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Abstract: The assessment of hydrochemical characteristics and groundwater quality is crucial for
environmental sustainability in developing economies. This study employed hydrogeochemical
analysis, geospatial analysis, and groundwater quality index to assess hydrogeochemical processes
and quality of groundwater in the Komadugu-Yobe basin. The pH, total dissolved solids (TDS), and
electrical conductivity (EC) were assessed in situ using a handheld portable electrical conductivity
meter. The concentrations of the major cations (Na+, Ca2+, Mg2+, and K+), were analyzed using induc-
tively coupled plasma optical emission spectroscopy (ICP-OES). The major anions (chloride, fluoride,
sulfate, and nitrate) were analyzed via ion chromatography (IC). Total alkalinity and bicarbonate
were measured in situ using a HACH digital alkalinity kit by the titrimetric method. Hydrochem-
ical results indicate some physicochemical properties of the groundwater samples exceeded the
maximum permissible limits as recommended by the World Health Organization guidelines for
drinking water. Gibbs diagrams indicate rock–water interaction/rock weathering processes are the
dominant mechanisms influencing the groundwater chemistry. Groundwater is predominantly Ca2+-
Mg2+-HCO−

3 water type, constituting 59% of the groundwater samples analyzed. The groundwater
quality index (GWQI) depicted 63 and 27% of the groundwater samples as excellent and good water
types for drinking purposes, respectively. This study further relates the interaction between geology,
hydrochemical characteristics, and groundwater quality parameters. The results are essential to
inform a sustainable management strategy and protection of groundwater resources.

Keywords: groundwater sustainability; geospatial analysis; water quality index; groundwater
evolution; sustainable development goal 6 (SDG6)

1. Introduction

Safe and sustainable freshwater resources are essential for socio-economic devel-
opment and the well-being of humanity. Freshwater is vital for drinking, agriculture,
sanitation, fisheries, hydropower generation, live stock farming, and recreation [1–4]. The
main source water supply in most developing economies is groundwater from shallow
wells [1,2,5–10]. The semi-arid to arid North-East region of Nigeria relies heavily on ground-
water for various uses [11–14]. Consequently, it is crucial to ascertain the adequacy of the
groundwater in terms of both quantity and quality for sustainable use and management
in order to realize Sustainable Development Goal 6 (SDG6). However, impacts of anthro-
pogenic activities pollute groundwater in Nigeria [15–17]. Various human activities such as
excessive use of synthetic fertilizer and manure for irrigation purposes, dumping of solid
wastes in rivers, leachate from dumpsites, septic tanks, and pit latrines pollute groundwater
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in the Komadugu-Yobe basin [18]. Thus, the quality of the groundwater determines its
usability [19,20].

Groundwater hydrogeochemical analysis provides an in-depth understanding of hy-
drochemical characteristics and the overall quality of groundwater [20–24]. The chemistry
of groundwater is influenced by geological characteristics, the extent of chemical weath-
ering of different rock formations, rock–water interaction, dissolution rates of various
minerals, and the quality of the water that recharges the groundwater system [5,25–28].
Water quality is assessed and monitored using hydrogeochemical and statistical analysis,
as well as the estimation of water quality indices [28,29]. The statistical analysis employed
in water quality assessment elucidates the relationships between different water quality
parameters. The water quality index (WQI) uses water quality parameters to represent the
impact of geogenic and anthropogenic activities on overall water quality [4,23,29–33]. Many
researchers employed the WQI in water quality studies because of its flexibility, adaptabil-
ity, and simplicity in groundwater quality assessment and monitoring [2,22,24,34–37]. The
WQI is also used to communicate water quality analysis results in a numerical format for
easy communication and presentation to stakeholders, the general public, and government
institutions [36–38].

A geographical information system (GIS) provides the spatial framework for eval-
uating water resource changes in space and time, such as water quality and quantity
assessment, water pollution risks, and vulnerability mapping at both local and regional
levels [8,30,39]. GISs are widely used for developing groundwater quality maps, which
are essential for managing groundwater for various uses [2,4,33]. They are cost-efficient
and transform large hydrochemical datasets into spatial information [8,39]. Geospatial
techniques including inverse distance weight (IDW), Kriging, Spilain, and Cokriging in-
terpolation algorithms in ArcGIS, are used to interpret the distribution of water quality
parameters [4,33,34,38,39]. The IDW method is commonly employed as it uses a determin-
istic model approach [2,8,23,25,33,34,39,40].

Management of the water quality is needed for ecosystem health [7,22] and is critical
for environmental quality management [35]. However, access to sufficient quantities of
water of adequate quality for the people can be limited, particularly in arid and semi-arid
parts of developing countries [22,41]. Assessment of the quality of available groundwater is
essential for proper management and utilization. The quality of groundwater is influenced
by various factors including subsurface hydrogeochemical processes, soil characteristics,
seasonal variations, natural and anthropogenic activities, climate change, and groundwater
recharge processes [19,34,42]. Moreover, municipal solid waste, industrial wastewater, and
domestic wastewater impact groundwater quality [13,43]. Ganiyu et al. [7] indicated that
WHO estimates 80% of human diseases resulted from poor water quality.

