitored using pressure transducers (InSitu Rugged
Troll 100) that recorded groundwater levels every minute during drawdown and recovery.
Measured drawdowns of 1 and 0.38 m were recorded; pumping was stopped and recovery was
recorded for 4.6 and 18 h, respectively. Further, existing data from 4 pumping tests of 20 to 48 h
in duration, carried out in water supply boreholes were provided by the Regional Directorate of
Hydraulics and Sanitation of Maradi (DRH/A). The characteristics of all pumping tests are

summarized in Table 2.

Pumping tests were interpreted using the Cooper & Jacob (1946) method, based on the
graphical estimation of transmissivity and storage coefficient or drainage porosity for unconfined

aquifers. However, due to the low reliability of this method to estimate the storage coefficient, only
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the transmissivity was calculated, through the equation (3) (Meier et al.,1998; Sanchez-Vila et al.,

1999).
_ 23,09
r= 4n X AS (3)

where T (m?/s) the transmissivity; Q (m3/s) the pumping rate; AS (m) is the slope for a logarithmic
cycle; tc (s) the time corresponding to the abscissa of a point of intersection of the asymptote at the
depth line with zero pressures. The choice of this method has been motivated by the simplicity of
the sites: homogeneous aquifers that are generally unconfined, and the pumped well has an

infinitesimal diameter.

To estimate hydrodynamic parameters from MRS data requires a priori establishment of a
calibration coefficient (Cp) with borehole data (Legchenko et al., 2004; Plata and Rubio, 2008;
Vouillamoz et al., 2008, 2015; Boucher et al., 2009). As time Tz is linked to the mean size of pores
that contain groundwater (Schirov, et al., 1991; Legchenko et al., 2002), hydraulic conductivity
(Kwmrs) can be computed from equation (4) and transmissivity (Tmrs) multiplied by the saturated

thickness (42) through equation (5) (Legchenko et al., 2002):
Kurs = Cp91v1RsT12 (4)
Tvrs = Kurs X AZ = CpOypsTY X AZ )

where Twmrs the transmissivity (m?/s), Kmrs the hydraulic permeability (m/s), Cp is the
Parameterization coefficient depending on the nature and structure of the geological medium, Owvrs

the effective porosity (%), T1 the decay time (ms), and 4Z the thickness of the saturated layer.

As parameters provided by MRS directly relate to the hydrodynamic properties of the aquifer,

the calibration coefficient Cp can be estimated by the following relationship:

13
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pumping - HMRSle (6)

For areas where pumping tests and MRS measurements exist, (Legchenko et al., 2002) proposed

the following formula:
CP = Z TPumping - Z QMRS le (7)

Additionally, the specific yield (Syivrs)) can be estimated by the MRS data. In this sense, several
relationships between the specific yield and the MRS effective porosity have been developing. For

example, Vouillamoz et al., (2005) proposed the following relationship:
Symrs = Cy X Opyps (8)

where Syvrs) is the specific yield estimated by MRS; Owvrs the MRS effective porosity and Cy a

parametric factor that depends on geology.

4. Results

4.1.  Description of the lithological facies from drilling

14
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Fig. 4 shows lithological logs along the upstream-downstream transect, the presence of pebbly sand series, and Farak-type

sandstones described in section 2.2. The pebbly sand series is found in the upstream part, delimited from the contact area by the

outcrop of basement rocks in the south to Souloulou, ~25 km north-west of Maradi. Its thickness varies from a few tens of meters to

more than 60 m. Farak-type sandstones constitute the basic formation encountered throughout the study area. They are

lithologically fine to medium sandstones, clayey or silty, which appear to be in direct contact with the Precambrian basement. The

thickness of these sandstones varies from 50 to over 300 m, as shown by the exploration borehole (PK-374.5 at Guidan Roumdji,
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Fig. 4). Downstream, we identify a new, previously unmapped formation of finer, clayey
texture, defined as the clay-sandstone series. It is composed of compact clays, sandstone clays, and
clayey silts. Its lateral extension goes from before Koumchi, where its thickness is between 15 to

25 m, to Souloulou where its thickness is about 80 m.

