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Abstract

In the River Goulbi Maradi Basin (RGMB), groundwater is a vital source of drinking water and
plays a central role in the region’s socio-economic development. The quality and suitability of
groundwater for irrigation and drinking-water remain inadequately understood. We examine
hydrochemical analyses of 35 groundwater samples from the shallow alluvial (17) and underlying
Continental Hamadien (CH) sandstone (18) aquifers and evaluate these against standard measures
of their suitability for drinking water (World Health Organization (WHQ) guideline values) and
irrigation (i.e. sodium adsorption ratio, sodium percentage, and the residual sodium carbonate).
Hydrochemical facies are principally of Na-HCO3z and Na-Cl types. Bivariate plots combined with
saturation indices and electrical conductivity monitoring indicate that the main hydrogeochemical
processes influencing groundwater quality are cation exchange in the CH aquifer and solute
leaching from soils during focused recharge in the alluvial aquifer. 76% (13/17) of groundwater
samples from the alluvial aquifer were suitable for irrigation compared to 38% (6/16) of the
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samples from the CH. The identification of high fluoride concentrations exceeding the WHO
drinking-water guideline value (> 1.5 mg/L) in 33% (6/18) of samples from the CH aquifer and
18% (3/17) in the alluvial aquifer, and their respective attribution to the release of fluoride of
geogenic origin through cation exchange and local use of fluorapatite fertilisers, provide valuable
insight into efforts to address the on-going challenge of fluorosis in the Maradi region of Niger and
more widely across African drylands. The health consequences of the widespread observation of
Mn in concentrations exceeding the new WHO guideline value (0.08 mg/L) in the alluvial aquifer

(6/9 samples), often alongside elevated Fe concentrations, are unclear.

Keywords hydrochemistry - groundwater - water-rock interactions - Sahelian zone
Introduction

Groundwater is a vital source of fresh water in many parts of tropical Africa (MacDonald et al.
2012; Gaye & Tindimugaya 2019). From rural areas to big cities, there remains considerable
dependence on groundwater either solely or in conjunction with surface water to meet water needs
for drinking, livestock rearing, industry, and irrigation (Nazoumou et al. 2016; Cobbing and Hiller
2019). Due to the rapid growth of population and urbanization (UN 2019), and in pursuit of the
United Nations (UN) Sustainable Development Goals (SDGs), groundwater withdrawals are
expected to increase substantially (Gaye and Tindimugaya 2019; Cobbing 2020) to address rapid
increases in demand for domestic water supplies, SDG 6 (water for all) (Adams et al. 2018) and
irrigation for food security, SDG 2 (zero hunger) (Altchenko and Villholth 2015; Nazoumou et al.
2016). Additionally, due to their high and underexploited potential in some regions and their
resilience to climate variability and change (Cuthbert et al. 2019; Taylor et al. 2022), groundwater
discharges play a fundamental role in maintaining and restoring ecosystems (Carter & Parker 2009;
Taylor et al. 2013; Abdou Mahaman et al. 2022).

In the central Sahel, rainfall is highly variable in time and space (Lebel and Ali 2009). As a
result, surface water resources are often ephemeral and insufficient to sustain sharply rising
freshwater demand of increasing populations and socio-economic development (Mahe et al. 2005;
Descroix et al. 2009). Here, groundwater is consistently the only perennial source of freshwater
(Favreau et al. 2009, 2012; Abdou Babaye et al. 2019) to support poverty alleviation (Favreau et
al. 2009, 2012; Nazoumou et al. 2016) and adaptation to climate variability and change; the latter



Is associated with increased intensity and severity of droughts and floods (Tschakert et al. 2010;
Taylor et al. 2013; Elagib et al. 2021). Despite this fundamental role of groundwater in supporting
climate-resilient, socio-economic development, and ecosystem function, data on groundwater
systems are often sparse and the current state of knowledge of groundwater systems in the Sahel is
limited (MacDonald et al. 2012; Xu et al. 2019).

In the Sahel, substantial groundwater volumes are considered to be stored in regional
sedimentary aquifers (Favreau et al. 2012) and several recent studies have sought to resolve the
processes that govern groundwater recharge (Favreau et al. 2009; Abdou Babaye et al. 2019;
Cuthbert et al. 2019; Goni et al. 2021). An increase in surface runoff has been observed in response
to the modification of soil properties and infiltration capacities caused by clearing perennial
vegetation (Leblanc et al. 2008; Mahe et al. 2013). This land-cover change has led to sharp
increases in surface runoff amplifying river flow and the size and number of ephemeral ponds in
central Sahel (Descroix et al. 2009, 2012). Widespread connectivity of surface water to aquifers is
vital to groundwater replenishment, even during drought years (Favreau et al. 2009).
Notwithstanding the knowledge about quantity and renewal of groundwater that play an
indispensable role in the drylands of the Sahel, there is a paucity of data on their suitability for

different uses and the hydrogeochemical processes controlling these.

Groundwater is often perceived as a safe and reliable source of water for drinking. Less
attention is paid to groundwater quality analyses. As a consequence, the understanding of
hydrogeochemical processes and the ability to manage and protect groundwater sources are
restricted (Lapworth et al. 2022). To focus greater attention towards groundwater quality is needed.
Groundwater in unconfined aquifers is more vulnerable to natural and anthropogenic
contamination (Favreau et al. 2009; Lapworth et al. 2012, 2017; Onipe et al. 2020). Due to
significant pressures from anthropogenic activities and climate variability, the protection of
groundwater resources is necessary to sustain human health, groundwater-dependent livelihoods,
and ecosystems (Lapworth et al. 2022). Some land-use change and inadequate management of
anthropogenic waste contribute to chemical and organic contamination of groundwater (Ibrahim et
al. 2014; Boubacar Hassane et al. 2015). This poses health risks to hundreds of millions of people
(WHO 2019) and livestock raising. In addition, there is a direct connection between stores

containing groundwater and their status and utility in terms of quality (Gleeson et al. 2020). Natural



processes associated with local geology can affect groundwater quality, through rock-water
interactions such as ion exchange and weathering (Abdou Babaye et al. 2019; Zhao et al. 2021).

In the River Goulbi Maradi Basin (RGMB), surface waters are limited in time and space so
that the basin’s water supply and irrigation derive exclusively from groundwater within a shallow
Quaternary alluvial aquifer, largely constrained to the river’s floodplain, and an underlying regional
Upper Cretaceous sandstone aquifer known as the Continental Hamadien (CH). Recently, a multi-
village water supply development program has been planned to increase access to drinking-water
in the framework of the National Water, Hygiene and Sanitation Program of Niger (PROSEHA)
(MHA 2016); intensive pumping is proposed from deep boreholes, screened in the lower part of
the CH aquifer that is thought to be replenished via leakage from the overlying alluvial aquifer

(Issoufou Ousmane et al. 2023).

Few water quality assessments have been conducted in the RGMB and the Sahel more broadly.
High concentrations of fluoride have, however, been recorded in groundwater pumped from deep
boreholes in the RGMB and associated with cases of skeletal and dental fluorosis (FIDH 2002;
Laatar et al. 2003). The Ministry of Hydraulics and Sanitation has since ordered the closure of
many dug wells and boreholes due to high fluoride concentrations (MHA 2020). Given the
continuing uncertainty regarding the quality of groundwater in the RGMB and growing
dependence upon groundwater to provide a climate-resilient source of water for domestic and
agricultural purposes, the objectives of this study are: (1) to examine the hydrochemical
characteristics of groundwater within shallow alluvial and underlying Continental Hamadien
aquifers, and (2) to determine the processes governing groundwater mineralization, including the
occurrence of locally high fluoride concentrations. The results of this study are intended to inform
the planning and management of groundwater in advancing progress towards the UN SDGs in

