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Abstract: A multi-tracer approach has been implemented in the southwestern part of the Lake Chad
Basin to depict the functioning of aquifers in terms of recharge, relationship with surface water
bodies, flow paths and contamination. The results are of interest for sustainable water management
in the region. The multi-layered structure of the regional aquifer was highlighted with shallower
and intermediate to deep flow paths. The shallower aquifer is recharged with rainwater and inter-
connected with surface water. The groundwater chemistry indicates geogenic influences in addition
to a strong anthropogenic fingerprint. The intermediate to deep aquifer shows a longer residence
time of groundwater, less connection with the surface and no to only a little anthropogenic influ-
ence. Ambient Background Levels (ABLs) and Threshold Values (TVs) show the qualitative status
of the groundwater bodies and provide helpful information for water resources protection and the
implementation of new directives for efficient and more sustainable groundwater exploitation.

Keywords: groundwater; ambient background levels; stable isotopes; residence time; water

management; Cameroon

1. Introduction

The Sahel is a semi-arid region with a surface area of 3 million km?, representing about
10% of the total area of the African continent. It is among the areas most affected worldwide
by the issue of water scarcity as it is vulnerable to the effects of climate change, not only
because of the aridity of the climate but also because of environmental degradation [1].
This degradation, which results sometimes in water pollution and decrease, is related to
multiple causes, such as population growth, socio-economic and industrial activities and
the over-consumption of natural resources [2]. Moreover, the combined effects of climate
change, population growth, land degradation and reduced and irregular rainfall have
contributed to a reduction in the availability of water resources, leading to transboundary
ethnic conflicts between riparians related to the use of the available resource throughout the
Sahel in general and the Lake Chad Basin in particular. The Lake Chad Basin, located in the
eastern part of the Sahel region, corresponds to nearly 8% of the surface area of the African
continent, which represents three-fifths of the Sahelian strip. It covers eight countries
(Nigeria, Niger, Chad, Cameroon, Central African Republic, Sudan, Libya and Algeria),
with an area of about 2,381,000 km?. It is one of the largest sedimentary catchments,
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with an estimated population of 47 million people whose main activities are agriculture,
livestock breeding and fishing [3]. In this arid region of Lake Chad Basin, surface waters
are scarce, and groundwater constitutes, therefore, the main source of water for human
activities [4,5]. It is the main resource for reliable and permanent water supply in the
region [6,7], especially in the northern and central parts of the basin where the lowest
rainfall is recorded, averaging 150 mm/year [8]. Nevertheless, the southern part of the
basin, which corresponds to the Far North of Cameroon, is poorly documented compared
to the rest of the basin, and the few studies carried out in this region only dealt with the
decline in water quality [6,7]. Therefore, a better understanding of the functioning of
the most widely used groundwater resource, the Quaternary aquifer, will be beneficial
in addressing the integrated management of this resource, which has a strategic interest
for more than 4.5 million people living in this region. Furthermore, the southern Lake
Chad Basin is generally considered one of Cameroon’s main sources of food since two-
thirds of the territory is used for agricultural purposes in addition to widespread livestock
breeding [9]. By studying the regional shallow Quaternary aquifer, the aim of this paper is
to provide information about the recharge modes, infiltration processes, and relationships
with surface water and to delineate the different flow paths within the aquifer. For this, a
purpose-designed multi-tracer approach has been developed in order to provide the first
overview necessary to improve the local situation with regard to groundwater resource
management [10-13]. The results obtained will be useful for groundwater management,
especially for this transboundary resource. Recommendations may be applicable to other
similar semi-arid regions facing the same challenges.

2. Study Area
2.1. Location and Geomorphology

The southern part of the Lake Chad Basin is located in Central Africa. It is bordered to
the west by Nigeria and to the north and east by Chad (Figure 1). It represents approxi-
mately 34,246 km? and corresponds to the Far North region of Cameroon. The population
of this area was estimated at more than 4.5 million inhabitants in 2019 [9], i.e., 18% of the
national demographic weight and 6.5% of the Lake Chad Basin population [14]. However,
it is currently experiencing considerable demographic growth in some localities (Maroua,
Yagoua, Mora, Mokolo; Figure 1), with an increase of approximately 2.8% per year, above
the average national population growth rate. This dynamic population increase is not
accompanied by any structured urban planning, and neither drinking water supply nor
sanitation infrastructure is taken into account. In addition, it is worth noting that the
surface area of irrigated lands has significantly increased over the years in this region in
order to cover the strong national needs for food as well as for industrial agriculture for
exportation. For example, in 2000, the presence of 13,820 ha of irrigated land was reported
in the southeastern part of the study region, and between 2014 and 2020, 7500 ha of irrigated
land was rehabilitated in the Maga zone [15].

The Far North region of Cameroon is characterised by three types of landforms: the
plain, the mountains and the piedmont. The plain, hereafter called the Yaere, covers the
eastern and northern parts of the study area, representing ~70% of the surface area [10].
It is considered the maximum extension of Lake Chad in the Quaternary. The mountain
region extends over ~10,000 km?2, with altitudes ranging from 260 to 508 m.a.s.1 and an
average of less than 300 m.a.s.l. The highest zones are the Mandara Mountains, oriented
NNE-SSW and stretching over a length of 150 km and a width of 70 km, with altitudes
ranging from 700 to 1400 m.a.s.1. The transition zone between the Mandara Mountains and
the Yaere consists of a piedmont domain where altitudes range from 300 to 761 m.a.s.L,
with an average value of 340 m.
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Figure 1. Maps of the study area showing the topography and hydrography as well as the location of
the sampling points. The Lake Chad Basin boundaries are also highlighted.