Previous studies within the Komadugu-Yobe basin did not focus on detailed geochemi-
cal assessments of the groundwater, though some local studies have been published [13,44–48].
To date, there have been no wide-ranging studies on groundwater quality assessment that
integrate hydrogeochemical analysis, WQI, and GIS-based techniques. This study specifi-
cally addressed this knowledge gap. This study aims to provide information valuable to
stakeholders, government institutions, and decision-makers involved in the sustainable
management of groundwater resources in Nigeria and the wider Sahel region.

2. Materials and Methods
2.1. Study Area Setting

The Komadugu-Yobe basin is situated in the southwestern region of the greater Lake
Chad basin. It covers a significant portion of the northwestern and northeastern parts of
Nigeria within the Sahel region of Africa (Figure 1). The basin covers an approximate area
of about 150,000 km2, with an elevation of 294 m to 1750 m above the mean sea level. The
Komadugu-Yobe and Komadugu-Gana sub-systems are the primary rivers within the basin.
These rivers pass through the Hadejia Nguru wetland before ultimately draining into Lake
Chad [49–51].
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Figure 1. Groundwater sampling location, geology type, and electrical conductivity (EC) concentra-
tion in Komadugu-Yobe basin.

The basin has a semi-arid and arid climate characterized by severe drought and high
rainfall variability. The wet season in the basin commences in May and extends through
September and October, with the highest rainfall occurring in the month of August. The
dry season spans from October to April [52]. The mean annual rainfall in the basin varies
from a maximum of 1360 mm in Jos and 900 mm at Kano to a minimum of 600 mm and
400 mm around Hadejia and Nguru, respectively. The humidity in the basin is about
40%, and the annual evapotranspiration rate is 203 mm/year [49,52]. The basin has higher
evaporation rates at the downstream section due to the high temperature. The annual
maximum temperatures are recorded between March and April in the basin at 40 ◦C with
a temperature of around 12 ◦C recorded in the months of December and January. The
Komadugu-Yobe basin presently houses more than 20 million people. The wetlands in the
Komadugu-Yobe basin provide the inhabitants residing in the basin with various economic
activities such as fish production, pastoralism, forestry, trading, and agriculture [50]. The
basin is dominated by dense grasslands, shrubs, and scattered tree-type vegetation [53].

2.2. Regional Geology and Hydrogeology

The Komadugu-Yobe basin is a rift basin resulting from basement tensional forces,
with a zigzag fault pattern and the absence of other comprehensive physical features [54].
Several factors influence the occurrence of faults including the presence of pre-existing lines
of weakness formed during the Pan-African orogenic event [55]. The basin is underlain
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by basement-complex rocks and sedimentary quaternary formations (Figure 1). The main
geological structures in the basin are faults and simple symmetrical folds that are predomi-
nant in a northeast–southwest trend. The faults are dominant in the basement section and
result in grabens, horsts, and other related features. Some high-angle faults are formed
within the underlying sediment in the sub-basin because of the movement along these
basement faults [54]. However, the folds in the Komadugu-Yobe basin comprise simple
and folded sediments with low fold frequency and amplitude that flatten with depth. The
frequency of folds decreases towards the northwestern part of the basin, while the fold
amplitude increases in a southeast direction. The stratigraphic sequence of the sediments in
the Komadugu-Yobe basin was presented by Avbovbo et al. [54], Obaje et al. [56], Obaje [57],
Lopez et al. [58], and Bura et al. [59].

The quaternary Chad formation is the most recent formation in the basin, a Pliocene-
Pleistocene deposit with thick clays of fluviatile and lacustrine origin. It consists of light
gray claystone, minor sand, and some infrequent pebbly horizons that exhibit ferruginiza-
tion in the deposits [18,55,59]. The Keri-Keri formation is characterized by conglomerate,
siltstone, grit, sandstone, and clay that overlie the Maastrichtian Fika Shale and Gombe
Sandstone. This deposit contains minerals such as zircon, tremolite, pyroxene, rutile, stauro-
lite, kyanite, tourmaline, limonite, and hornblende [59–61]. The Bima sandstone is situated
above the Gongila formation. It is derived from the weathering of basement rocks and
consists of a sequence of red sandstone and mudstone [59,62]. The Gongila formation is
characterized by the presence of substantial layers of calcareous gray to dark shales and
silty sandstone, which were deposited in a marine setting. Furthermore, the Fika formation
consists of dark-gray to blue-black shale. It has been dated as Turonian-Maastrichtian in
age by Obaje [57]. The upper part of the formation infrequently has glauconite, gypsum,
and fine-grained sandstone [59].

The Plio-Pleistocene Chad formation and the younger underlying Quaternary sedi-
ments are the primary groundwater-bearing units in the basin. Groundwater supply in
the basin is provided by the upper, middle, and lower aquifers of the Chad formation,
which are separated by thick clay layers. The lower and intermediate aquifers are mostly
confined, whereas the upper aquifer is mostly unconfined or partially confined in a few
locations [58,59,63–65]. According to Akujieze et al. [66], a yield of 2.5 to 30 L/s is common
in the upper aquifer. The yield of the middle and lower aquifers ranges from 24 to 32 L/s
and 10 to 35 L/s, respectively [65,66]. The Komadugu-Yobe Valley serves as the main source
of recharge for the unconfined Lake Chad quaternary aquifer, mostly through percolation
and wetlands. The processes of aquifer recharge and pollution hazard potential have been
impacted due to extensive irrigation farming practices within the basin [67,68]. The alluvial
aquifer located beneath the Yobe floodplain undergoes recharge through various mecha-
nisms, including seepage from the river channel, infiltration of floodwater, and surplus
rainfall. These sources act alone or in combination to replenish the aquifer [11,68]. Carter
and Alkali [69] estimated a recharge of 30–60 mm/year around the Manga grasslands of
northeastern Nigeria. Moreover, recharge of 14–49 mm/year was estimated by Edmunds
et al. [64] in the Komadugu-Yobe basin.