Niger.
Study area

The RGMB is located in southeastern Niger of the south-central Sahel and lies within the
southeastern edge of the lullemmeden sedimentary basin (Fig. 1a and b) between latitudes 13°00'
and 13°48' North and between longitudes 6°35' and 7°30' East. It constitutes the Nigerien part of
the transboundary RGMB shared between the Maradi Region and northern Nigeria (Fig.1c) and is



bounded to the north by the Goulbi Kabba fossil valley and, to the west by the Goulbi Bounsourou
valley. This region is one of the most densely populated in Niger with between 81 and 105
inhabitants/km? (INS 2012, 2018). The River Goulbi Maradi is the only source of surface water;
the river is seasonal, flowing episodically, from July to October depending on local rainfall and as

a result of releases from the Jibya dam in Nigeria (storage capacity: 142 million m3).
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Fig. 1 Maps of the study area: a West Africa showing its context in the location of the Sahelian
zone; b the surface geology and regional drainage of the lullemmeden basin; c the surface geology
and drainage of the River Goulbi Maradi Basin (RGMB)

The climate is semi-arid, featuring a single rainy season (June to early October) that is
controlled by the African Monsoon (hot and humid), and a long dry season that occurs from
November to May and is governed by the Harmattan (dry and very hot wind) coming from the

Sahara desert (Issa Lélé & Lamb 2010). Data from the Maradi Airport meteorological station



indicate that the mean annual rainfall is 520 mm (1960-2021); mean monthly air temperatures range
between 25 and 35°C; and mean monthly potential evapotranspiration varies between 150 and 210
mm (1984-2010).

The geological context consists of Quaternary formations, the Continental Hamadien (CH) of
the Upper Cretaceous, and the crystalline to crystallophyllian Precambrian basement. The
Quaternary is characterized by alluvium encountered in the valley with a thickness of up to 30 m,
and aeolian deposits formed on the plateaux comprising reddish sand with subordinate clay, 5 to
10 m thick at maximum (BRGM 1978; Durand et al. 1981; Issoufou Ousmane et al. 2021). The
CH, surmounted by dune sands on the plateaux and alluvium in the valleys, derives from
continental deposits, which represent the lateral equivalent of a marine deposit formed in the Upper
Cretaceous (Dikouma 1990; Greigert 1966). In the RGMB specifically, analyses of lithological
logs of wells and boreholes reveal that CH is composed of pebbly sand series upstream, clays
sandstone series downstream, and Farak-type sandstones localized at the base of the ensemble
(Issoufou Ousmane et al. 2023) (Fig. 2). The Precambrian basement consists of granites, gneisses,
and schists of Paleoproterozoic to Cambrian age and 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; Hazell et al. 1992; Baraou Idi 2018).

Hydrogeologically, the alluvial aquifer has a depth that varies from up to 4 m in the RGMB
upstream to 18 m downstream. The aquifer extends laterally across the valley by 1.5 to 4 km and
is used mainly for irrigation and population water supply. The underlying CH aquifer is regional
in scale and encompasses Niger, Nigeria, and Benin (OSS 2008). Issoufou Ousmane et al. (2023)

show that the alluvial and CH aquifer are in hydraulic continuity.
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Fig. 2 Upstream-downstream hydrogeological section along the River Goulbi Maradi as shown in
Fig. 1c (modify from Issoufou Ousmane et al. 2023). Boreholes with stars are closed because F*
>1.5 mg/L.

Material and methods
Sampling and analytical approaches

In this study, 23 samples comprising 9 observation wells (piezometers) within the Quaternary
alluvial aquifer and 14 boreholes used for drinking-water supplies from the CH were collected in
November 2018 (Fig. 1c). Boreholes screened in the CH aquifer were selected from an existing
database with details of total depth drilled, screen depth, and water-table depth (Table 1).
Groundwater from the CH aquifer was deliberately sampled from boreholes (B) whose total depth
drilled exceeded 60 m with screen intake depths below 40 m in depth. In the alluvial aquifer,
piezometers (P) constructed to depths between 6 and 30 m through this research were sampled
(Table 1; Fig. 1a); one sampling site (B4) in the alluvial aquifer is a previously constructed borehole
supplying drinking water to the town of Nielloua. Prior to sampling recently constructed
piezometers, each was pumped with a submersible WaSP (12V) P5 pump (In-Situ Europe Ltd, UK)
to purge three times the volume of the stored water in the borehole. Long-established boreholes
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were sampled after “wellhead” physicochemical parameters including electrical conductivity (EC),
pH, redox potential (En), and dissolved oxygen (DO) had stabilized. Measurements of EC, pH, DO,
and En were carried out using Seven2GoTM pro meters (Mettler Toledo, Switzerland) and
temperature using a HI-93510 thermistor thermometer (Hanna® instruments, USA) installed in a
flow-through cell sealed from the atmosphere. Probe calibrations were conducted daily. Samples
for major ions (cations and anions) were collected in 30 mL Nalgene bottles. Prior to sampling,
bottles were washed three times with deionized water and water from the boreholes before being
filtered using a 0.45 um cellulose nitrate membrane. Samples were stored in a cooler to prevent

exposure to excessive temperature variations.

Table 1 Characteristics of wells sampled. P: Piezometer, B: Borehole, na: not available, SWL.:

static water level measured in piezometer / borehole

Site Date Lat(N) Long(E) SWL Borehole Screen
Code ®) ®) (m) Depth (m)  Depth (m)
Alluvial aquifer
P1 13/11/2018 13.15838  7.21516 4.22 13 6.5-105
P2 12/11/2018 13.15756  7.21214 4.93 12 85-11
P3 12/11/2018 13.15898  7.21720 5.25 06 na
B4 12/11/2018 13.15763  7.21233 4.96 na na
P6 07/11/2018 13.39977  7.13799 9.25 15 52-14
P7 17/11/2018 13.40051 7.14204  11.26 19 9.6-12.6
P10  09/11/2018 13.47871 7.08163 5.17 11 na
P17  13/11/2018 13.65916 6.72276 17.76 33 23-29
P22  08/11/2018 13.61607 6.44799 12.47 25 18-24
Continental Hamadien aquifer
B5 09/11/2018 13.37566  7.10104  14.43 76 37-55
B8 16/11/2018 13.41985 7.16488  44.16 83 49 -61
B9 08/11/2018 13.42048 6.97296  47.45 88 61 - 82
B11  14/11/2018 13.54182 6.95861  27.94 63 51 - 60
B12  15/11/2018 13.62467 6.95102 14.00 74 49 -70
B13  15/11/2018 13.63459 6.94024  14.82 62 44 - 47
B14  15/11/2018 13.67661 6.94021  30.91 64 49 - 61
B15  13/11/2018 13.56260 6.81250  51.38 91 76 - 88
B16  14/11/2018 13.64616 6.73495  30.62 70 58 - 67
B18  11/11/2018 13.69146 6.64175  40.60 93 66 - 90
B19  10/11/2018 13.59005 6.65027  26.89 61 44 - 58
B20  10/11/2018 13.64548 6.56951  26.14 95 73-93
B21  08/11/2018 13.60222 6.43945 19.62 87 65 - 80




B23  08/11/2018 13.61513 6.41468  23.78 145 105 -135

The analysis of anion concentrations of chloride (CI™?), sulfates (SO4?), fluoride (F %), nitrate
(NOs %), and nitrite (NO, 1) was carried out by ion chromatography using a Dionex system (AS50,
Thermo Fisher Scientific, USA) at UKCEH, Wallingford, UK. Concentrations of major cations
including calcium (Ca*?), magnesium (Mg*?), sodium (Na*?), potassium (K*1), as well as silica
(Si), and trace elements comprising silver (Ag), arsenic (As), barium (Ba), copper (Cu), iron (Fe),
manganese (Mn), nickel (Ni), Boron (B), plumb (Pb), rubidium (Rb), strontium (Sr), uranium (U),
and zinc (Zn) were measured with Inductively Coupled Plasma Mass Spectrometry (ICP-MS-QQQ
Agilent 8900) (Agilent Technologies, USA) at BGS Keyworth, UK. Detection limits for major
cations range from 2, 0.003, 0.7 and 0.08 mg/L for Ca*?, Mg*? Na™! and K*!, respectively. For
trace elements, expressed in pg/L, the detection limits for Sr, Mn, and Cu (0.2 pg/L), Fe (0.4), As
(0.04), Ni and Ag (0.06), Pb (0.03), Rb (0.3), U (0.009), Zn (0.8), B (93 pg/L) and Ba (0.09 pg/L).
The robustness of analytical results was checked by computing the Charge-Balance Error (CBE);

computed CBEs of less than +5% were considered robust.
Hydrochemical plots and indices