2.2. Hydroclimatology

The climate in the study area displays strong spatial variability and is controlled via
the migration of the Intertropical Convergence Zone (ITCZ) [16]. The region is characterised
by a semi-arid climate with rainfall between 400 and 600 mm/year, while approximately
1000 mm /year is recorded in mountainous areas [17]. Precipitation is mostly recorded
between April and October, while between November and March, the amount of precipita-
tion is very low to non-existent [17] (Figure 2). The average temperature varies between
24 °C and 33 °C; April is the warmest month of the year (33.2 °C and 33 °C, respectively for
Maroua and Kaélé), and January is the coldest (24.7 and 24.3 °C, respectively for Maroua
and Kaélé). The mean annual evapotranspiration for Maroua (centre of study area) is
around 2100 mm/year (estimated using the Penman method [18]), approximately double
the maximum annual rainfall recorded in the region. It is worth noting that since 1971, the
area has been affected by a sustained decline in rainfall followed by a gradual resumption
of rainfall since the beginning of the 2000s [19].

The study area is drained by the Mayos (seasonal temporary rivers connected to the
Lake Chad endorheic basin) and the perennial Logone River (Figure 1). The variation in
rainfall has a significant impact on the discharge of the Logone River and Mayos over
months and years. The highest discharge rate (42 m3/s) is observed in August, which is the
rainiest month (Figures 2 and 3). The Mayos are dry between November and May, which
corresponds to the dry season (Figure 3).
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Figure 2. Rainfall and temperature diagram for the period 1970-2002: (a) Maroua station and
(b) Kaélé station [17] in Cameroon.
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Figure 3. Average monthly discharge of the: (a) Mayo Tsanaga at Bogo (1961-1989) (b) and Logone
River at Yagoua (1961-2013) [20,21].

2.3. Geological and Hydrogeological Settings

The Far North of Cameroon lies on a Precambrian basement (Figure 4) covered by a
Tertiary—Quaternary sedimentary cover. Precambrian outcrops in the Mandara domain are
characterised by calco-alkaline, sub-alkaline to alkaline granites, anatexite gneisses and
volcanic rocks composed of andesites, dacites, and rhyodacites [22]. The piedmont plain is
dominated by sedimentary deposits consisting mainly of alterites, sands and clays, as well
as tertiary metamorphic rocks of the greenschist facies, known as “Maroua greenschist”,
which are found north of Maroua. An alterite layer, developed from the granitic substratum,
is covered by a clay-rich sediment associated with sand lenses and sometimes a ferruginous
crust [9]. The sedimentary deposits, mainly composed of sands and clays, extend over the
entire Yaere plain. They are composed of minerals such as quartz and feldspars with a
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decreasing particle size distribution towards the north. Carbonate nodules are also found in
enclaves in sedimentary rocks [23]. These geological entities, depending on their physical
characteristics, can constitute aquifers in the study region.
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Figure 4. Geological map of the study region and geological cross-section of the Quaternary aquifer
along the AA’ line (Q: Quaternary; T: Tertiary; Ti: Lower Tertiary; Pcm: Precambrian) (adapted
from [11]).

It is known from the literature that the Lake Chad Basin is made up of three aquifers:
the Continental Terminal, the Lower Pliocene and the Quaternary [24]. The Continental
Terminal aquifer is the deepest, lying on the basement and outcrops in the Central African
Republic. This aquifer is essentially made up of feldspathic sandstones with siliceous ce-
ment and is characterised by siderolitic facies rich in iron [25]. The Lower Pliocene aquifer
is located at a depth of 250 to 300 m. It begins with a sandy series 10 to 30 m thick (Lower
Pliocene) and continues with a 200 m thick clay sedimentation that separates the Pliocene
from the Quaternary formation layer [24]. According to [20], the Continental Terminal
and Lower Pliocene aquifers are hydraulically connected with a gradual transition from
sandstones to sands. Whilst the Lower Pliocene is separated from the quaternary by clays,
which constitute the Upper Pliocene. On the other hand, basement and sediments are
hydraulically connected in the piedmont domain using alterites and diverse sedimentary
materials. The Quaternary aquifer is shared by four countries (Chad, Niger, Central African
Republic and Cameroon). This aquifer is unconfined around the Logone River and becomes
confined towards the piedmont area (Figures 5 and 6). The aquifer is composed of sandy
deposits with clay intercalations. Its depth varies between 50 and 180 m [26]. It is the
main aquifer tapped by the populations of the region. The Quaternary hydrogeological
units are characterised by strong lateral and vertical variations in the lithology inherited
from the geological history of the region and present varying hydrogeological character-
istics depending on the location. The hydraulic conductivity of the sediments averages
4.10~* m/s and is very favourable to aquifer development [27]. The groundwater reserve
is estimated to be between 0.9 and 1.08 billion m? [11]. In contrast, crystalline aquifers
show poor hydrogeological potential and low average flow rates (Table 1).