2.3. Groundwater Sampling and Field Measurement

A total of 120 groundwater samples were collected from shallow hand-dug wells and
boreholes within the Komadugu-Yobe Basin from August to October 2021. The ground-
water sampling location is shown in Figure 1. The groundwater sampling was preformed
following the standard procedure [70]. Groundwater was pumped out of the source for
5 min to flush standing water in the borehole before sampling. Sampling was conducted
using 50 mL polyethylene bottles. Samples for cations were filtered using a 0.45µm acetate
cellulose syringe filter and acidified with 0.4 mL of concentrated nitric acid (HNO3). Re-
maining samples were filtered using a 0.45 µm acetate cellulose syringe filter. Samples
were sealed to avoid air exposure and stored in ice-packed coolers to maintain a tempera-
ture of ~4 ◦C. The samples were shipped to the Department of Civil and Environmental
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Engineering Laboratory, University of Strathclyde, Glasgow for further analysis. The pH,
electrical conductivity, and total dissolved solids were measured in situ with a potable
digital electrical conductivity meter (Model 99720 pH/Conductivity meter). The water
depth was measured with a dip meter, while the geographic coordinates of each sampling
location were recorded using a handheld Global Positioning System (GPS).

2.4. Laboratory Analysis

Groundwater samples were analyzed following the standard procedure given by
the American Public Health Association [70]. A total of 15 mL of groundwater sample
was collected in a 15 mL centrifuge tube from 120 samples (acidified) each and analyzed
using inductively coupled plasma optical emission spectrometry (ICP-OES, iCAP 6200;
Thermo Fisher Scientific) for analysis of the major cations (Na+, Ca2+, Mg2+, K+). Ion
chromatography (Metrohm 850 Professional IC) was used to analyze the concentration of
the major anions (Cl−, F−, SO4

2−, NO3
−) in the groundwater samples. The total alkalinity

was analyzed in situ using titration with the HACH digital titrator (Model 16900; HACH
International, Loveland, CO, USA).

2.5. Accuracy of Chemical Analysis

The ionic balance error (IBE) shown in Equation (1) was employed to check the
accuracy of the chemical analysis:

IBE% =
∑ c − ∑ a
∑ c + ∑ a

× 100 (1)

where IBE denotes the ionic balance error; c and a denotes the sum of cations and anions
concentrations in milliequivalents per liter (meq/L). The standard threshold limit for the
IBE% is ±10. The IBE of the analyzed groundwater samples was between −8.45 and 8.64%.

2.6. Geospatial Analysis

ArcGIS 10.8 was used to develop the spatial distribution maps of various groundwater
quality parameters and the groundwater quality index. The IDW interpolation approach
was used to develop the spatial distribution maps in the spatial analyst toolbox of ArcGIS.
This method was used because it follows a deterministic model approach and fits well with
real-world parameters [2,33,71].

2.7. Groundwater Quality Index

The groundwater quality index (GWQI) is a quantitative measure used to deter-
mine the suitability of groundwater for human consumption. It involves the aggre-
gation of various water quality characteristics into a single index using mathematical
summation [2,25,35]. It is used to elucidate trends in water quality over time. The approach
has gained acceptance worldwide and has been employed in assessing the suitability of
groundwater for drinking purposes in various regions [2,25,34,35].

Groundwater quality index computation involves four main steps: weight assignment
for each groundwater quality parameter, relative weight computation, water quality rating
scale computation for each parameter, and computation of the sub-index and groundwater
quality index as follows:

• Assigning a weight for each groundwater quality parameter: Weights (wi) were as-
signed to various water quality parameters based on their relative importance to
human consumption [34]. Nitrates and fluorides were given the highest weight of
5 due to the vital role they played in groundwater quality evaluation and their sig-
nificant human health impacts [33,35]. Sodium and potassium were given the least
weight because they are less significant in groundwater quality assessment. Table 1
shows the weights assigned to each groundwater quality parameter.
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• Computation of relative weight: Equation (2) below was used to calculate the relative
weight (Wi):

Wi =
wi

∑n
i wi

(2)

where Wi is the relative weight; wi denotes the weights assigned for each parameter; n
denotes the total number of quality parameters; and i is the ith parameter.

• Water quality rating scale: The rating scale (qi) for each parameter was computed by
dividing the determined concentration of each parameter (ci) and its respective water
quality standard (Si) recommended by World Health Organization [72], all multiplied
by 100. The qi for all the parameters was computed using Equation (3) below:

qi =
ci
Si

× 100 (3)

where qi denotes the quality rating; ci denotes the concentration of each groundwater
quality parameter in mg/L; and Si is the WHO guideline value for each parameter.