4.2. TDEM and MRS associations with hydrolithologies

Fig. 5 depicts the outcomes of MRS and TDEM experiments with borehole lithological logs
of Guidan Kaji (GK) (Maradi city) (Fig. 5a) and Djirataoua_GF01 piezometer (Djirataoua site)
(Fig. 5b). The TDEM station is located ~500 m from the borehole GK, drilled in 2015 to a depth
of 237 m in the unaltered granite basement at 235 m. The resistivity model established from TDEM
is well correlated to borehole lithological descriptions. Within the CH, a resistant formation (800
Q m) from 0 to 55 m corresponds to the pebbly sand series; a conducting terrain (9, 17 and 6 2 m)
from 57 to 68, 68 to 150 and from 150 to 240 m corresponds to the Farak-type sandstones. Finally,

a very resistant terrain (2000 Q m) corresponds to unaltered granite basement at 240 m.
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The Djirataoua borehole is installed mainly within alluvium and most shallow horizons of the
CH to a depth of 45 m (Fig. 5b). The MRS and TDEM stations are located ~400 m from this
borehole. Well logs show clayey alluvium from a depth of 0 to 5 m with resistivities of 15 Q m,
sandy-gravel from 5 to 26 m, and CH pebbly sand series from 26 to 42 m, both with a resistivity
of 57 Q m. From 49 to 140 m, TDEM shows a conducting terrain (10 Q m) corresponding to Farak-
type sandstones that is underlain by a very resistant formation corresponding to the unaltered
granite basement. In addition, the MRS confirmed the presence of the fine and coarse alluvium
with an average effective porosity of 19% and a decay time T1 of 260 ms (Fig. 5b). In the lower
part, from 26 to 49 m and from 49 to 140 m, corresponding respectively to the pebbly sand series
and Farak-type sandstones, the measured value of effective porosity average and Ti time are

respectively 17% and 260 ms.

Spatial and vertical variations in electrical resistivity have made it possible to define resistivity ranges for each geological formation

as defined in
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Fig. 4. Minimum and maximum values are between 12 and 300 (2 m) for alluvium, 22 and
800 (© m) for the pebbly sand series, 10 and 43 (Q2 m) for the clay-sandstone series, 6 and 17 (Q
m) for the Farak-type sandstone, and 2000 (Q2 m) for the Precambrian basement. Mean and median

values and standard deviations from the statistical analysis are summarized in Table 3.

Similar to TDEM, MRS results are reported by geological formation (Table 4). Over the
entire study area, values measured for the alluvium range from 7 to 20% for effective porosity
and 220 to 300 ms for mean decay times (T1). For CH formations, values are reported as a
function of spatial variations in hydrolithological facies. In the upstream part (
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Fig. 4) represented by pebbly sand series and Farak-type sandstones, values measured for

mean effective porosity and decay times T1 are between 11-18% and 220-390 ms. Downstream,
the clay-sandstone series and Farak-type sandstones have lower values ranging from 3 to 11% for

effective porosity average and 220-300 ms for the T1 average. Mean and median values and the

standard deviation for statistical analysis are also given in Table 4.

4.3  Estimation of hydrodynamic parameters
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Estimated transmissivities from pumping tests range from 1.4 x 10 to 2.2 x 10 m?/s. For the
boreholes with observation piezometers, low storage coefficients (7.9 x 1073, 5.6 x 10™%) are
calculated; detailed results are given in Table 5. In the area with weakly weathered crystalline
rocks, boreholes were installed strictly in the alluvium; MRS soundings show that the aquifer
consists mainly of alluvium whereas the rocks of the underlying basement are dry (Fig. 6a). As all
boreholes and MRS are limited to the sedimentary sequences, one calibration factor was employed
across the entire study area based on transmissivity values (i.e., 2.2 x 102, 4.7 x 103, and 1.4 x 10-

3 m?/s), obtained from pumping tests (Table 5).

In the study area, the Cp values obtained vary from 0.3 x 108 to 4.5 x 10 m/s/ms?. An average
value of 2.2 x 108 m/s/ms? was calculated by applying equation (8). The Cp value is very similar
to that computed/observed by Boucher et al., (2009) for the Continental Terminal aquifers in the
south-western part of Niger (Cp = 1.4 x 10® m/s/ms?). This favorable comparison is reasonable
considering that the two geological contexts are continental, and they constitute sandy-gravelly
aquifers. Considering this lithologic similarity, a common Cy is used (0.38) to estimate the MRS-
specific yield. The obtained values of transmissivity (Twrs in m?/s), permeability (Kmrs in m/s), and

specific yield (Syivrs) in %) are given in Table 6.
4.4 upstream-downstream transects