A piezometric study of the Quaternary aquifer [28] identified the recharge zones
and two major directions of groundwater flow. The recharge takes place in the Mandara
mountains, and groundwater flows towards the piezometric depression of Kaele-Diguir
(Figure 5). A groundwater flow from the Logone River is also observed (Figure 4), high-
lighting a strong surface water/groundwater relationship between the surface waters and
groundwater, as previously demonstrated by [10]. The piezometric depression observed
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from Kaele to Diguir is common in the Sahel region due to strong evapotranspiration in
this place or to a flexure in the basement, leading to a local depression, according to [10,11].
Nevertheless, there is still a great debate on this topic.

Table 1. Major hydrogeological characteristics in the Far North region of Cameroon. ABD = average

borehole depth.
. Specific Discharge Transmissivity Hydraulic Conductivity
Unit (m2/h) (m2/s) (/s) References
Quaternary 1.06 0.04 x 1072 4x107* [11]
Metamorphic 0.27 3.71 x 107> - [27]
Granitic 0.46 6.06 x 107° - [27]
Volcanic 0.82 748 x 10~° - [27]
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Figure 5. Potentiometric map of the Quaternary aquifer in the southern Lake Chad Basin.
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3. Sampling and Analytical Methods
3.1. Sampling Network and Protocol

A 10-day sampling campaign was carried out in November 2019 (end of the rainy sea-
son) in the Far North of Cameroon; sampling was performed on different hydrogeological
entities. The choice of sampling points was made on a 1:50,000 topographic map several
weeks before the field trip, with the main selection criteria being homogenous spatial
distribution, accessibility conditioned by the state of the roads and occurrence of flooding.
A total of 63 points corresponding to 45 boreholes, 12 hand-dug wells, 5 Mayos and 1 point
on the Logone River at Yagoua (SE of the study area) were sampled, corresponding to
35 samples in the Quaternary aquifer and 22 in the basement.

The pH meter was calibrated before and during the field campaign using buffer
solutions recommended by the manufacturer. During sampling, the physical parameters,
including temperature, electrical conductivity (EC), salinity, total dissolved solids (TDS),
pH and redox potential, were measured using two Hanna Instruments Waterproof portable
EC/TDS/Resistivity /Sanility metres, model HI98192. The water level was measured for
the wells using a SEBA piezometric probe. Alkalinity (as HCO3 ™) was determined after
each sampling via volumetric titration with a HACH digital titrator (HACH Company,
Loveland, CO, USA).

3.2. Chemical and Isotope Tracer Analyses

The samples used for cations (Na*, K*, Mg2+, Ca?*) and anions analyses (HCO3;~, F~,
Cl~,NO;~, SO4%™) were filtered directly into 30 mL bottles using a plastic syringe fitted
with a 0.45 um low-adsorption cellulose acetate membrane filter. The bottles containing
water for cations analysis were acidified with ultrapure HNOj to a pH below 2. The other
bottle containing non-acidified water was for anion analysis. The samples used for the
analysis of water-stable isotopes (180, 2H), tritium (°H) and carbon 14 (#C) were packaged,
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respectively, in 10 mL amber glass, 500 mL and 1000 mL polyethylene bottles. They were
properly capped and preserved at 4 °C in a cooler container with ice blocks.

The concentrations in major ions (cations and anions), stable isotopes (180, 2H) and
the tritium (*H) of the water samples were analysed at the Radio-Analyses and Envi-
ronment laboratory (LRAE) of the National Engineering School of Sfax (ENIS: Tunisia).
Determination of major ion contents was performed via ion chromatography; ionic balance
calculations were within + 5, respectively.

Water-stable isotope analyses were performed via laser absorption spectroscopy. Ra-
tios of 180/1%0 and 2H/'H are expressed in delta values, §'80 and 5°H (%), respectively,
relative to the Vienna Standard Mean Ocean Water (V-SMOW). The analytical precision
was better than 0.5%0 for §2H and 0.2%. for §'80. °H analyses were conducted via electron
enrichment and liquid scintillation counting method on 42 samples that were selected
based on the depth and the EC. Generally, samples from high depth and with low EC were
considered potential ancient groundwater (reflecting a little influence of surface processes).
The tritium content is expressed in tritium units (TU) with the analytical uncertainty of the
order of 0.3 TU. Based on the results of the tritium analyses, five samples with the lowest
concentrations were selected for carbon 14 analysis by Accelerator Mass Spectrometry
(AMS) with a relative standard error of 0.3 UT at the Centre for isotope Research of the
University of Groningen (The Netherlands).

The complete dataset is provided in Supplementary Material Table S1.

In addition, rainfall samples collected at the N'Djaména station (about 1000 km from
Maroua) in Chad from 1965 to 2018 in the framework of the Global Network for Isotope in
Precipitation (GNIP) [29] were collected and used for the interpretations.

Deuterium conditioned (d-excess) and line conditioned (LC-excess) calculated in this
study are defined as a function of the slope and intercept of the global meteoric water line
(GMWL; Craig, 1961) and local meteoric water line (LMWL); [30]), respectively. The d-
excess is defined as follows: d = 62 H — 85180; and LC-excess: LC-excess = 82 Ha 5180 — b
(where “a” and “b” are the coefficients of the LMWL).