• Sub-index and groundwater quality index computation: The sub-index (SIi) for each
parameter and overall groundwater quality index (GWQI) were calculated using
Equations (4) and (5):

SIi = Wi × qi (4)

GWQI = ∑n
i=0 SIi (5)

where SIi denotes the sub-index of the ith water quality parameter; qi denotes the
quality rating of the ith parameter; n is the total number of water quality parameters;
and GWQI is the overall groundwater quality index. The groundwater was classified
based on portability in Table 2.

Table 1. Groundwater quality parameters weighing for groundwater quality index computation.

Parameters Units WHO [72] Weight (wi) Relative Weight (Wi)

pH / 6.5–8.5 4 0.095
TDS mg/L 1000 5 0.119
TH mg/L CaCO3 500 3 0.071
Na+ mg/L 200 2 0.048
K+ mg/L 12 2 0.048

Ca2+ mg/L 75 3 0.071
Mg2+ mg/L 50 3 0.071
Cl− mg/L 300 4 0.095

HCO3- mg/L 250 3 0.071
SO4

2− mg/L 250 3 0.071
NO3

− mg/L 50 5 0.119
F− mg/L 5 5 0.119

∑ wi = 42 ∑ Wi = 1

Table 2. Groundwater quality index.

Range of GWQI Class of Water Number of Samples % of Samples

<50 Excellent Water 76 63
50–100 Good Water 32 27
100–200 Poor Water 12 10
200–300 Very Poor Water / /

>300 Unsuitable / /
Total 120 100

2.8. Hydrochemical Analysis

The water types, hydrochemical facies, and geochemical mechanisms controlling
the chemistry of groundwater in the Komadugu-Yobe basin were identified using the
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Piper trilinear diagram, Chadha plot, and the Gibbs diagrams. The Piper diagram was
developed using the Geochemist Work Bench (GWB) software 17.0. The Gibbs diagram
and the Chadha plot were developed using Origin Pro 2022. These diagrams have been
widely used by several researchers [33,34] to understand the various principal mechanisms
controlling groundwater chemistry. The Gibbs diagrams are based on two ratios and are
calculated using Equations (6) and (7):

Gibbs ratio¯I =
Cl−(

Cl− + HCO−
3
) (6)

Gibbs¯II =
Na+ + K+(

Na+ + K+ + Ca2+
) (7)

Ionic concentrations in meq/L.

3. Results and Discussion

Groundwater quality determines its usability. Various groundwater quality parame-
ters analyzed with their descriptive statistics are presented in Table 3. The results of the
analyzed groundwater quality parameters were compared with the WHO [72] guidelines
(Tables 1 and 3) to determine the suitability of the groundwater for drinking purpose. The
geology of the study region was overlaid on the geospatial distribution maps of groundwa-
ter quality parameters to relate the interaction between geology and groundwater quality
parameters (Figures 2–4).

Table 3. Statistical summary of the physicochemical parameters of groundwater samples of KYB
compared with WHO [72] guidelines.

Parameters Units Maximum Minimum Mean
WHO [72]

PAMPL
HDL MPL

pH / 8.24 5.52 7.2 6.5–8.5 8.5 /
EC µS/cm 2746 15 462 1000 / 5

TDS mg/L 1757 10 296 1000 1500 2.5
TH mg/L CaCO3 704 0.8 138 100 500 2
Na+ mg/L 285 2 36 200 250 2.5
K+ mg/L 96 0.1 10 12 / 6

Ca2+ mg/L 220 0.2 39 75 200 2
Mg2+ mg/L 58 0.1 9.9 50 150 2.5

HCO−
3 mg/L 379 1.5 120 250 500 10.8

Cl− mg/L 372 0.7 48 300 600 2.5
SO4

2− mg/L 133 0.1 15 250 500 /
NO3

− mg/L 314 ND 42 50 50 30
F− mg/L 2.3 ND 0.3 1.5 1.5 2

Note: HDL: highest desirable limit; MPL: maximum permissible limit; PAMPL: percentage above maximum
permissible limit.
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3.1. Hydrogen Ion Concentration (pH)

pH is an important groundwater quality parameter [34,73]. The pH of the groundwa-
ter ranged from 5.52 to 8.24 (Figure 3a), with an average value of 7.2 (Table 2). About 88% of
the analyzed samples fall between 6.5 and 8.5, the recommended safe limits prescribed by
WHO [72]. Only 12.5% of the analyzed groundwater samples fell below 6.5 indicating some
acidic water. A change in pH leads to change in biochemical reactions [71]. Figure 2a shows
the eastern part of the basin that is dominated by a sedimentary quaternary formation
and exhibits the lowest pH values; meanwhile, the western section, dominated by Precam-
brian basement, has pH values above the mean value. This could be due to the presence
of calcite minerals and alkaline ions from feldspar weathering, which raises the pH of
groundwater [74]. However, the low pH values in the sedimentary quaternary may be
related to the extensive use of synthetic fertilizers (urea, GDAP, NPK, etc.) during irrigation,
which introduced specific compounds that undergo oxidation reactions, resulting in low
pH values in groundwater systems.