Analyses sought to assess the suitability of sampled waters for drinking-water supplies and
irrigation and identify geochemical processes controlling groundwater mineralization. Analytical
results were compared to World Health Organization standards (WHO 2022). Major cations Ca*?,
Mg*?, Na** + K*1) and the anions (HCOs 1, SO4 72, CI'Y), were represented on trilinear plots of Piper
(1944) to identify hydrochemical facies. Diagrams of Gibbs (1970), plotting the ratios of
Na*'/(Na*! + Ca*) and CI"Y/(CI™t + HCOs %) versus TDS, were implemented to explore natural
processes governing the evolution of groundwater hydrochemistry (Li et al. 2016; Su et al. 2019).
To identify ion sources, bivariate diagrams and chloro-alkaline indices 1 and 2 (CAI-1 and CAI-2)
defined by equations 1 and 2 (ion concentrations in meg/L) as proposed by Schoeller (1965) were

employed.
- +,w+
CAl — 1 = L -(NaT+K7) 1)
cl
CAl — 2 = Cl—(Nat+K*) 2

HCO3+S0%™+C0O%™+NO3



CAI-1 and CAI-2 were used to explore the operation of cation exchange between groundwater and
the host rock. Scatter plots of major-ion concentrations of [(Na* + K*) - CI"] versus [(Ca?* + Mg?*)
- (HCO3™ + SO4?")] proposed by Fisher and Mullican (1997) were also used to trace geochemical
processes including cation exchange (Li et al. 2019; Su et al. 2019). To examine potential
dissolution and precipitation processes, saturation indices (S1) of key minerals (e.g. halite, gypsum,
calcite, dolomite, fluorite) were computed using the speciation model, PHREEQC (Parkhurst and
Appelo 2013).

The chemical composition of irrigation water affects both agricultural yield and soil
properties. To assess the quality of water for irrigation, the following indicators were employed:
sodium adsorption rate (SAR), the percentage of soluble sodium (%Na), and residual sodium
carbonate (RSC). The %Na and SAR are valuable parameters in the evaluation process of
groundwater suitability for irrigation because they provide a basis for determining sodium
alkalinity hazard in irrigation water as they directly relate to the absorption of sodium on the soil
surface (Davraz and Ozdemir 2014; Li et al. 2016; Zaman et al. 2018). Water characterized by a
high %Na and SAR can produce an accumulation of sodium in the soil, which, in turn, can lead to
a decrease in macroporosity and the rate of water infiltration. The suitability of irrigation water
was also determined by the Wilcox diagram quality (Wilcox 1948) based on the relationship
between percent sodium (%Na) and electrical conductivity (EC). According to this classification,
irrigated water is classified into four categories: good to permissible, permissible to doubtful,
doubtful to unsuitable, and unsuitable. The RSC indicates the deleterious effect of carbonate
(COs7?) and bicarbonate (HCOs 1) on the quality of water for agricultural use (Eaton 1950). If the
RSC < 1.25 meg/L, water is safe for irrigation, and if it exceeds 2.5 meqg/L, the water is considered
unsuitable (Richards 1954).

Nat

SAR = —— (3)
Ca2t+Mg2+
2
% Na = Na® x 100 @)
Ca2+t+Mg2+t+Nat+K+
RSC = (CO%™ + HCO3) — (Ca* + Mg?*) (5)

These parameters are expressed by equations 3 to 5 in which the cations and anions are in

concentrations expressed in meg/L.

10



Groundwater and surface water monitoring

To better understand the relationship between surface water and groundwater, as well as their
seasonal dynamics, high frequency (hourly) monitoring of groundwater levels (GWL) and
electrical conductivity (EC), was implemented in 4 piezometers, Nielloual, P3, Soumaranal, and
GF-Soumarana, all screened in the alluvial aquifer. GWL and EC monitoring was undertaken at
Nielloual and Soumaranal by the Maradi Regional Direction of Hydraulics and Sanitation
(DRH/A-Maradi, Ministry of Hydraulics and Sanitation) from May 2015 (Nielloual) and
September 2016 (Soumaranal) to December 2020, using CTD-Diver dataloggers (Van Essen
Instruments). At P3 and GF-Soumarana, GWL and EC were monitored using dataloggers Aqua
TROLL 200 and Level TROLL 500 (In-Situ Inc.) from June 2017 to April 2020. The river’s stage
height was measured manually at Nielloua, through readings on a stream-gauging station, twice a
day, in the morning and the evening. Topographic surveys were conducted to enable a comparison

between river stage and groundwater levels in the underlying alluvium.
Secondary data

Secondary datasets were also consulted in this study to supplement primary data. Secondary data,
consisting of 12 physico-chemical analyses of water samples, were provided by DRH/A-Maradi
(Direction Régionale de I’Hydraulique de 1’ Assainissement). Among these, 8 water samples were
collected from piezometers screened in the shallow alluvial aquifer in May 2022, 3 water samples
from the CH aquifer were collected from boreholes of drinking-water supply in October 2018, and
1 water sample from CH aquifer collected in April 2000 (Table S1). Analysis of all these samples
was performed at the DRH/A-Maradi water quality laboratory. The physico-chemical elements
measured in the field and analyzed in the laboratory included respectively the water temperature,
EC, and pH, as well as Na*!, Ca*?, Mg*?, K*, Fe*?, HCOs?, CI%, SO42, NOst, NO2%, and, F.
Information on sampled boreholes includes total depth drilled, screen depth and water-table depth.
All data were considered in the interpretation of hydrogeochemical processes affecting

groundwater mineralization.

Results

Hydrochemistry of sampled groundwater
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Physicochemical characteristics of groundwater sampled in the alluvial and CH aquifers are
provided in Table 2. This table includes computations of basic statistics including the maximum
(Max), minimum (Min), average, median, and standard deviation (SD). Sampled groundwater is
primarily acidic with pH values ranging between 5.5 and 6.9 in the alluvium and 5.3 and 7.3 pH in
the CH with one exception, a value of 8.9 for borehole B23. Moreover, for both aquifers, pH values
up to 8.2 were observed in the secondary dataset (Table S1). Groundwater temperatures vary from
29.6 to 31.1°C (median: 30.2°C) in the alluvial aquifer and 30.7 to 33.8°C (median: 31.8°C) in the
CH. Electrical conductivity (EC), proxy for total dissolved solids (R?> = 0.99), in sampled
groundwater varies considerably from 78 to 556 uS/cm (mean = 271 pS/cm) in the alluvial aquifer
and 67 to 2030 puS/cm (507 puS/cm) in the CH; median values of EC in the alluvial (227 puS/cm)
and CH (233 uS/cm) are very similar. In the alluvial aquifer, relatively higher EC values in the
alluvium (200 to 550 puS/cm) up to 1300 uS/cm (Table S1) were observed where the piezometers
are located in the irrigated land. In the underlying CH aquifer, higher EC values (800 to 2000
pS/cm) were measured in boreholes located in the downstream in the RGMB, where the sampling
depths exceeded 60 m. DO range from 0.1 to 2.7 mg/L in the alluvial aquifer and from 0.1 to 4.6
mg/L in the CH aquifer.
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Table 2 Physico-chemical parameters of groundwater samples in alluvium and CH aquifers of the River Goulbi Maradi Basin