The methodology of the Ambient Background Levels (ABL) calculation is based on se-
lecting samples with little or no influence from human activities, for example, by removing
those with high nitrate concentrations. In the residual dataset, a value (e.g., the 90th or 95th
percentile) is chosen as the representative of the ambient background concentration, which
means that all values above this level should be attributed to anthropogenic sources. The
upper limit of the ABL can be expressed as a 70th, 90th or 95th percentile of the remaining
data range, indicating the appropriate confidence level, using the following procedure:
90th percentile if 10 < N < 30. Similarly, the determination of TVs (threshold values) for
groundwater itself has to be based on the ambient background level of a substance and
controlled by the reference standards [31]. Due to the widespread use of groundwater
as a drinking water resource in the study area, the drinking water standards indicated
by the World Health Organization in 2017 were used as reference standards (REF) in the
derivation of TVs with the following rules (suggested in the BRIDGE method):

Case 1: ABL < REF: TV = (ABL + REF)/2;

Case 2: ABL > REF: TV = ABL.

4. Results and Discussions
4.1. Groundwater Recharge
4.1.1. Rainfall Input Signal

Stable isotope values of precipitation in N'Djamena for the study period (1995-2018)
range from —9.4 to 3.85%. for 580 and —53.4 to 38.7%. for §?H with the most enriched
rainfall in April and the most depleted in August (Figure 7). The weighted average
compositions of 5180 (—3.72%0) and 5*H (—44.2%0) were calculated. These observations
are in agreement with previous studies [32,33] in neighbouring Nigeria at Kano station
(—3.95%0 for §'80; —20.48%. for §2H). The deuterium excess (d = 62 H — 85'80; ([30]))
varies from —6.5 (April) to 11.6 (August), with a weighted mean of 5.1%o. Thus, there is a
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high heterogeneity in precipitation isotopic signal in the region, and therefore, many factors
control this temporal variability. The most enriched rainfalls are observed from April to
June, when the atmosphere is still relatively dry. This leads to a d-excess < 10%., which
suggests an evaporation effect of raindrops [33]. The most depleted signal is recorded at
the core of the rainy season from July to September. This period also corresponds to a
d-excess close to or above 10%o when there is no evaporation effect. It is already possible to
hypothesise a preferential recharge period of the aquifer from July to September [34].
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Figure 7. § 2H versus & 130 plots of monthly rainfall at the N’Djamena station (IAEA-GNIP data,
1960-2019). The Ndjamena Meteoric Water Line (NMWL), Kano Meteoric Water Line (KMWL) and
Global Meteoric Water Line (GMWL) are also plotted.

The local meteoric water line for N'Djamena rainfall (NMWL) is defined as 5?H = 6.32
(£0.17) 6180 + 4.27 (+0.78) (R = 0.95). The slope and the intercept are lower compared
to those from the Global Meteoric Water Line (GMWL): 5?H = 8.17 (40.06) §'0 + 10.35
(£0.65), confirming the dominance of evaporation in the regional atmosphere dynamics. It
is worth noting that the NMWL is close to that recorded at Kano (651 km from Maroua) in
Niger (north-west of the Lake Chad basin) also in a Sahelian context: §*H = 7.02 (+0.43)
8180 + 4.30 (£1.68) (R = 0.90). The similarity in slopes confirms the same conditions of
rainfall re-evaporation in the region, while the same intercepts refer to similar conditions in
terms of humidity.

4.1.2. Processes during Infiltration and Groundwater Recharge Modes

The isotopic composition of §!80 in groundwater varies from —5.45 to —1.79%o, with
an average of —3.88%o (Figure 8). 8’H values range from —43.16 to —24.04%., with an
average of —7.45%o. and from 0.92 to 9.87 %o for d-excess, with an average of 6.12%o. It can
be seen that §°H and 5'80 present lower ranges of values compared to the input function.
The low variation in the isotopic range of groundwater compared with rainwater may be
linked to selective infiltration of rainfall. This phenomenon has been well described in
semi-arid areas [35]. The average 5180 values in the groundwater are close to those of the
precipitation in N'Djamena (—3.72%o) and Kano (3.99%.). Thus, we can say that the isotopic
signal of the precipitation is preserved during the infiltration. The d-excess values below
10 (Figure 8) show the presence of evaporative phenomena to be considered in the study
area during groundwater infiltration. This phenomenon has already been identified in the
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study area by [10,11] and in other parts of the Sahel region by several authors [8,35-37].
The authors found d-excess values in groundwater close to the weighted mean value for
the Sahel (5.1 £ 4.2%0) and below 10 [38]. The LC-excess values describe the deviation of
the sample from the local meteoric water line [39]. LC-excess values calculated in this study
vary from —11.47 to —0.50%.. Negative LC-excess values (above the NMWL) imply isotopic
fractionation via evaporation. These results confirm an evaporative trend in groundwater
in the Far North of Cameroon similar to those observed by [40] in the region of Maradi in
Niger (Northwestern part of the Lake Chad Basin). Nevertheless, the Mayos have a more
enriched isotopic composition than rainwater and groundwater. Their content varies from
—12.66 to —1.15%o with an average of —1.87%. for §'80 and between —2.74 and —20.87 %o
with an average of —15.8%o for 8*H. The mean values of d-excess (—4.68 to —3.76 %o with
an average of —0.79%o.) and LC-excess (—10.88 to —4.86%0 with an average of —8.21%o) are
very low compared to values recorded in groundwater and precipitation. This reflects the
strong intensity of evaporation processes in surface water.
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Figure 8. 5 2H versus §'80 plots of groundwater, Mayos (runoff), rainwater and Logone River with
associated means values, Global Meteoric Water Line and the N’djamena Meteoric Water.