3.2. Total Dissolved Solids (TDS)

The groundwater in the Komadugu-Yobe basin show variation in concentrations of
total dissolved solids (TDSs) (Figure 2b). The TDSs of the groundwater samples vary
from 10 to 1757 mg/L, with a mean value of 296 mg/L (Table 2). TDSs are the sum of
all dissolved inorganic salts of major ions in water [34]. The method prescribed by Davis
and DeWiest [75] was used to classify the groundwater of the study area based on TDS
values (Table 4). About 85% of the groundwater sample is desirable for drinking, while 10
and 5% of the groundwater samples are permissible for drinking and useful for irrigation,
respectively (Table 4). High TDS values above the mean concentration were observed in
the Precambrian basement part of the study area. This is an indicator of the dissolution
and weathering of carbonates, salts, and sulfate minerals. Other factors that contribute
to high levels of TDS in this region include ion-exchange interaction between ions in the
groundwater and ions on the mineral surfaces, as well as groundwater flow through rocks,
sediments in the subsurface, and water–rock interaction time. TDS values in the sedimen-
tary quaternary, on the other hand, were lower than the mean concentration. However,
high TDSs were observed at the downstream fringes of the basin. This could be attributed
to high rates of evaporation than rainfall in the region as well as the anthropogenic impacts
from agricultural activities and waste disposal.
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Table 4. Groundwater classification based on TDSs [75].

TDS (mg/L) Class of Groundwater % of Samples

<500 Desirable for drinking 85
500–1000 Permissible for drinking 10
1000–3000 Useful for irrigation 5

>3000 Unfit for drinking and
irrigation /

3.3. Total Hardness of Water (TH)

Ingestion of water with a high concentration (>300 mg/L) of total hardness (TH)
may cause renal failure and the likelihood of the formation of kidney stones due to the
presence of calcium carbonate, calcium phosphate, and calcium oxalate [34,51]. The TH
of groundwater in the Komadugu-Yobe basin varies from 0.8 to 704 mg/L as CaCO3,
with a mean value of 138 mg/L as CaCO3 (Table 2). About 98% of the groundwater
samples in the study area were below the maximum permissible limit of 500 mg/L (Table 2).
Sawyer and Sawyer & McCarthy [76] classified groundwater based on the concentration
of total hardness TH as mg/L of CaCO3 (Table 5). The table shows that about 43% of the
groundwater samples in the study area are soft water, whereas 13% of the groundwater
samples are in the very hard water category. The spatial distribution of TH in the study area
is presented in Figure 3a. The figure reveals that TH concentrations above the mean value
were concentrated in the Precambrian basement part, while the sedimentary quaternary
section of the basin is dominated by TH concentrations below the mean value. This may be
attributed to the presence of calcite and dolomite minerals in the Precambrian basement
part of the study area.

Table 5. Total hardness classification based on Sawyer and McCarthy [76].

Water Class TH as CaCO3 (mg/L) % of Samples

Soft water <75 43
Moderately hard water 75–150 18

Hard water 150–300 26
Very hard water > 300 13

3.4. Calcium (Ca2+) and Magnesium (Mg2+)

Calcium (Ca2+) and magnesium (Mg2+) concentrations in groundwater samples of the
study area range from 0.2 to 220 mg/L with a mean value of 39 mg/L and from 0.1 mg/L to
58 mg/L with a mean value of 9.9 mg/L, respectively (Table 2). About 2.5% of the ground-
water samples were above the World Health Organization [72] maximum permissible limit
of Mg2+ of 150 mg/L (Table 2). Calcium is derived from cation exchange processes and
carbonate dissolution [34]. Therefore, Ca2+ variations in groundwater samples could be
due to carbonate rock dissolution and ion exchange processes in the Precambrian basement
parts of the basin (Figure 3b). Figure 3c depicts the spatial variation in Mg2+ in the study
area. Furthermore, the lower value of Mg2+ concentration in the sedimentary quaternary
portion of the basin may be because of the absence of magnesium-bearing minerals in the
groundwater of the region. The result also reveals a higher concentration of Ca2+ than
Mg2+, which could be due to the influence of ion exchange mechanisms and dissolution
of mafic minerals in the groundwater system [77]. This is evident in the Precambrian
basement parts of the study area.

3.5. Sodium (Na+) and Potassium (K+)

Sodium concentration in the groundwater of the study area varies from 2 to 285 mg/L,
with a mean value of 36 mg/L (Table 2). About 2.5% of the groundwater samples are above
the maximum permissible limit, while 74% of the groundwater samples have concentrations
below the mean concentration (Table 2). A high Na+ concentration above 200 mg/L
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give an unacceptable taste and make water unsuitable for domestic purposes [2,33,70].
The spatial distribution map of Na+ in the study area is presented in Figure 4d. The
concentration of K+ in the groundwater of the study area varies from 0.1 to 96 mg/L with
a mean value of 10 mg/L (Table 2). Approximately 6% of groundwater samples have K+

concentrations above the WHO [72] maximum permissible limit (Table 2). Potassium is
the most important element for human nutrition, with 10 mg/L in natural water [34,70].
Figure 3e shows the spatial distribution of K+ in KYB, with the sedimentary quaternary
Chad formation region characterized by low K+ concentrations and higher concentrations
are dominated in the Precambrian basement portion. This could be attributed to the
presence of minerals in the Precambrian basement such as feldspar which releases K+

ions into the groundwater during weathering. Relatively low concentrations of sodium
were observed in the sedimentary Chad formation parts of the basin, whereas the western
part, where the geology is Precambrian basement, has a higher concentration of Na+

(Figure 3d), and low Ca2+ (Figure 3b). The cation exchange process of Na+ with cations on
the surface of minerals that replaces Ca2+ with Na+ and the rock–water interaction in the
groundwater system of the basin may be due to the high Na+ concentration. Moreover, high
concentrations of Na+ and K+ were observed in the downstream rim of the basin due to
intensive agricultural activities and the evaporative nature of the sedimentary quaternary
portion of the study area.