Fig. 6 shows MRS, TDEM, and borehole lithology results, from upstream to downstream,
represented with the topography on the different transects. On transect 1 (Fig. 6a), it is notable that
the geological nature of the weakly weathered granite basement near the surface did not allow for
the interpretation of TDEM measurements. MRS results indicate that the alluvial aquifer has a

maximum thickness of ~15 m with mean effective porosity of 18, 13, and 9%, and T1 values of
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220, 200, and 230 ms respectively for GF01, GF02, and GF03. Consistent with the lithological
description of the boreholes, these values may suggest that the aquifer is composed of fine to
medium-grained materials (Legchenko et al., 2009). The results show that the distribution of
effective porosity along this transect can be interpreted by the local lithological composition of
each station. The effective porosity is much higher, 18%, at GF01 station, which is located 50 m
from the river bed, where the lithology is sandy. In contrast, due to the low thickness of the aquifer
(~ 6 m), low effective porosity (9%) is observed at GFO3 station also localized at 50 m from the

minor river bed (Fig. 6a).

On transects 2 and 3 (Fig. 6b-c), the configuration of the effective porosity distribution
illustrates two aquifers in hydraulic continuity in the valley. The upper aquifer corresponds to the
alluvial aquifer and is identified in the shallowest 26 m with a saturated thickness from 8 to 26 m
for GFO1 and GFO2 stations (Fig. 6b). The relative average value of effective porosity is 19%, the
resistivity is between 12 and 57 Q m, and the average T1 time is 260 ms. On transect 3 (Fig. 6b),
the alluvial aquifer located between 6 and 30 m is characterized by relatively low average values,
5 to 17%, 240 ms, and 25 to 40 Q m respectively for effective porosity average, time T1, and
resistivity, relative to the previous transect. The lithologic composition consists of fine to medium
clayey sands and sandy clay devoid of coarse elements, which is in good agreement with the values

of Ti.

On transects 2 and 3 (Fig. 6b-c), the deeper aquifer within Continental Hamadien formations
are identified through the borehole lithologies and TDEM soundings, that the pebbly sand series is
located at the base of Quaternary deposits of alluvium and dune sands (Fig. 6b-c). The resistivity
of this layer varies from 23 to 180 Q m; effective porosity values are between 9 to 17%, and the T:

time is from 250 to 490 ms. Collectively these observations indicate relatively fine to coarse
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deposits such as sands, sandstones, and gravels with conglomerates. Along both two transects, it
was noted that the presence of a low resistivity layer (10 Q m on average) was composed of clayey
or silty sandstone or Farak-type sandstones (CH). On transect 2 (Fig. 6b), this layer rests on the
Precambrian crystalline basement with a high resistivity of 2000 Q m but presents effective

porosity of 7 to 15% and the T1 of 240 to 350 ms a little lower compared to pebbly sand series.

Along transects 2 and 3 shown in (Fig. 6b-c), the alluvial aquifer is also present along transects
4 and 5 at 25 to 30 m depths comparable to the previous transects (Fig. 6d-e). This aquifer is
characterized by a saturated thickness of 12 to 15 m; static water levels are between 14 and 17 m.
However, in this part of the basin, geophysical and lithological evidence suggests that the alluvium
is progressively becoming finer (more clayey) thereby reducing its transmissivity and effective
porosity. Despite similar resistivity values ranging between 10 and 43 Q2 m along both transects,
the free effective porosity and T1 vary; 8 to 10 and 3 to 6% for free effective porosity, and T1 from
190 to 230 and 120 to 180 ms for transects 4 and 5, (Fig. 6d-e), respectively. These observations
support the basic principle that the decrease in grain size and increasing clay content lead to a

decrease in T1 (Legchenko et al., 2009).

Geophysical and lithological results along both two transects for the underlying CH aquifer
reveal the absence of pebbly sand series and confirm the presence of clay-sandstone series with a
low resistivity value between 10 and 43 Q m. The borehole's lithology is composed of clay mixed
with fine to medium elements, such as sands, sandstones, and silts. This predominantly clayey
series is also characterized by low effective porosity (3 to 10%) and T1 times (160 to 280 ms).
However, it seems that Farak-type sandstones present the same geophysical characteristic, as
indicated by the mean values of resistivity (~ 11 Q m) and time T1 of 180 and 250 ms despite the

decrease in the effective porosity (5 to 8%).
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45  Groundwater flow pattern