Alluvial aquifer

Samples Statistical analysis
P1 P2 P3 B4 P6 P7 P10 P17 P22 Max Min  Median Mean SD
T (°C) 301 293 304 299 302 303 304 311 296 311 296 30.2 30.2 0.5
Eh (mV) 139 126 -97 -137 -83 07 69 185 180 185 -137 69 43 125
pH (-) 63 62 69 70 66 63 62 58 55 70 55 6.3 6.3 05
DO (mg/L) 27 13 09 03 03 01 01 12 02 2.7 0.1 0.3 0.8 0.8
EC (uS/cm) 556 143 526 205 260 259 227 185 78 556 78 227 271 163
Continental Hamadien aquifer
Samples Statistical analysis
BS B8 B9 B11 Bl12 B13 B14 B15 B16 B18 B19 B20 B21 B23 Max Min  Median Mean SD
T (°C) 317 325 319 316 319 317 321 311 321 338 329 31.8 30.7 311 338 307 318 31.9 0.8
Eh (mV) 251 212 212 215 14 -111 130 194 190 -171 130 68 62 84 251 -171 130 106 126
pH (-) 56 63 58 53 70 70 62 64 57 67 61 7.3 6.6 8.9 8.9 5.3 6.4 6.5 0.9
DO (mg/L) 13 35 4.6 0.6 0.2 02 09 nmm 0.7 0.2 3.1 0.2 0.5 0.1 4.6 0.1 0.6 1.2 15
EC (uS/cm) 67 88 79 165 932 2030 973 187 102 811 146 880 280 360 2030 67 233 507 561

nm: not measured; values exceeding WHO (2022) standard limits are denoted in bold
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Hydrochemical results are summarized in Table 3 and Table S1. Two of the 14 sites sampled
in the CH aquifer (B5, B20) did not meet the criteria of having a CBE of less than +5%; one site
(B15) with a CBE of -5.5% has been retained. Groundwater facies, plotted in Fig. 3, show both
similarities and differences between the two aquifers. Groundwater sampled from the alluvial
aquifer (N=9) for this study and (N=8) for secondary data comprises Na-HCO3 (N=6 and 3) and
Ca-HCO3 (N=3 and 5) types, respectively, consistent with recently replenished (unevolved),
shallow groundwater. In the underlying CH sandstone aquifer, hydrochemical facies are primarily
Na-HCO3/ Ca-HCOs type but include Na-Cl / Ca-Cl types. The Na-Cl facies occur in groundwater
sampled from the downstream part of the RGMB.
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Table 3 Major and minor-ion and trace element compositions of the alluvial and Continental Hamadien aquifer

Major and minor ions (mg/L) Trace elements (ug/L) C(:(EO)E
Ca? Mg™? Na'' K* HCOs! SOs2 CI* NOst F! Ag Ba Cu Sr Fe As Mn Ni Pb Rb B u Zn
\(’;’(')*2% ng ng 200 12 ng 250 250 50 1.5 ng 1300 2000 ng 300 10 80 70 10 ng 2400 30 ng
Alluvial aquifer
P1 33 6.3 83 2.7 167 17.9 65 50 0.4 0.5 256 1.6 305 63 15 21 0.5 0.1 12 <93 09 5 +0.7
P2 12 2.5 94 25 57 15 6.4 6.5 0.3 0.4 148 0.3 124 325 1.6 113 0.4 0.2 12 <93 01 5 +1.3
P3 33 6.1 39 50 288 3.0 5.4 0.1 2.2 0.3 259 0.6 221 781 0.8 101 0.3 01 92 <93 20 3 +1.2
B4 22 4.3 10 4.6 116 1.1 3.9 0.1 0.2 0.3 193 0.3 172 1350 10 985 0.4 0.1 18 <93 0.2 5 +1.2
P6 8 25 40 16 137 4.5 2.1 0.1 0.7 0.3 80 0.5 86 2870 2.9 320 15 1.3 15 <93 1.0 20 +2.2
P7 16 4.8 36 21 149 4.2 2.9 2.8 0.7 0.3 265 0.4 166 183 34 474 0.5 0.1 55 <93 0.8 7 +2.2
P10 13 4.0 24 6.5 104 8.9 7.8 2.0 0.4 0.3 113 11 155 1360 0.3 289 0.9 3.1 36 <93 04 7 +2.2
P17 11 2.9 76 43 46 5.3 2.0 21 0.2 0.3 294 0.5 179 22 0.1 8 0.4 04 98 <93 0.2 5 -0.8
p22 6 1.2 6.5 22 31 25 5.8 0.4 0.1 0.3 96 0.5 129 35 0.1 24 0.3 0.3 26 <93 0.2 16 +0.6
median 13 4 24 2.7 116 4 5 2 0.4 0.3 193 0.5 166 325 15 113 0.4 0.2 2.6 - 04 5 -
Continental Hamadien aquifer
B5* <2 <0.003 <0.7 <0.08 278 0.27 111 1068 0.12 0.3 <0.1 <0.2 <0.2 <04 <0.04 <0.2 <0.06 <0.03 <03 <93 <0.01 <0.8 -100
B8 7 2.0 1.9 6.4 24 0.7 3.7 14 0.1 0.3 263 3.6 123 55 0.05 151 2.1 045 21 <93 01 55 +1.3
B9 7 1.7 25 6.6 42 0.1 0.6 3.0 0.2 0.3 233 0.9 138 1 <0.04 1.2 1.0 006 19 <93 <93 13 +0.4
B11 11 34 5.8 7.9 23 9.2 25 6.9 0.1 0.4 416 1.3 183 22 <0.04 4.1 35 017 19 <93 05 09 -3.6
B12 04 0.6 190 2.7 167 79 155 2.3 4.3 0.3 25 0.5 160 57 0.34 2.6 0.2 011 7.0 1383 0.2 2 -2.4
B13 23 3.7 397 6.5 255 181 395 0.1 35 0.3 40 0.5 815 434 0.53 33 0.6 171 21 2221 0.3 4 -0.9
B14 29 8.1 149 8.7 127 68 196 2.4 0.4 0.4 75 0.7 632 10 0.05 0.6 11 014 29 925 14 4 -1.4
B15 18 2.4 12 7.9 103 11 3.4 6.6 0.1 0.3 703 22 595 6 0.18 15 0.7 061 13 <93 21 30 -1.8
B16 6 1.6 74 39 48 15 2.1 55 0.1 0.3 222 3.7 169 31 0.08 1.8 05 063 16 <93 03 6 -5.5
B18 85 6.9 67 13 158 49 166 0.0 0.0 0.4 146 0.3 2220 73 <0.04 117 0.5 003 21 216 0.2 2 -1.0
B19 7 2.3 19 4.4 65 2.8 7.0 5.2 0.1 0.3 242 1.3 101 10 <0.04 0.2 0.6 016 18 <93 04 17 +2.9
B20* 04 159 27 4.3 195 8151 120.3 1.38 3.01 0.3 170 0.7 67.4 5.4 0.06 18 054 0.08 138 <93 0.26 15 -87.5
B21 9 0.8 53 35 157 5.2 5.7 2.8 0.5 0.3 145 0.4 365 8 0.43 5.1 0.1 005 31 142 58 10 -0.0
B23 <2 0.1 81 0.6 164 26 13 0.0 11 0.3 30 <0.2 73 3 1.84 0.3 <0.06 <0.03 0.6 246 0.01 1 -1.6

median 9 2 36 6.5 115 7.2 10 2.9 0.2 0.3 184 0.9 176 16 0.3 25 0.6 0.2 18 58 03 75 -

CBE: Charge-Balance Error; ng: no drinking-water guideline value (WHO 2022); concentrations exceeding WHO (2022) drinking-water guideline values are
denoted in bold; values with < are below the detection limit; For the samples with stars their CBE is not good and they are therefore not used.
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Fig. 3 Piper diagram showing hydrochemical facies of groundwater sampled from the alluvial
and Continental Hamadien (CH) aquifers (N=34).