Based on the $'80 vs. §?H diagram (Figure 8), it is possible to discriminate four groups
of samples (A, B, C and D). Group A with §'80 values that oscillate between —2.35 and
—1.79%o and between —12.40 and —7.54%o for §?H. The average 580 and 5°H values of
this group (which are, respectively, —2.10%0 and —10.03%o.) are lower than those of the
rain-weighted composition (3.72 O%. for §'8and —44.2%, for §°H). This group, therefore,
appears to be the most enriched group of the groundwater. It is located on the NMWL
and has d-excess values below 10 (ranging from 7.43 to 6.40%. with an average of 6.80%.)
and LC-excess below 0 (Figure 8). This shows that locally enriched waters from rain have
undergone evaporation during its infiltration [41].

The average 580 and §°H values in groundwater of group B are —3.66% and
—23.25%o, respectively; this is close to that of the rainfall-weighted composition. The
§'80 in groundwater isotopic composition here ranges from —5.45 to —1.15%o and between
—36.37 and —10.57%o for §?H. Such isotopic content is well in agreement with the rain
signature. Thus, the isotopic signatures of group B correlated with those of the precipita-
tion show evidence of rapid infiltration due to the presence of an aquifer with favourable
permeability. However, the values of d-excess (9.68 %o to —4.68 %0 with an average of 6.2%.)
and LC-excess (—10.88%0 to —0.62%. with an average of —4.9%.) show the evaporative
character of infiltrated rainwater [30] due to re-evaporation of raindrops.
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Group C represents the intermediate group between group B and the most depleted
group D. The isotopic composition of $'80 in this group varies from —4.84 to —3.8%o
and —32.05 to —24.44%.. These intermediate isotopic values between groups B and D
reflect interconnectivity within the aquifer or mixing processes between old and evaporate
components [42]. Group D (sample F12) has a §'80 value of —5.69%. and a 5°H value of
—43.16%o; it is thus the most depleted group. Such an isotopic signature reflects a different
origin from the current recharge by modern rainfall and tends to indicate the existence of
old recharge within the aquifer [8,12,41].

The 580 vs. §*H diagram also provides information on groundwater recharge
modes. In the present study, the recharge of group A is a focus type because their EC and
oxygen—18 content are within the same range as surface water. Focus recharge takes place
from ephemeral or perennial surface water via the concentration of rainfall and runoff
processes and resulting infiltration at specific locations on the landscape [43] (Figure 8).
Group B has a diffuse type of recharge as it corresponds to a recharge of precipitation
water occurring in the form of direct infiltration, followed by fast percolation to shallow
groundwater [43]. The rapid infiltration phenomenon of precipitation is in good agreement
with the geomorphology as the samples here are more located in the piedmont domain
close to the recharge zone. Finally, groups A and B can, therefore, be identified as recent
recharge, while group C corresponds to a mixing between groups B and D fostered using
the multi-layered structure of the Quaternary aquifer.

4.2. Delineation of Groundwater Flow Paths

The analysis of Table 2, which shows the variations in the EC of the water in the study
area, suggests a wide heterogeneity in the chemical composition between the different
aquifers identified. The highest EC are observed in group A; their content varies from
468 to 3726 uS/cm with an average of 1600 uS/cm and a median value of 1119 pS/cm.
Group A shows high values of nitrate (mean of 368.9 mg/L and median of 178.5 mg/L),
sodium (mean of 94.7 mg/L and median of 63.7 mg/L) and chloride (mean of 119.3 mg/L
and median of 51.6 mg/L), which generally reflect the influence of human activities [6]. The
shallow depths (less than 19 m) of the sampling and the evaporative character of the water
and the high values in nitrates and EC in this group compared to the other groups indicate
a superficial character of the groundwater [11,33]. Group A represents the shallower flow
path of the aquifer system and is the most vulnerable to climate variability (evaporation)
and groundwater chemistry. However, this groundwater has a tritium content between
3.6 and 6.1 TU (Figure 9), close to that of local modern rainfall content (3.8 to 5.4 TU; [37])
showing high connectivity with atmospheric conditions [44]. The §'80 isotopic signature
of this group (—2.35%0 and —1.79%o) is close to that of evaporated surface water (from the
mayos) (—2.74%. and —1.15%o), indicating an inter-connectivity between groundwater and
surface water. In summary, group A is of recent origin (tritium values close to those of
precipitation) and has an evaporated isotopic signature (close to that of surface water) with
a strong signature of anthropogenic pollution.

Group B presents EC varying from 149 to 4769 uS/cm, with a wide difference between
the value of the mean (602 pus/cm) and the median (248 pus/cm). This high heterogeneity
reflects the control of several factors on EC. These mean and median values are considerably
lower compared to those recorded in group A. This is the same case when looking at the
mean and median values of major ions: 74 mg/L and 0 mg/L for nitrate; 40 mg/L and
14 mg/L for sodium and 16 and 2 mg/L for chloride. Here, it is clear that the signature of
human activities on groundwater is less dominant. This may certainly be due to the rapid
infiltration of rainwater towards the saturated zone. It is also worth noting that group B
waters have tritium contents of the same order as group A, i.e., from 1.2 to 6.1 TU (Figure 9),
indicating a recent rainfall recharge of groundwater.
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Table 2. Statistical analyses of major ions, physico-chemical parameters and water stable isotopes in groundwater, and Mayos.