3.6. Bicarbonate (HCO−
3)

The concentration of bicarbonate (HCO−
3) in the groundwater samples of the KYB

varies from 1.5 mg/L to 379 mg/L, with a mean value of 120 mg/L (Table 2). Bicarbonate in
groundwater is known to have no adverse health effects [33,34]. The WHO [72] guideline
for HCO−

3 concentration in drinking water is 250 mg/L. Only 10.8% of the groundwater
have a bicarbonate concentration exceeding the threshold limit of 250 mg/L (Table 2). The
spatial distribution of bicarbonate concentration shows an elevated level of HCO−

3 in the
Precambrian basement part, while lower concentrations were observed in the sedimentary
quaternary Chad formation region of the study area (Figure 4a). The dissolution and
weathering of calcite and dolomite minerals increases the concentration of bicarbonate
ions in the groundwater in the Precambrian basement. A few spots in the sedimentary
quaternary section of the study area show elevated levels of bicarbonate concentrations
due to agricultural activities, which enhance the natural contents of bicarbonate ions in the
groundwater system [78].

3.7. Chloride (Cl−) and sulfate (SO4
2−)

The concentration of chloride (Cl−) and sulfate (SO4
2−) in the groundwater of the

KYB varies from 0.7 to 372 mg/L, with a mean concentration of 48 mg/L, and from 0.1 to
133 mg/L, with a mean value of 15 mg/L, respectively (Table 2). Excessive chlorine in
drinking water imparts a salty taste and signifies contamination from various natural and
anthropogenic sources [34]. Chloride concentrations in about 2.5% of the groundwater
samples exceeded the WHO guidelines for drinking water (Table 2). However, most of
the groundwater samples have a Cl− concentration above 50 mg/L. These high chloride
concentrations may be attributed to pollution from domestic and industrial waste, leachate
from dumpsites and septic tanks, animal waste, and agricultural fertilizer [33,70]. The
spatial distribution of chloride concentration in the groundwater of the study area is
presented in Figure 4b. Low Cl− concentration was observed in the sedimentary quaternary
Chad formation part of the study area except in a few locations receiving chlorides from
agricultural practices and domestic waste, while the Precambrian basement portion is
dominated by high Cl− concentrations due to infiltration of chloride-bearing pollutant
into the groundwater system. The spatial distribution of sulfate concentration in the
groundwater of the study area is shown in Figure 4c. The WHO [72] guideline value for
sulfate SO4

2− in drinking water is 250 mg/L. All the groundwater samples are below
the maximum permissible limit (Table 2, WHO, [72]). Sulfates in the groundwater of the
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sedimentary quaternary parts of the basin are from the natural process of evaporation
and anthropogenic activities such as artificial fertilizer applications, industrial effluents,
and municipal waste. Meanwhile, the sulfate concentration in the Precambrian basement
region could be from the dissolution of gypsum and other sulfate-bearing minerals in the
groundwater systems [79].

3.8. Nitrate (NO3
−) and Fluoride (F−)

Groundwater NO3
− contamination is an important water quality issue globally [33–35,72].

Nitrate in the groundwater arises from synthetic fertilizers and organic manures, leachate
from dumpsites, septic tanks, landfills, and industrial and municipal waste [73]. The nitrate
concentration in Komadugu-Yobe basin varies from ND to 314 mg/L, with a mean value
of 42 mg/L (Table 2). The maximum permissible limit of NO3

− concentration in drinking
water is 50 mg/L [72]. Groundwater with nitrate concentrations higher than the maximum
permissible limits have been linked to an increased risk of methemoglobinemia [34,72].
About 30% of the groundwater samples were above the WHO guidelines for nitrate (Table 2).
The spatial distribution of nitrate in KYB is presented in Figure 4d. It is worth noting that
high nitrate concentrations are visible in the Precambrian basement and the sedimentary
quaternary formation of the study area. These high concentrations came from various
anthropogenic pollutions in the study area as well as denitrification processes in the
sedimentary parts of the study area.

The concentration of F− in the groundwater samples varies from ND to 2.3 mg/L,
with a mean value of 0.3 mg/L (Table 2). About 2% of the groundwater samples have a
F− concentration exceeding the maximum permissible limit (Table 2, WHO, [72]), which
renders them unsuitable for drinking purposes. Figure 4e shows the spatial distribution
of fluoride in groundwater of KYB. The sedimentary Chad formation has groundwater
with predominantly low fluoride concentrations, whereas elevated fluoride concentrations
were observed in the Precambrian basement part of the basin. The dissolution of fluoride-
bearing minerals and geothermal activities could be the possible source of fluoride in the
Precambrian basement parts of the basin. Previous studies in Nigeria such as Akpata
et al. [80], Giwa et al. [81], Malago et al. [82], and Waziri et al. [83] have suggested that high
fluoride concentrations in northeastern and northwestern Nigeria are due to overexploita-
tion of basement and quaternary aquifers. Ingestion of groundwater with high fluoride
concentrations could lead to dental and skeletal fluorosis [84,85]. Therefore, there is a need
for further study of the risks associated with groundwater fluoride in the study area.