Responses in groundwater levels and EC to seasonal rainfall and river flow

Fig. 4 presents hourly hydraulic head and electrical conductivity of the alluvial aquifer, river stage,
and daily rainfall at Nielloua (2015-2020) and Soumarana (2017-2020) sites. At Nielloua, the water
table resides ~3 m below the riverbed whereas piezometers P3 and Nielloual are located at ~50 m
and ~270 m from the river channel, respectively. At Soumarana, the water table is ~6 m below the
riverbed and piezometers GF-Soumarana and Soumaranal are located at ~50 m and ~380 m,
respectively from the river channel. The hydrographs show pronounced responses to seasonal river
flow. Maximum hydraulic heads occur around the end of September around the termination of

seasonal river flow and minimum hydraulic heads precede the start of seasonal river flow around
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the end of May. At Nielloua, direct comparisons of hydraulic head at P3 and Nielloual (Fig. 4a)
are limited but indicate (e.g. June to August 2019) higher values of hydraulic head by ~1 m adjacent
to the river (P3) relative to observations ~220 m further away from the river. Similarly at
Soumarana (Fig. 4b), higher values of hydraulic head are consistently observed adjacent to the river
(GF-Soumarana) relative to observations ~330 m further away from the river at Soumaranal. Of
note is the sharper, more pronounced rise and fall in hydraulic head at GF-Soumarana, indicative
of mounding associated with focused recharge occurring via leakage from seasonal ephemeral river
flow; the magnitude of these rises in hydraulic head also relates to the amplitude and duration of
seasonal river flow. Higher hydraulic heads observed close to the river at Nielloua and Soumarana
clearly reflect the generation of hydraulic gradients driving groundwater flow from focused
recharge away from (perpendicular to) the river channel.

Hourly monitoring of the EC of shallow groundwater in the alluvial aquifer shows seasonal
variations that coincide roughly with river flow (stage) and a rise in groundwater levels (Fig. 4).
At Soumarana, groundwater EC values double from 80 uS/cm in the dry season to 160 puS/cm
while the river is flowing. At Nielloua, similarly, groundwater EC varies from 160 puS/cm in the
dry season to 200 pS/cm during the monsoon when the river is flowing and groundwater levels
rise. In addition, at Nielloua, during dry season, releases from Jibya dam (Fig. 1c) are also shown
to lead to focused groundwater recharge (Fig. 4a, area circled in red); this orchestrated recharge
event is also associated with an increase in EC of shallow groundwater. The rise in groundwater
EC during periods when the river is flowing suggests that focused recharge via riverine infiltration
of floodwater discharges is a source of solutes to the alluvial aquifer.
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Fig. 4 Seasonal variation in electrical conductivity and hydraulic heads of the alluvial aquifer

induced by seasonal river infiltration: a Nielloua site, b Soumarana site

Controls on groundwater hydrochemistry

To investigate the relationship between the composition of water and natural hydrochemical

processes operating at the surface (e.g. recharge sources) and subsurface (e.g. ion exchange, redox

reactions, dissolution/precipitation), we employ the relationships between (Na*, K*) or (Ca®* and
Mg?*) with CI~, HCOs™ or SO+~ ( Subba Rao et al. 2017; Abdou Babaye et al. 2019; Li et al. 2019).
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All groundwater samples from the alluvial aquifer plot above the halite dissolution line in
Fig. 5a, except one sample from the supplementary data. The bias in (Na**+ K**) over CI™! suggests
halite dissolution is not the primary mechanism responsible for Na*! and CI™* ions in the alluvial
aquifer. For the CH aquifer, the regression (R? = 0.88) of (Na*™ + K*!) vs. CI"? (plotting above the
1:1 halite dissolution line) with a slope of 1.3 suggests that these ions have a common origin. In
drylands, samples deviating from the NaCl dissolution line may be caused by cation exchange
and/or silicate dissolution (Su et al. 2019; Huang et al. 2022). Scatter plots relating concentrations
of divalent cations (Ca*?, Mg*?) to HCOs (Fig. 5b-c) show that few samples fall along the
dissolution line of dolomite (CaMgCO:s) or calcite (CaCOs). The relative values of SI (Table 4) are
negative and range between -7.3 to -1.3, -10 to -0.91 for dolomite, and -3.5 to -0.4, -4.0 to -0.01
for calcite, respectively, for alluvial and CH aquifer.

In the alluvial aquifer, median concentrations of Ca*? and Mg*? analyzed in this study are 13
and 4 mg/L, respectively. In the supplemental dataset (Table S1), concentrations of Mg?* remain
low with a median value of 6 mg/L; higher Ca*? concentrations range from 24 to 280 mg/L with a
median value of 71 mg/L (N=8). Statistically significant correlations between HCO3™ and both
Mg?* and Ca* (R? = 0.66 and 0.63, respectively), suggest a common potential mineral source in
the alluvial aquifer. In contrast, for the CH samples, both diagrams show an absence of correlation
(R? = 0.08 and 0.09) between HCO3* and Ca*? and Mg*?, inconsistent with a common mineral
source (e.g. carbonates) for these ions. Lower median concentrations of Ca*? (9 mg/L) and Mg*?
(2 mg/L) may reflect depletion of these ions in the underlying CH aquifer through cation exchange
(Rafique et al. 2015; Olaka et al. 2016; Li et al. 2016; Haji et al. 2018; Su et al. 2019).

In the samples from boreholes in the CH aquifer (B12, B13, B14, B18 and B20), high
concentrations of Na** and CI?, as well as relatively high concentrations of SO 2 (50 to 180 mg/L)
and F (1.1 to 4.3 mg/L) were observed. SO4 2 ions may be associated with gypsum (CaSO4:2H-0)
dissolution (Farid et al. 2013; Liu et al. 2020). Similar to the plot for halite (Fig. 5a), Fig. 5d shows
that samples from the alluvial aquifer fall above the gypsum line, deviating from a dissolution
equilibrium between Ca*? and SO42. Low concentrations of Ca?* (median: 13 mg/L) and SO4?
(median: 4 mg/L) do not reflect a significant influence of gypsum dissolution on groundwater
hydrochemistry in the alluvial aquifer (Farid et al. 2013; Karroum et al. 2017). In the CH aquifer,
generally low concentrations of Ca?* (median: 9.0 mg/L) and SO4 (7.2 mg/L) plot on either side
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of the gypsum dissolution line. Comparatively high concentrations of Ca?* and SO+, ranging
respectively from 23 to 85 mg/L and 50 to 180 mg/L, at locations B12, B13, B14, and B18 may

reflect gypsum dissolution and the subsequent influence of cation exchange, outlined below.

To explore controls on fluoride concentrations in groundwater in the RGMB, we examine

log-log scale correlations between concentrations of F* and both pH and HCO3* (Edmunds and

Smedley 2013; Su et al. 2019). The concentration of F* increases with a rise in concentrations of

HCOs ! and pH (Fig. 5e and f, Table S1), suggesting that higher alkalinity and more alkaline

conditions favor the release of F ! into groundwater. These conditions have similarly been observed

in the southern main Ethiopian rift by Haji et al. 2018, in the in the western region of the Ordos

basin, northwestern China by Su et al. 2019 and in the central Australia, western North America,

eastern Brazil and many areas of Africa and Asia by Podgorski & Berg 2022,
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Fig. 5 Scatter plots of the relationships between hydrochemical compositions: a (Na™ + K*1) vs.
CI%, b (Ca*? + Mg*?) vs. HCO3 %, ¢ Ca*? vs. HCO3 %, d Ca*? vs. SO4 2, e pH vs. F 1, f HCO3 ! vs.
F—l

Table 4 Saturation indices (SI) of calcite, dolomite, halite and fluoride Saturation indices (SI) of

calcite, dolomite, halite and fluorite

Samples Sl Calcite Sl Dolomite Sl Gypsum Sl Halite Sl Fluorite

Alluvial Aquifer

P1 -1.47 -3.27 -2.6 -6.85 -2.21
P2 -2.11 -4.49 -3.94 -8.76 -2.76
P3 -0.48 -1.28 -3.37 -8.26 -0.68
P6 -1.72 -3.53 -3.68 -8.62 -2.23
P7 -1.62 -3.36 -3.45 -8.54 -1.95
P10 -1.94 -3.99 -3.18 -8.29 -2.74
P17 -2.78 -5.73 -3.43 -9.37 -3.57
p22 -3.52 -7.34 -3.98 -8.95 -5.04
B4 -0.91 -2.14 -3.86 -8.96 -2.84
Continental Hamadien Aquifer