Group A Group B Group C Group D Mayos
Min Mean Med Max Min Mean Med Max Min Mean Med Max F12 Min Mean Med Max

pH 6.6 7.0 7.0 7.3 6.2 7.0 6.8 8.4 6.6 7 7.0 7.2 6.8 6.8 7.5 7.5 8.4
Redox —30.8 —-9.7 -11.5 14.7 —89.4 -7.1 —20.0 37.2 —25.1 —6.3 -9.2 23.1 —-7.7 —89.4 —26.2 —-229 134
EC (nuS/cm) 468.1 1608.3 1119.7 3726.0 149.7 602.0 248.2 4769.0 328.1 519.1 473.1 757.5 462.3 152.9 221.5 221.6 291.9
EE;(;SL) 158.4 243.9 262.3 292.8 73.2 180.5 118.9 378.2 176.5 2114 195.2 280.6 207.4 91.5 1134 1159 140.3
Cl~ (mg/L) 2.7 119.3 51.6 371.2 0.0 28.0 2.4 552.5 14 124 2.9 61.4 19.0 1.6 5.4 52 11.3
EHO;/L) 0.0 368.9 178.5 1118.7 0.0 74.7 0.0 1520.5 0.0 223 10.5 93.5 6.2 0.0 5.0 0.3 14.8

2—
(SISQ/L) 22 68.7 35.0 202.5 0.0 16.9 2.0 209.5 0.0 8.3 4.0 324 14.3 1.2 42 2.5 11.6
i\rrg/L) 30.2 94.7 63.7 221.2 9.1 40.7 144 248.5 14.7 39.4 39.5 65.6 33.6 9.1 129 114 18.8
K* (mg/L) 0.0 8.1 44 23.7 0.0 6.1 1.8 101.5 0.0 1.6 1.2 3.8 42 3.9 5.3 5.1 7.3

2+
Mg 10.3 45.7 22.0 128.5 2.1 12.2 3.8 141.5 47 7.7 7.3 12.1 9.1 2.1 35 34 49
(mg/ L)

+
(Cnig/L) 30.5 144.8 94.9 358.7 12.1 52.7 21.7 600.5 24.5 43.9 415 73.3 448 14.1 22.7 242 28.8
2;1]135/L) 333.5 1094.3 663.2 2717.5 126.5 4121 178.1 3728.3 248.7 347.3 310.9 548.4 338.7 134.3 170.8 163.7 217.3
5 2H (%o) —12.40 —10.04 —10.10 —7.54 —36.37 —-23.11 —26.22 —10.57 —32.05 —29.01 —28.78 —24.44 —43.16 —20.87 —15.80 —14.63 —12.66
5180 (%o) —2.35 —2.11 —2.14 -1.79 —5.45 —3.65 —4.17 —-1.15 —4.84 —4.45 —4.58 —3.80 —5.69 —2.74 —1.88 —1.56 -1.15
3H (TU) 3+03 48+03 48+03 6.1+0.3 1.2+03 32+03 25+03 6.1+0.2 04+0.3 1.9+03 1.8 +0.3 45+03 02+0.3 51+02 5.6 +0.3 56+ 0.3 6.1+ 0.3
d-excess 6.40 6.81 6.70 7.43 —4.68 6.12 5.29 9.68 2.36 6.59 6.62 9.87 2.36 —4.68 —-1.93 —1.94 3.76
LC-excess —1.80 —1.00 —0.80 —0.52 —10.86 —4.23 —5.61 —0.61 —8.24 —5.15 —543 —-1.92 —11.46 —10.88 —9.01 —8.48 —4.87
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Figure 9. 3H versus b 180 for groundwater in the Far North Cameroon (Lake Chad Basin). The
weighted mean values refer to the N'Djamena rainfall.

Group C has EC values between 328 and 757 puS/cm with an average of 519 uS/cm
and a median of 473 uS/cm. This group shows low nitrate concentrations compared
to the others with an average of 22 mg/L and a median of 10 mg/L. This geochemical
signature is more related to natural water-rock interaction processes with only a little
anthropogenic fingerprint [6,42,45]. The tritium content of this group varies from 0.4 to
4.5 TU with an average of 1.9 TU (Figure 9) and a depleted §'80 signature compared to
that of precipitation (Figure 6). Carbon-14 activities for this group (Figure 10), with tritium
values below 1 (f17, f40 and f49), are too high for accurate groundwater age estimations but
tend to indicate apparent residence time ranging from a few decades to a few centuries [46].
These waters are a mixture of recent and old groundwaters. Group C represents an
intermediate groundwater flow path of the aquifer system more protected from surface
contamination.

Group D consists of borehole F12, with an EC of 426 uS/cm with low values for nitrate
(6.2 mg/L), sodium (33.65 mg/L), chlorine (19 mg/L) and sulphate (14.3 mg/L). This point
is the most isotopically depleted sample (5'0 is equal to —5.69%.), with a very low tritium
content (less than 1 TU). Carbon-14 dating via the [46] correction model indicates that it
appears to be the oldest groundwater (Figure 10) in our system, with a residence time close
to 1400 years BP. It represents the most strategic resource in our aquifer system because it
is not vulnerable to surface contamination and is less susceptible to evaporation than the
other groups due to its depth of about 60 m.