As demonstrated in the previous section, the depth profiles of effective porosity (water content)
obtained by MRS do not show discontinuities between the upper alluvial aquifer and the lower CH
aquifer, suggesting that they are in hydraulic continuity. The hydraulic heads for both aquifers are
aligned as plotted in Fig. 1c. Piezometric heads range from 350-400, 320-340 and 295-320 m;
computed hydraulic gradients of 2.5-5.5, 1-1.5 and 0.5-1 %o in the upstream part, central and
downstream part of the GM basin, respectively. The general direction of groundwater flow is
southeast to northwest at upstream, then east-west at downstream. This direction is the same as the
flow of the RGM. Moreover, the piezometric contours in the valley show concave shapes, oriented
in the direction of the river flow. These observations suggest replenishment of groundwater by

focused recharge supplied by leakage from the ephemeral RGM.

5 Discussion

Geologically, the observed upstream-downstream transition in geophysical and hydrogeological properties may be related to paleo-
sedimentary events. For example, lithological variations observed in the pebbly sands series of the CH and confirmed by the
difference in resistivity within this formation, suggest that it was deposited during geological events of varying intensity. This
deduction is consistent with the hypothesis of Greigert (1966), who suggested that deep alteration in the Upper Cretaceous and

uplift of Antecambrian formations are responsible for the establishment of the pebbly sand series observed in
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Fig. 4, Fig. 6b and c, in an environment characterized by substantial relief and high energy

surface

flows.

The clay-sandstone series, newly highlighted in the downstream part of the study area (
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Fig. 4, Fig. 6¢c-d), is thought to have formed as transition facies between the continental
Cretaceous essentially detrital formations of the Maradi region (lullemmeden basin edge) and the
marine Cretaceous clay-limestone formations located in the center of the lullemmeden basin.
Similarly, an identical transition series was demonstrated in the eastern part of Niger within the

lullemmeden basin (Faure, 1966).

A lithostratigraphic column summarizes the lithology, resistivity, and effective porosity of the
various formations encountered in the study area (Fig. 7). For alluvial formations, their thicknesses
range from 6 to 30 m, and their lithology varies from upstream to downstream. In the upstream
part, they are composed of old and recent formations. Older alluvium comprises coarse sands with
pebbles and is located at the top of the pebbly sands series of the CH with which they share similar
resistivities and effective porosities (Fig. 6b-c). This observation is consistent with that found by
BRGM (1978) suggesting that the older alluvium stems from the reworking of the CH pebbly sands
series. In contrast, recent alluvium constituting the surface horizons of 0 to 10 m, is formed of
clayey sands and clays, depending on the location. For example, in the Djirataoua site, borehole
lithological logs suggest that recent alluvium consists of compact clays with a thickness of between
6 and 10 m. At this site, piezometric observations suggest that recent alluvium forms a confining
layer of low permeability clays (see cross-section in Fig. 8). In the downstream part, the River GM
has incised into the clay-sandstone series of the CH. The alluvium comprises fine clayey sands and

sandy clay, which account for the low effective porosities and resistivities observed (Fig. 6d-e).

From our results, we realize a conceptual model representative of the RGMB ( in Djirataoua.
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Fig. 9). Through the description of the results presented in section 4.4, we show that in the
upstream part, the alluvium and the pebbly sand series of CH have a high MRS effective porosity,
with a relatively long relaxation time (T1), and medium to high electrical resistivities. These
formations are considered porous and permeable. On the other hand, the clay-sandstone series and
the Farak-type sandstones of CH formation downstream have low resistivities, effective porosity,
and relaxation times. These changes indicate that the clay-sandstone formations are less permeable
than the alluvium and pebble sandstones of CH. Additionally, the MRS effective porosity profiles
do not show any discontinuities between the alluvium and the underlying CH formations. The
groundwater flow pattern suggests that groundwater is replenished by the focused recharge via

leakage from the ephemeral RGM. As a result, we conclude that the aquifers are interconnected,
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except where inhibited by the surface geology (Djirataoua), and focused recharge via ephemeral

river flow is transmitted to the underlying alluvial and CH aquifers.