B8 -2.67 -5.46 -4.45 -9.69 -3.67
B9 -2.93 -6.05 -5.23 -10.37 -3.41
B11 -3.57 -7.24 -3.2 -8.39 -4.13
B12 -1.56 -3.5 -2.91 -6.13 -2.41
B13 -0.71 -1.81 -1.96 -5.44 -0.62
B14 -1.64 -3.42 -2.15 -6.14 -2.29
B15 -1.6 -3.67 -3.94 -8.94 -3.22
B16 -3.09 -6.34 -4.21 -9.35

B18 -0.58 -1.81 -1.86 -6.56 -4.35
B19 -2.46 -4.96 -3.89 -8.42 -3.66
B21 -1.52 -3.66 -3.58 -8.08 -2.41
B23 -0.01 -0.91 -3.61 -7.54 -2.49

Evidence presented in the Fig. 5 suggests that mineralization processes in the RGMB are
influenced by water-rock interactions that are particularly evident in groundwater samples from the
regional CH aquifer. The importance of cation exchange between Na* adsorbed on clay minerals
with Ca*? and Mg*? in groundwater is suggested when values of the chloro-alkaline indices (CAI-
1 and CAI-2) are negative (Huang et al. 2022). Furthermore, a significant impact of this exchange

on the chemical composition of groundwater is shown when the scatter plot of the diagram [(Na'*
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+ K*) - CI] versus [(Ca* + Mg*?) - (HCOs ™ + SO42)] regresses along the line of slope 1:1 (Li
et al. 2019; Su et al. 2019). In the study area, computed values of CAI-1 and CAI-2 (Fig. 6a) are
negative in the alluvial and CH aquifer; further, Fig. 6b shows that all the points align along a slope
of [(Na*! + K*) - CI"%] versus [(Ca*™? + Mg*?) - (HCOs* + SO42)] with correlation coefficients
(R?) of 0.90 and 0.99, respectively for the alluvial and CH aquifers. Evidence from this graphical
plot suggests cation exchange is a key hydrochemical process operating in the study area where

Na* in the aquifer is exchanged for Mg*2 and Ca*? ions in the water.
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Fig. 6 a Diagram of Chloro-alkaline indices CAI-2 vs. CAI-1 for alluvial and CH aquifer, b
Diagram (Na*! + K*') — CI* vs. (HCO3? + SO42) — (Ca*? + Mg*?)

In both aquifers, trace elements Fe and Mn showed high concentrations, particularly in the
alluvial aquifer, where values range from 22 to 2870 ug/L with a median of 325 ug/L for Fe and
from 8 to 985 pg/L with a median of 113 pg/L for Mn. In the underlying CH aquifer, values range
from 1 to 434 pg/L with a median of 16 pg/L for Fe and from 0.2 to 151 pg/L with a median of 25
pg/L for Mn. The high values of Fe and Mn could be controlled by redox reactions, especially in
the presence of groundwater with a pH range of 5.5 — 8 and low values of En (Rivett et al. 2008;
McMahon et al. 2019). In order to highlight the influence of pH and redox conditions on Fe and
Mn concentrations, the diagrams En (mV) versus pH (-) have been implemented according to each
of this element (Fig. 7a, b) (Homoncik et al. 2010). This diagram illustrates that in a pH range
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between 6-7 and Eh between -170-70 mV, Fe?* Mn?* have high contractions for the samples from

alluvial aquifer, suggesting that Fe and Mn are mobilized trough redox reactions in this aquifer.

However, for the CH aquifer, the pH and En do not have a significant influence on the Fe and Mn

concentrations, thus excluding the influence of redox reactions in the CH aquifer. Moreover,

groundwater Fe and Mn simultaneously elevated while Fe concentration being several times to an

order of magnitude higher than Mn indicating their co-release process (Fig. 7c, d).
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Fig. 7 ab Fe and Mn concentrations as function of Eh vs. pH, cd Enx vs. diagram Fe and Mn vs En

Quality of groundwater for irrigation

Computed SAR, %Na and RSC values are shown in Table 5 and Table S2. The SAR is ranging
between 0.3 and 4.9 meq/L in the alluvial aquifer and from 0.2 to 33 meg/L in the underlying CH
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aquifer. The %Na value ranges from 22 to 73 in the alluvial aquifer and 11 to 97 in the CH (Table
5). Calculated values of the RSC range from -0.04 to 2.6 meg/L in the alluvial aquifer, whereas in

the CH aquifer, values are more consistent and between -2.2 and 2.9 meg/L (Table 5).

Table 5 Indices defining the suitability of sampled groundwater for irrigation.

Alluvial aquifer

Samples Statistical analysis

P1 P2 P3 B4 P6 P7 P10 P17 P22 Max Min  Mean
SAR 4.9 0.9 23 07 45 28 21 07 03 4.9 0.3 21
%Na 62 32 33 22 73 55 47 27 38 73 22 43
RSC 0.56 0.13 26 045 16 13 072 -004 011 2.56 -0.04 0.82

Continental Hamadien aquifer

Samples Statistical analysis

B8 B9 B1l Bl12 B13 Bl4 B15 Bl16 B18 B19 B2l B23 Max Min  Mean
SAR 0.2 0.9 05 33 29 88 01 09 26 23 64 23 32.8 0.2 7.7
%Na 11 14 20 9% 91 73 29 38 36 56 79 97 97 11 48
RSC -0.12 0.20 -045 25 27 -005 059 035 -22 053 21 26 2.86 -2.24  0.86
Discussion

Mineralization processes

In tropical drylands, mineralization processes in shallow groundwater are complex as pathways of
groundwater recharge and discharge can be multiple. Previous research in endorheic watersheds of
southwestern Niger demonstrated that different recharge processes (e.g. focused and diffuse)
influence groundwater mineralization (Favreau et al. 2009; Ibrahim et al. 2014). Hassane et al.
(2015) observed, for example, that shallow wells (5-15 m) show high and variable EC values (36
to 1617 uS/cm) at the beginning of the rainy season compared to EC values (36—340 uS/cm) in
deeper wells (15-30 m). They contend that salts, which accumulate on the soil surface and in the
unsaturated zone from high evapotranspiration rates over the dry season, are subsequently leached
to groundwater by infiltrating recharge; this process could explain the observed rise in the EC of
shallow groundwater at the beginning of the rainy season. Under conditions of focused recharge
via infiltration from seasonal ponds (Favreau et al. 2009; Cuthbert et al. 2019), monitoring of
shallow groundwater quality reveals an initial rise in the concentrations of major ions (e.g. Mg*?,
Ca*2, Na'™, NOs?, CI?, SO42, HCOs?) at the beginning of the rainy season (Elbaz-Poulichet et al.

2002); towards the middle and end of the season, EC reduces and then stabilizes. Furthermore, in
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tropical drylands where diffuse recharge occurs, evapotranspiration may result in residual saline
pore waters in the unsaturated zone that contribute to the mineralization of groundwater in shallow

and deep aquifer systems (Tweed et al. 2011; Foster et al. 2018; Rajmohan et al. 2021).

High-frequency (hourly) monitoring in the shallow alluvial aquifer in the RGBM shows a
concomitant seasonal variation in piezometric heads and EC. This seasonal variation is
characterized by an increase in piezometric heads and EC during periods when the River GM is
flowing. Similarly, releases from the Jibya Dam during the dry season are also associated with an
increase in groundwater EC (Fig. 4). This hydraulic and hydrochemical evidence suggests that
leakage from the River Goulbi Maradi is a source of focused recharge that increases the EC of
groundwater. Also, the absence of a rise in EC during the dry season, especially when there were
no water releases from the Jibya dam, suggests that direct evapotranspiration from the shallow
aquifer does not play a substantial role in the mineralization process of groundwater. We posit that
the observed rise in solute concentrations increasing EC during recharge derive from leaching of
solutes from soil surface in and unsaturated zone that contribute to river discharge and focused
recharge to groundwater. In addition, the relatively higher Na*! and Ca*? contents in shallow
alluvial aquifer could be explained by leaching during the river water infiltration.