In summary, the results of the current chemical and isotopic analysis indicate that we
have three flow paths within the Quaternary aquifer: shallow (group A and B), intermediate
(group C) and deep (group D). The aquifer shows many recharge periods.

The Piper diagram is an essential hydrochemical tool not only to identify chemical
processes but also to highlight the distribution of major ions. The average composition of the
groundwater displayed on the cations diagram (Figure 11) shows an abundance of calcium
and magnesium in the different groups identified (A, B, C and D). On the other hand, the
ternary diagram of the anions shows a dominance of nitrate for group A, and bicarbonate
for groups B, C and D. The projection of these points on the Piper diagram indicates that
groups A and B are, respectively, of Ca-Mg-50,4-Cl and Ca-Mg-HCOj types. Groups C
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and D are very similar with the same water type of Ca-Mg-HCOj. This is the result of an
interaction between the shallow water and the deep layers of the aquifer. A similarity of
water types between the oldest group D and group C shows groundwater mixing, and it is
in favour of the existence of a deep hydrogeological system where individual groundwater
flow paths are difficult to delineate. Figure 11 also highlights a high mineralisation for
shallow paths (groups A and B) and a lower one for intermediate to deep flow paths.
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Figure 10. *C versus 5'3C for intermediate (group C) and deep (group D) flow paths of the quaternary
aquifer in the Far North Cameroon.
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Figure 11. Piper diagram showing in the figure (A) the whole dataset and in the figure (B) the average
composition of groundwater for the different groups. The circle is in the figure (B) proportional to

the water mineralisation.
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In addition, the Gibbs diagram [47] allows us to highlight the different natural hydro-
chemical processes that affect groundwater. The main processes controlling water chemistry
in the world are atmospheric precipitation, water—rock interaction and evaporation. The
discrimination of these processes on the basis of their chemical composition is achievable
in Figure 12 [13,47]. Figure 12 shows that 91% (n = 58) of the samples (Group A, B; C and
D) have a cationic ratio (Na* + K*)/(Na* + K* + Ca®*) that varies from 0.20 to 0.74 with an
average of 0.48 and a TDS between 100 and 1000 mg/L). The rest of the samples (group
A) present a TDS > 1000 mg/L, which indicates a dominance of the evaporative processes.
Thus, the Gibbs diagram confirms that the samples affected by evaporation are mainly those
of group A, whereas the groundwater of groups C and D (intermediate and deep water)
are exclusively affected by rock dissolution processes and constitute the deep groundwater
of the system.
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((Na* + K*)/(Na2* K+ + Ca?*)
Figure 12. Gibbs diagrams of groundwater samples in the Far North of Cameroon.

4.3. Ambient Background Levels (ABL) and Threshold Values (TV)

The ABL is defined as a concentration of a substance in a particular environment
that indicates the minimal influence of anthropogenic sources [48]. The term ‘Natural
Background Level” is sometimes preferred to ABL. However, given the punctual character
(a single sampling campaign) of this study, the term ABL is more appropriate. Many
methods are used for the determination of this value such as hydrochemical simulation of
solution in aquifers [49], screening component separation, probability diagram and other
statistical methods. Among this set of methods, the BRIDGE method was used in this work
because it is simple and can easily be used by non-experts in hydrogeochemical modelling
or statistical procedures [31]. The results from the selection method, integrated with a
robust hydrogeochemical model, appear to provide a rough but robust estimate of ABL.
This can be confirmed, for instance, in the analysis of cumulative probability plots [50].

The chemical status of the groundwater was assessed by comparing the dataset with
the ABL and the resulting TV. The results presented in Table 3 show that a higher percentage
of samples from the shallow groundwater have concentrations of chemical elements above
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the ABL than those from the deep groundwater. This can be explained by the fact that
shallow groundwater is more sensitive to anthropogenic influences. Similarly, the shallow
groundwater has higher TV than the deep groundwater.

Table 3. Estimated Ambient Background Levels (ABLs) and Threshold Values (TVs) for major ions
and EC in groundwater of the Far North Cameroon.

ABL Number of Samples above the ABL Number of Samples above the TV

(%) (%)
Shallow
Parameters Ref M . N Ground Water Deep Shallow Water Deep Water
ax Min (Groups A Groundwater (Groups A (Groups C and D)
(Groups C and D) and B)
and B)

EC (uS/cm) 250 597.3 516.1 250 339 28.5 732 28.5
HCO;™ (mg/L) 200 280. 203.3 200 8.9 0 57.1 375
Cl~ (mg/L) 250 11.3 4.8 130 339 14.2 5.3 0
NO; ™~ (mg/L) 50 8.2 4.4 27 44.6 25.1 35.7 14.2
SO4%~ (mg/L) 250 10.8 49 130 321 28.5 3.5 0

Na* (mg/L) 200 51.0 38.5 125 30.3 28.5 5.3 0

K* (mg/L) 100 20.7 10.4 60 5.3 0 1.7 0
Mg?* (mg/L) 30 12.7 8.3 21 26.7 0 14.2 0

Ca?* (mg/L) 75 47.3 40.5 61 30.3 28.5 16.0 14.2

Furthermore, Table 3 shows that the ABL of nitrate corresponds to 8.2 mg/L, close to
the value of 7.2 mg/L observed by [51] in the porous aquifer in a semi-arid environment in
India and a little higher than that obtained by [13] in the urban surface aquifer of Douala
in Cameroon with 6.6 mg/L in a humid coastal climate. In addition, 44.6% and 35.6% of
shallow groundwater (group A et B) samples have nitrate values above the ABL and TV,
respectively, while 25.1% and 14.2% of deep groundwater (group C et D) samples have
nitrate values above the ABL and TV, respectively. This indicates that the pollution of the
aquifer is certainly not limited to the surface groundwater but is gradually spreading to
the deep groundwater resource. This observation highlights a potential future threat to the
groundwater quality of the deep aquifer.