Conclusions

The geometry and properties of an alluvium-bedrock aquifer system along the ephemeral
River Goulbi de Maradi in the lullemmeden basin of Niger are characterized by combined MRS-
TDEM surface geophysical surveys and borehole lithological logs. We identify lithological
variations from upstream to downstream in which effective porosity and resistivity decrease.
Upstream, the shallow alluvial aquifer has an effective porosity ranging from 9 to 36% with a
thickness of 6 to 15 m. Downstream in the rest of the valley, the alluvial aquifer deepens (25 to 30
m) with effective porosities ranging from 7 to 20%; resistivity values range from 12 to 57 Q m
upstream and 25 Q m downstream. For the Continental Hamadien, three aquifer layers are revealed.
Two upper layers are juxtaposed laterally: (i) a stony sands series upstream with 13 to 19% for the
average effective porosity and 22 to 800 Q m for the resistivity values; and (ii) a clay-sandstone
series downstream with 3 to 10% effective porosity average and 10 to 43 Q m for resistivity values.
The Farak-type sandstones are located at the base of these formations with an average resistivity
of 11 Q m. MRS experiments indicate that the alluvial aquifer and underlying CH aquifer show
continuous effective porosity profiles at depth, suggesting that they form an interconnected aquifer
system that is replenished by focused groundwater recharge arising from leakage from the
ephemeral River Goulbi de Maradi. The development of this conceptual model of the groundwater
system in this Sahelian dryland is of vital importance given the dependence upon groundwater for

drinking water, food supply and livelihoods from agriculture and industry.
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Fig. 5. Typical example of geophysical results of Guidan Kaji (a) and Djirataoua-GFO01 (b) sites.
(a) From left to right: TDEM data, TDEM inversion, lithological section, and pumping test data.
(b) From the right to the left: TDEM data, TDEM inversion, lithological section, MRS data,

distribution of MRS water content and decay time T as a function of depth.
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Fig. 9. Conceptual model of the transboundary valley of Goulbi de Maradi basin

Table lists

Table 1

Characteristics of MRS soundings in the Goulbi de Maradi valley

e Ewp gSE NS gy b Lo o
Nielloua_GF01 Auto Eight 50 m 12 190 09.2 13.1583 7.2152 12/02/21
Nielloua_GF02 Auto Eight 37.5 m 10 146 10.1 13.1576 7.2121 11/02/21
Nielloua_ GF03 Plus Eight 75 m 10 370 04.6 13.1590 7.2172 13/01/19
Djirataoua_GF01  Plus Square 150 m 11 145 29.5 133996 7.1380 14/01/19
Djirataoua_GF02 Plus Eight 100 m 12 190 12.2 13.4005 7.1420 14/01/19
Tikaji Auto  Eight 100 m 14 257 06.8 13.3961 7.1253 08/04/20
Gade Plus Eight 100 m 13 114 26.9 13.3757 7.1010 19/01/19
Marché Djirataoua  Plus Eight 100 m 11 200 06.6 13.4198 7.1649 15/01/19
Pz_Hanou Gazané  Auto Eight 100 m 14 150 16.4 13.6268 6.9483 16/02/21
Garin Baraya Plus Eight 100 m 11 178 13.7 13.5418 6.9586 17/01/19
Garin kiabey Plus Eight 100 m 12 165 08.7 13.6766 6.9402 18/01/19
Rafin Wada Plus Square 150 m 11 320 109 13.6455 6.5695 19/01/19
Rafin Wada Vallée Plus Square 150 m 11 114 159 13.6222 6.5972 18/01/19
Garin Nissa Plus Square 150 m 11 184 129 135900 6.6503 20/01/19
Kabbra Plus Eight 100 m 12 150 149 13.6216 6.6030 09/07/19
GF_Souloulou Plus Eight 100 m 12 200 08.7 13.6158 6.4480 10/07/19
Kartakaye Auto  Eight 100 m 16 200 02.8 13.6228 6.4445 11/04/20
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Koutal Auto  Eight 100 m 16 203 09.1 135812 6.9518 10/04/20
Zagon Bahochi Auto Eight 100 m 10 250 -- 13.5930 6.4542 10/04/20
764
765  Table 2
766  Pumping tests characteristics
Pumping AEP Nielloua AEP_Hanou Djirataoua ~ Guidan ,  _~ Guidan
Well Gazané GNO5 Kaji Roumdji
Observation Nielloua GF02 GF_Hanou Diirataou Pz
Well Gazané ) -
Radial distance (m) 19 16 17
Pumping rate (m%/h) 10 8.9 20 63 12 16
Pumping Duration 6 7 24 48 24 20
Recovery duration (h) 4.6 18 -- 06 08 03
Drawdown (m) 0.3 01 -- 35 2.6 6.5
767
768  Table 3
769  TDEM results according to geology
Geological Max Min Average Median Standard deviation
formations [Q m] [Q m] [Q m] [Q m] [Q m]
Alluvium 57 12 31 30 17
Pebbly sands serie 800 22 132 70 208.3
Clay-sandstones serie 43 10 175 15 10.8
Farak-sandstones 17 06 11 10 2.8
Precambrian Basement 2000 2000 2000 2000 -
770
771  Table 4
772 MRS results according to geology
Pebbly sand series + Clay-sandstones series +
Farak-sandstones Farak-sandstones Alluvium
0 (%) T (ms) 0 (%) T (ms) 0 (%) T1 (ms)
Max 17.8 390 10.9 260 36 300
Min 10.5 220 03 180 07 220
Average 14 302 8.3 230 16.6 245
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773