3.9. Geochemical Mechanism of Groundwater

Gibbs [86] showed that groundwater chemistry is controlled by three main natural
processes: rock weathering/rock–water interaction, evaporation, and atmospheric pre-
cipitation. A Gibbs plot [86] reveals the interaction between groundwater, soil, and host
rock [25,73,87]. Figure 5 presents the Gibbs plot of the Komadugu-Yobe basin, indicating
groundwater chemistry is mainly controlled by rock weathering/rock–water interaction.
The Gibbs ratios of the cations and anions of the groundwater varies from 0.2 to 0.95 and
0.1 to 0.9, with an average of 0.5 and 0.2, respectively, and suggest the area is dominated
by silicate minerals [33,82]. Only 8% of the groundwater samples indicated precipitation
and evaporation, and given the semi-arid climates, some evaporation in the northeastern
part of KYB where the geology is sedimentary quaternary may also affect the chemistry of
the groundwater.
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3.10. Groundwater Types and Hydrogeochemical Evolution
3.10.1. Piper Plot

The Piper trilinear diagram (Figure 6) for the Komadugu−Yobe basin uses major
ions to classify groundwater into various hydrochemical types and identify influential
factors involved in groundwater chemistry [23,24,88]. Figure 6 shows the cations of the
groundwater are plotted in the calcium and sodium zones, while the anions are mainly
plotted in the bicarbonate and chloride zone. About 59% of the groundwater samples were
plotted in the Ca2+-Mg2+-HCO−

3 water type. The order of dominance of the groundwater
type in the basin is Ca2+-Mg2+-HCO−

3 > Na+-Cl− > Na+-HCO−
3 > Ca2+-Mg2+-SO4

2−-Cl−.
These show that the hydrochemical types resulted from the dissolution of carbonate-
rich minerals and the weathering of silicate minerals within the aquifer systems of the
Precambrian basement parts of the basin. The presence of a few Na+-Cl− and Na+-HCO−

3
water types may be due to rainfed agricultural activities taking place in both Precambrian
and sedimentary quaternary parts of the study area. It is strongly believed that Na+-HCO−

3
enhances the presence and dissolution of fluoride in groundwater systems, particularly in
the Precambrian basement geologic formation [23,33,70].
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3.10.2. Chadha Diagram

The Chadha diagram was employed to assessed the geochemistry of groundwater
and various groundwater types in the Komadugu-Yobe basin. The Chadha plot shows
the presence of Ca2+-Mg2+-HCO−

3, Ca2+-Mg2+-SO4
2−-Cl−, Na+-Cl−, and Na+-HCO−

3
water types in the study area (Figure 7). The Chadha diagram is a composite representation
that integrates the Piper plot and the extended Durov diagram [23]. The Chaha plot best
describes the permanent and temporary hardness domains of water [73]. Figure 7 reveals
that the alkaline earths exceeded the alkali metals and weak acids exceeded strong acids in
the groundwater samples of KYB. The Chadha plot shows over half of the groundwater
facies belong to the Ca2+–Mg2+– HCO−

3 water type with temporary hardness dominated
in the Precambrian basement parts of the study area. However, Na+– HCO−

3, Na+– Cl−,
and Ca2+– Mg2+– Cl− water types were also present in the groundwater of KYB. This
could be attributed to dissolution and weathering of calcite and dolomite minerals in the
Precambrian basement parts, as well as the influence of evaporation and anthropogenic
activities in the sedimentary quaternary Chad formation section of the study area. This
result agrees with what was observed in the Piper trilinear diagram (Figure 6).
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3.11. Groundwater Quality Index

The spatial distribution of the groundwater quality index in the Komadugu−Yobe
basin is presented in Figure 8 and varies from 9 to 170, with an average value of 48 (Table 6).
Groundwater in the study area can be categorized into five classes based on GWQI values:
excellent water (GWQI < 50), good water (GWQI = 50–100), poor water (GWQI = 100–200),
very poor water (GWQI = 200–300), and unfit for drinking (GWQI > 300) [33,34]. The
majority of the groundwater in KYB is excellent, constituting about 63%, with good and
poor water classes constituting 27% and 10% respectively (Table 2, Figure 9). It was
observed that the poor groundwater quality occurs in the Precambrian basement portion
of the basin. This could be attributed to geogenic processes including weathering and
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dissolution of minerals, as well as anthropogenic pollution resulting from the extensive use
of artificial fertilizers, indiscriminate discharge of effluent from local industries, leachates
from dumpsites, septic tanks, and pit latrines.
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Table 6. Groundwater quality index (GWQI) in Komadugu−Yobe basin.