Origin of high fluoride groundwater

High fluoride concentrations in groundwater observed in the RGMB have been noted in many parts
of the world (Ali et al. 2016; Wang et al. 2020; Nordstrom & Smedley 2022; Podgorski & Berg
2022) and associated with both geological settings and human activity. The geogenic origin of
fluoride include the dissolution of fluoride-bearing minerals found in sedimentary, metamorphic,
and igneous rocks (Edmunds & Smedley 2013; Olaka et al. 2016; Haji et al. 2018). Human
activities that contribute to fluoride contamination of groundwater include the intensification of
agriculture that includes use of pesticides and phosphate fertilizers (Kundu & Mandal 2009; Xu et
al. 2022).

In drylands, the occurrence of fluoride in groundwater systems is thought primarily to be
controlled by cation exchange, rock/soil weathering, and evaporation (Edmunds & Smedley 2013;
Su et al. 2019; Wang et al. 2020; Nordstrom & Smedley 2022; Podgorski & Berg 2022).
Groundwater sampled from a range of weathered crystalline rock aquifer systems including
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metamorphic rocks, intrusive granite, and volcanic rocks have been associated with high fluoride
concentrations in Sudan (up to 3.6 mg/L), northeastern Ghana (up to 20 mg/L), and the East African
Rift System in Kenya (up to 10.5 mg/L), Uganda (up to 3.0 mg/L), Tanzania (up to 8.8 mg/L), and
Ethiopia (up to 12.0 mg/L) (Kut et al. 2016; Olaka et al. 2016; Haji et al. 2018; ljumulana et al.
2020; Onipe et al. 2020). Weathering and leaching of fluoride-bearing minerals in these rocks, such
as biotite, muscovite, fluorite, hornblende, tonalite, mica, and fluorapatite, is a critical process
influencing fluoride concentrations in groundwater (Onipe et al. 2020). In the northern Nigeria
bordering the study area (Fig. 1c), high fluoride concentrations (0.03 to 10.30 mg/L) were measured
in groundwater from weathered crystalline rock aquifer systems including granites, schists,
gneisses, and migmatites (Hazell et al. 1992; Dibal et al. 2012; Tukur & Akobundu 2014; Kut et
al. 2016; Baraou Idi 2018; Onipe et al. 2020).

In the southeastern and northeastern parts of the Senegal Basin, high concentrations of
fluoride in groundwater (1-5.5 mg/L) occur in the deep Maastrichtian aquifer, which consists of
clayey sand, lignite intercalation, and sandstone (Travi 1988). In this aquifer, fluoride
concentrations generally increase in the direction of groundwater flow. The source of the dissolved
fluoride is associated with the occurrence of fluorapatite, particularly in argillaceous deposits. In
the sequence of Cretaceous to Quaternary sediments of western Tunisia, high fluoride
concentrations were found in groundwater from the Cretaceous ‘Complexe Terminal’ aquifer
(Travi 1988; Edmunds & Smedley 2013). These sediments are also phosphatic, although the
relationships between phosphate occurrence and dissolved fluoride concentrations were found to
be less clear than in Senegal. High-fluoride groundwaters up to 5 mg/L are also detected in
Maiduguri of northeastern Nigeria in boreholes tapping groundwater from the upper and lower
zones of the Chad Formation (Dibal et al. 2012); the source of anomalously high fluoride
concentrations has yet to be resolved. According to Goni (2006) and Goni et al. (2021), both aquifer
horizons are semi-confined to confined and consist of unconsolidated sands separated by clay
layers; sediments derive from the alkaline geochemical province of the Jos plateau and contain

highly weatherable silicate minerals.

In the RGMB, relatively high fluoride concentrations were measured in the alluvial aquifer
(1.8 to 2.2 mg/L) and in the underlying CH aquifer (3.1 to 6.6 mg/L) (Table 3) (Tablel S1). In the
alluvial aquifer, most prominently in the secondary data (Table S1) collected close to irrigated
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lands, samples with fluoride concentrations above 0.6 mg/L also feature high concentrations of
Ca*? (median: 71 mg/L), K™ (median: 29 mg/L), and CI"' (median: 41 mg/L). Relatively high
concentrations of Ca*?, K*1, and F* in shallow groundwater may indicate anthropogenic sources
of these ions from irrigation return flows and the use of chemical fertilizers to increase crop yield
(Boubacar Hassane et al. 2015; Lapworth et al. 2017). From field interviews with irrigators and the
Regional Direction of Agriculture, fertilizers used in the study area include compost substrates, Di-
Ammonium Phosphate (DAP), Nitrogen-Phosphorus-Potassium (NPK), and urea. These fertilizers
are very soluble and have a mineral phase, primarily fluorapatite carbonate (Cas(PO4,CO3)3F) (Mar
& Okazaki 2012). The high concentrations of these solutes in association with fluoride in the
alluvial aquifer, where water-table depths range from 3 to 10 m in irrigated areas, is consistent with
fertilizer as a fluoride source. It was also noted in the alluvial aquifer that concentrations of NO3
(0-50 mg/L, median 2.5 and 5 mg/L) (Table 3 and Table S1) are low and may reflect redox
conditions enabling denitrification (Rivett et al. 2008). High concentrations of HCO3? (130-950
mg/L, median 297 mg/L) and trace elements Fe*? (22 pg/L to 2300 mg/L, median 325 pg/L) and
Mn?* (8 to 985 pg/L with a median of 113 pg/L) observed in the shallow alluvial aquifer, are
consistent with denitrification (Table 3 and Table S1) (Korom 1992).

For the underlying CH aquifer composed of clayey (Farak-type) sandstone, the depositional
environment is continental and the sandstone derives from the erosion and deep weathering of
rocks of the Nigerian Shield basement complex (Greigert 1966; Issoufou Ousmane et al. 2023). In
these basement rocks, fluoride-bearing minerals such as muscovite, mica and chlorite have been
reported (Baraou Idi 2018). Thus, these minerals may be found in the clayey (Farak-type) sandstone
and exchange minerals with the groundwater. This argument is supported by the diagram in Fig. 6,
showing cation exchange between Na'™ adsorbed on clay minerals and Ca?* and Mg?* in
groundwater. Higher fluoride concentrations are associated with samples in which Na*! ions are
strongly present (Table 3), indicating that cation exchange is a key process in the development of
high fluoride concentrations in groundwater. In addition, locally high fluoride concentrations
decrease with depth from upstream (120 m) to downstream (80 m). Fig. 8 based on the borehole
lithological logs, summarizes observed variations in EC, chemical facies, and fluoride

concentrations with depth.
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Fig. 8 Lithostratigraphic column of the study area from borehole data analysis showing the
variation of electrical conductivity (EC), chemical facies, and fluoride concentration with depth

(modified from Issoufou Ousmane et al. 2023).
Groundwater quality for drinking water and irrigation

Solute concentrations in the alluvial and CH aquifers (Fig. 9) were generally below drinking-water
guideline values with a few exceptions. Fluoride concentrations (2.2 mg/L) exceeding WHO (2022)
guideline values for drinking water based on health concerns (1.5 mg/L) were detected in one
sample (P3) in the alluvial aquifer; this sample is located in the upstream part of the RGMB around
the Niger-Nigerian border (Fig. 1c) where the alluvium is thin and in contact with weathered granite
(Fig. 2). In the CH aquifer, fluoride concentrations exceeding the guideline value were measured
in boreholes located downstream (Fig. 1c) at B12 (4.3 mg/L), B13 (3.5 mg/L) and B20 (3.0 mg/L)
with well depths of 90 and 62 m, respectively. In these boreholes, the waters have low Ca*? and
Mg*? and are hydrochemically of the Na** / HCO3 ™! type and high SO42 and CI™. In the alluvial
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aquifer, concentrations of nitrate at P1 (50 mg/L) and arsenic at B4 (10 pg/L) that are on the
borderline of guideline values for health reasons were also observed.