4.4. Conceptual Scheme of the Southern Lake Chad Quaternary Aquifer Functioning and
Recommendations for Management Strategies

Knowledge of the general structure and functioning of the Quaternary aquifer in
terms of recharge, flow patterns and groundwater chemistry is necessary to address the
issue of groundwater resource management [3,37]. The Quaternary aquifer is recharged
via both rainfall and Mayos water infiltration (which occurs mostly between July and
September), highlighting diffuse and focus recharge mechanisms. Three aquifer levels
were identified, including shallow, intermediate and deep systems. The shallow system is
strongly influenced by seasonal climate variations. The enriched stable isotopes signature
(—2.35%0 < 8'80 < —1.79%0) and high tritium contents (2.01 TU < 3H < 6.18 TU) indicate
recent recharge by evaporated rainwater and river waters. The very heterogeneous char-
acter of the hydrochemistry (71 uS/cm < EC < 4700 uS/cm) of the shallow groundwater
is evidence of both geogenic and anthropogenic influences. The intermediate system re-
flects dynamic mixing processes between modern and older groundwaters. Similarly, the
hydrochemical content shows little human influence compared to the shallow aquifer [52].
The deep system shows a more ancient recharge supported by low values in *H and '*C
activities. Therefore, it is clear that the Quaternary aquifer contains, at its deepest levels,
old groundwater resources that unfortunately already show premises of active pollution,
as highlighted in the calculation of the ABL and TV.

The conceptual scheme of the hydrogeology of the region (Figure 13) sums up all the
previous information gathered from the investigations. It also shows that the amount of
rain that falls is less important than evapotranspiration, which leads to a low recharge rate
of the aquifer and is also strictly limited to the rainy season and mayo flow period [52].
This figure also shows the complex relationships between the Quaternary aquifer and the
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surface water drainage network (Mayos and the Logone River). During the flooding period,
the rivers tend to provide the aquifer with recharge waters, and during the dry period, the
Quaternary aquifer supplies groundwater to the river system.
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Figure 13. Conceptual scheme of regional groundwater systems deduced from geological, piezomet-
ric, hydrochemical and isotopic information.

In light of this work and in order to protect the groundwater resource, it is important
to implement appropriate water management strategies in this region [53]. One strategy is
to limit groundwater contamination. Any activity that could contaminate the groundwater
should be prohibited, and water resources managers should promote the establishment of
adequate protection areas around water catchment zones [12]. Improved knowledge of the
residence time and hydrochemistry of the groundwater water would provide information
on recharge timing [54] and could help the design of appropriate safety distances between
potential pollution sources and groundwater pumping places. Furthermore, for the safety
and sustainability of groundwater use, a better legal framework needs to be established
now for groundwater abstraction, particularly for the construction of boreholes, in order to
control more effectively the exploitation of the deepest part of the aquifer, as it contains
relatively old and good quality water. Paleogroundwater identified must be considered as
a strategic resource as it cannot be considered renewable. Therefore, the extraction of this
type of water must be planned and reserved for the public drinking water supply only. In
addition, multilevel screened wells should be prohibited to avoid mixing between the dif-
ferent flow paths within the Quaternary aquifer. In addition, the local community through
a decentralisation of water services, should be responsible for the proper maintenance of
the area around the water points (boreholes, wells) [14] and should, in particular, avoid the
building of pit latrines in their vicinity as well as the presence of cattle-watering practices.

5. Conclusions

Groundwater is of major importance to ensure both domestic and agricultural water
supply in the Sahel region. Yet, there are widespread indications of groundwater degrada-
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tion caused by insufficient pollution control. This study used a combination of geochemical
and isotopic tools to describe the functioning of an intensively exploited aquifer in the
Southern Lake Chad region. The major challenge was to propose a conceptual model of
the aquifer in order to provide keys for the more sustainable management of the resource.
The isotope methods proved to be effective in estimating the groundwater recharge mode
and in studying the processes affecting the transfer of rainwater to the surface and deep
aquifer. The method also showed that recharge in this Sahelian environment is by modern
rainfall and evaporated surface water and that palaeo-groundwater could be present in
the deep flow path. The hydrochemical data underlined the extent to which the ground-
water resources are threatened by anthropogenic activities in the shallow aquifer, which
are progressively extending their negative influence towards the deep aquifer. Thus, the
collected information added to the determination of ABL and TV is an asset for proposing
groundwater management recommendations for the Sahel and in particular for Far North
Cameroon. Furthermore, these results provide useful information for the establishment of a
new water supply scheme taking into account the current global changes in the sub-Saharan
Africa context.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/resources12120138/s1, Table S1: Major ions chemistry
and water molecule stable isotopes in groundwater and surface waters of the far-north Cameroon.
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