Sample
Numbers GWQI Water Type Sample

Numbers GWQI Water Type

L1 79 Good Water L63 74 Good Water
L2 49 Excellent Water L64 51 Good Water
L3 74 Good Water L65 125 Poor Water
L4 104 Poor Water L66 76 Good Water
L5 41 Excellent Water L67 9 Excellent Water
L6 82 Good Water L68 62 Good Water
L7 20 Excellent Water L69 15 Excellent Water
L8 18 Excellent Water L70 20 Excellent Water
L9 24 Excellent Water L71 62 Good Water

L10 82 Good Water L72 46 Excellent Water
L11 39 Excellent Water L73 38 Excellent Water
L12 29 Excellent Water L74 61 Good Water
L13 18 Excellent Water L75 41 Excellent Water
L14 17 Excellent Water L76 49 Excellent Water
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Table 6. Cont.

Sample
Numbers GWQI Water Type Sample

Numbers GWQI Water Type

L15 19 Excellent Water L77 61 Good Water
L16 14 Excellent Water L78 73 Good Water
L17 156 Poor Water L79 37 Excellent Water
L18 20 Excellent Water L80 67 Good Water
L19 31 Excellent Water L81 91 Good Water
L20 25 Excellent Water L82 38 Excellent Water
L21 19 Excellent Water L83 14 Excellent Water
L22 15 Excellent Water L84 79 Good Water
L23 31 Excellent Water L85 52 Good Water
L24 59 Good Water L86 64 Good Water
L25 91 Good Water L87 38 Excellent Water
L26 134 Poor Water L88 15 Excellent Water
L27 170 Poor Water L89 18 Excellent Water
L28 49 Excellent Water L90 15 Excellent Water
L29 36 Excellent Water L91 16 Excellent Water
L30 28 Excellent Water L92 13 Excellent Water
L31 107 Poor Water L93 17 Excellent Water
L32 150 Poor Water L94 107 Poor Water
L33 14 Excellent Water L95 58 Good Water
L34 37 Excellent Water L96 30 Excellent Water
L35 27 Excellent Water L97 14 Excellent Water
L36 65 Good Water L98 14 Excellent Water
L37 107 Poor Water L99 32 Excellent Water
L38 101 Poor Water L100 26 Excellent Water
L39 23 Excellent Water L101 103 Poor Water
L40 22 Excellent Water L102 24 Excellent Water
L41 38 Excellent Water L103 23 Excellent Water

TL42 83 Good Water L104 50 Good Water
L43 34 Excellent Water L105 18 Excellent Water
L44 64 Good Water L106 40 Excellent Water
L45 49 Excellent Water L107 30 Excellent Water
L46 32 Excellent Water L108 33 Excellent Water
L47 58 Good Water L109 28 Excellent Water
L48 71 Good Water L110 52 Good Water
L49 23 Excellent Water L111 25 Excellent Water
L50 32 Excellent Water L112 19 Excellent Water
L51 39 Excellent Water L113 18 Excellent Water
L52 27 Excellent Water L114 24 Excellent Water
L53 40 Excellent Water L115 58 Good Water
L54 54 Good Water L116 16 Excellent Water
L55 110 Poor Water L117 12 Excellent Water
L56 35 Excellent Water L118 11 Excellent Water
L57 33 Excellent Water L119 35 Excellent Water
L58 72 Good Water L120 94 Good Water
L59 24 Excellent Water Maximum 170 /
L60 36 Excellent Water Minimum 9 /
L61 33 Excellent Water Mean 48 /
L62 84 Good Water
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4. Conclusions

This study presents the hydrogeochemical characteristics and suitability of groundwa-
ter resources for drinking purposes in the Komadugu-Yobe basin, Sahel region. This study
analyzed 120 groundwater samples to determine the hydrogeochemical characteristics and
overall quality of groundwater in KYB using a Gibbs plot, hydrochemical facies plots, and
groundwater quality index. The following are the key conclusions from this study:

• The order of the abundance of the major cations and anions in the groundwater
samples is: Ca2+ > Na+ > K+ > Mg2+ and HCO−

3 > Cl− > NO3
− > SO4

2− > F−,
respectively. More than 90% of groundwater samples have Na+, Ca2+, Mg2+, K+, Cl−,
and SO4

2− and total hardness within the WHO [72] maximum permissible limits.
However, some locations show high F− and NO3

− concentrations, largely in the
Precambrian basement region and a few locations in the sedimentary formation parts
of the study area.

• The chemistry of the major ions in the groundwater samples of the study area is
predominantly (92%) influenced by weathering/rock–water interaction.

• Ca2+-Mg2+-HCO−
3 is the most prevalent hydrochemical facies of groundwater in

KYB accounting for more than half (59%) of the groundwater samples. The order
of dominance of the groundwater type of the study region is Ca2+-Mg2+-HCO−

3 >
Na+-Cl− > Na+-HCO−

3 > Ca2+-Mg2+-SO4
2−-Cl−. The Na+-HCO−

3 groundwater type
may promote fluoride dissolution, perhaps contributing to fluoride enrichment in
groundwater in some parts of the Precambrian basement complex and the sedimentary
Chad formation of the study area. The Piper trilinear plot findings agree with the
Chadha diagram results.

• Based on GWQI, the groundwater in the study area is generally of excellent (63%) to
good quality (27%) with only 10% exhibiting poor quality. The Precambrian basement
complex region of the study basin has the most significant presence of good and poor
water quality classes.
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