Solute concentrations exceeding WHO (2022) drinking-water guidelines for aesthetic
reasons were also observed in both alluvial and CH aquifers (Fig. 9). Although measured
physiochemical parameters (Table 2) (EC, pH, DO, T, and En) in sampled groundwater meet WHO
(2022) guidelines, the salinity of 1 borehole (B13) in the CH with an EC of 2030 puS/cm was
excessive, featuring high concentrations of sodium (397 mg/L), chloride (395 mg/L) and iron (434

Hg/L).

Concentrations of iron exceeding the guideline value of 300 pg/L and ranging from 325 to
2870 pg/L were also observed at several locations in the alluvial aquifer including P2, P3, B4 P6,
and P10 (Fig. 1c). Additionally, concentrations of manganese exceeding value of the WHO (2022)
guideline value of 80 ug/L were recorded in the alluvial aquifer at P2, P3, B4, P6, P7 and P10 and
in the CH aquifer at B8 and B18 (Fig. 1c). These high concentrations of Fe and Mn observed in the
RGMB groundwater, especially in alluvial aquifer, has also been reported in many parts of Africa
(Ethiopia, Malawi and Uganda) and are frequently concomitant or associated with high As or NOs
(Lapworth et al. 2020). In the alluvial aquifer, high concentrations of these two elements appear to
be associated with groundwater redox reactions under anoxic conditions at a pH range of 6 and 7,
consistent to other studies globally (Homoncik et al. 2010; McMahon et al. 2019). Manganese
concentrations exceeding the value of the WHO (2022) guideline value of 80 ug/L recorded in the
alluvial aquifer at P2 (113 pg/L) P3 (101 pg/L), B4 (985 ug/L) P6 (320 pg/L), P7 (474 ug/L) and
P10 (289 pg/L) and in the CH aquifer at B8 (151 pg/L) and B18 (117 pg/L), threaten the suitability
of groundwater for drinking-water supplies; the health consequences of excessive aqueous Mn have

yet to be reported regionally.
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aquifer compared with WHO (2022) drinking-water quality guidelines.

Standard indicators of the suitability of groundwater for use in irrigation suggest, despite
small differences among them, that groundwater in the alluvial is consistently viable whereas
deeper groundwater in downstream locations of the CH aquifer may in places, be unsuitable. Based
on the classification of the United States Soil Laboratory (USSL, 1954) (Fig. 10a), where EC is
considered a salinity hazard and SAR is considered an alkalinity hazard (Bian et al. 2018; Zhao et
al. 2021), 29% (5/17) of the samples of alluvial aquifer and 37% (6/16) of CH samples lie in the
C1-S1 zone, with 47% (8/17) of the alluvial and 12% (2/16) of CH samples, respectively, fall
within the C2-S1 zone. These first two zones are associated with low/medium salinity risk (C1/C2)
and low sodium (S1) and thus considered suitable for irrigation on most soil types (clayey, silty
and sandy soils). The remaining CH samples lie within the zones C3-S4 for two samples and C2-

S4, C3-S2, and C3-S1, with one sample for each zone, and 1 and 3 samples for the last 2 classes
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for the alluvial aquifer. The C2-S4 zone (medium salinity - high sodium hazard) suggests water
that is only usable for irrigation of very sodium-tolerant plants. Zones C3-S1, C3-S2, and C3-S4
represent high salinity (C3) with, respectively, low sodium risk (S1), medium sodium risk (S2),
and very high sodium risk (S4). According to Zhao et al. (2021), waters in zones C3-S1 and C3-
S2 may be used on coarse-textured, well-drained soils. C3-S4 waters are deemed inadequate for
irrigation as their use will cause damage to soils and plants. On the basis of the SAR indicator, the
quality of the water in the shallow alluvial aquifer is more consistently suitable than the underlying
groundwater in the CH aquifer. Further, based on Wilcox's (1955) classification (Fig. 10b), 77%
(13/17) of samples from the shallow alluvial aquifer and 50% (8/16) of CH samples are considered
to be good to excellent water for irrigation. 23% (4/17) and 6% (1/16) samples respectively for
alluvial and CH aquifer are good to permissible. The remaining samples of CH fall into the classes
of permissible to doubtful (3/16, 18%) and doubtful to unsuitable (4/16, 25%). Based on Richards's
(1954) classification, for primary and secondary data (Table 5 and Table S2), 95% (16/17) samples
of alluvial aquifer and 82% (13/16) of CH samples had RSC values < 2.5 meg/L, indicating the
general suitability of sampled groundwater for irrigation. Nevertheless, 1/17 (5%) and 3/16 (18%)
of the samples respectively from the alluvial and CH aquifer had an RSC > 2.5 meg/L. RSC values
beyond +2.5 indicate a greater likelihood of Na*! absorption by soil, restricting water and air
movement through the soil. This, in turn, decreases soil permeability rendering it unsuitable for
crop growth (Bian et al. 2018).
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Fig. 10 Suitability of irrigation water for the alluvial and Continental Hamadien (CH) aquifers: a

USSL Diagram, b Wilcox Diagram.

The results of this study have implications for the provision of drinking water and irrigation
in the RBMG and similar environments in the Sahel. Groundwater in the alluvial aquifer is
generally of an acceptable quality for drinking water and irrigation. Our results suggest that
groundwater in the underlying CH aquifer in the upstream part of the basin, from depths of up to
100 m is also suitable for drinking and irrigation. In downstream locations of the RGMB at depths
below 60 m, excessive locally fluoride concentrations in groundwater from some boreholes in the
CH aquifer could present a potential risk to human health and be unsuitable for irrigation because
of the high concentrations of sodium, chloride, sulfate, and fluoride. Better recognition of the
spatial distribution of fluoride with depth and identification of the biogeochemical conditions and
lithology favoring fluoride release will require a wider and depth-specific survey of groundwater
quality. Our results constitute, however, a first step towards minimizing the risk to human health
posed by high fluoride concentrations and constraints on the use of groundwater linked to domestic
and agricultural water consumption. This study also contributes to understanding the mechanisms

controlling groundwater mineralization and solute mobilization, including fluoride in the study
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area. Fig. 11 provides a first conceptual model of the controls on, and risks to, groundwater quality

in the RGMB.
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Fig. 11 Conceptual model of the geological, hydrological, and geochemical process controlling

groundwater mineralization in the River Goulbi de Maradi Basin (RGMB).

Conclusion

New field observations from the transboundary River Goulbi Maradi Basin (RGMB) in
southeastern Niger yield insight into the origin and quality of groundwater from a shallow alluvial
aquifer and underlying regional sandstone aquifer, the Continental Hamadien (CH). Sampled
groundwater is mainly of Na-HCO3 and Ca-HCOs types in the alluvial aquifer and includes both
Na-HCOz and Na-Cl types in the CH aquifer. Graphical and bivariate plots indicate the
hydrochemistry of sampled groundwater is governed by rock-water interactions that include cation

exchange. Solutes also derive from soil leaching from focused recharge events during the monsoon
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period (June to early October). Based on primary datasets compiled here, groundwater sampled
from 9 locations in the shallow alluvial aquifer mostly meets WHO (2022) drinking-water
guidelines with 1 site presenting a fluoride concentration (2.2 mg/L) exceeding the threshold value
of 1.5 mg/L; shallow groundwater is deemed suitable for use for irrigation according to a range of
widely used indicators (i.e. SAR, %Na, RSC). Groundwater sampled from 12 locations in the CH
aquifer included 2 co-located downstream sites where fluoride concentrations exceed drinking-
water guidelines; and 3 locations with excessive solute concentrations that are unsuitable for use
in irrigation. Potential sources of fluoride identified in the RGMB include the release of fluoride
of geogenic origin through cation exchange, especially at depth in the CH aquifer, and localized
Ouse of fertilizers containing fluorapatite. Concentrations of manganese exceeded drinking-water
guidelines in alluvial CH aquifers; the health consequences of this consumption have yet to be

reported or resolved.
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