774
775

776
i

778

779

780

781

Median 15 315 09 240 15 315

St. deviation 2.7 50 2.9 36 09 28
Table 5
Pumping tests hydrodynamic properties.

Observation Well/ Qrp tp T, Tp T,

. 3 ) ) Date

Pumping (m3/h) (h) (h) (m?/s) (m?/s)

Nielloua_GF02 10 6 4.67 2.2:10° 4.7-10°3 11/08/2019

GF_Hanou Gazané 8.9 7 18 1.4-.10°%  1.3-103 14/08/2019

Djirataoua_GN05 20 24 2.2:10? -- 17/09/2004

Guidan Kaji 63 48 2.8-10° -- 14/02/2016

Doumana 13 24 1.7-10° -- 08/04/2018

Guidan Roumdji 16 20 2.0-10°3 - 15/06/2019

Qp Pumping rate (m3/s); to Pumping duration (s); Tp Transmissivity during the pumping phase

(m?/s); Tr Transmissivity during recovery phase.

Table 6

Boreholes data used for MRS calibration and static water level (SWL), and the MRS data are

effective porosity (), thickness of the saturated aquifer (4z), static water level (SWL),

parametrization factor (Cp), transmissivity (T), Specific yield (Sy) and hydraulic conducitvity (K)
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Boreholes MRS

Site Formation  SMaX TPt Sypt  SLW SLW  Cp (10° Az OMRS T1 TMRS KMRS SyMRS
(m)  (10-3m?%s) (%) (m) (m) ®m/s/ms?) (m) (%) (ms) (10*m?s)  (10*m/s) (%)

Nielloua_ GF01 AGM 3.02 15 09 18 220 34 3.8 13.7
Nielloua_GF02 AGM 0.4 4.7 0.79 3.6 2.36 4.5 11 13 230 2.3 21 6.8
Nielloua_ GF03 AGM 3.86 2.36 06 09 240 0.68 11 34
Djirataoua_GF01 AGM/CH 8.79 7.16 62 175 260 16 2.6 6.5
Djirataoua_GF02 AGM/CH 583 22 10.78 12.8 3 45 19 220 9 2 7.2
Marché Djirataoua CH 47.0 47.0 53 15.7 380 26 4.9 6
Tikaji CH - 20.18 22 17 320 8.3 3.9 6.5
Gade CH 14.0 10.14 70 13 250 12 1.8 4.9
Garin Kiabey CH 30.2 29.0 53 10.5 300 11 2.1 4
Garin Baraya CH 27.85 25.53 59 18 390 35 5.9 6.8
H-Gazane AGM/CH 1.03 1.3 0.056 6.15 04.5 0.3 55 13 230 9.7 15 4.9
Koutal CH 18.2 16.4 22 18 320 8.8 4 6.8
Kabbra AGM/CH 14.65 13.26 52 10 240 6.5 1.3 3.8
Garin Nissa CH 28.7 24.0 53 9.6 240 6.4 1.2 3.6
Rafin Wada CH 25.16 26.3 60 09 260 8 1.3 34
Rafin Wada Vallé ~ AGM/CH 17.4 17.0 60 10.2 240 1.7 1.3 3.9
Kartakaye CH - 16.5 20 03 190 0.47 0.24 11
GF_Souloulou AGM/CH 15.12 11.7 78 06 190 3.7 4.7 2.3
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Highlights

Lithological facies characterized by MRS/TDEM and borehole logs.

Identification of previously unmapped clayey sandstone formation.

Alluvium-bedrock architecture defined along seasonal river in the Sahel.

Variability in hydrogeological properties controlling focused recharge identified

Storage properties of alluvium and sandstone estimated from MRS
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