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Abstract  Environmental isotopes were used to decipher sources of groundwater and recharge of the Quaternary 
aquifer in 4 regions namely, Bahr El Gazel, Hadjer Lamis, Lac and Kanem located in the North and East of the Lake 
Chad Basin.  Four field campaigns were conducted under the IAEA/ RAF/7/011 project for a total of 89 sampling 
points. Samples were collected during wet and dry seasons from 2013 to 2015. Physico-chemical and isotopes 
analyses were performed for groundwater and rainfall data. Stable isotopes of rainfall indicated a continental or 
close-sea moisture origins and evaporation as the main fractionation processes occuring in the study area, as attested 
by the excess values and seasonal variations. The most enriched values of stable isotopes are observed in the Lac 
Region in the South-East (SW) and the depleted ones are seen in the Hadjer Lamis Region in the South-East (SE). 
On one hand, evaporation affects groundwater during rainfalls and the recharge lead to the accumulation heavy 
isotopes in the unsaturated zone. On another hand, mixing and diffusion processes and conservative ions indicate 
successive recharge events. The decrease of tritium in precipitation is consistent with the decrease of tritium contents 
in groundwater, showing recharge events particularly for post and recharge. 
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1. Introduction 

Isotope tools are essential and mostly used as 
additionnal information coming from chemical and 
hydrogeological data in hydrosciences. They improve not 
only comprehension, knowedge and water tracing but also 
recharge processes and quantitative estimation of transport 
parameters and water fow [1]. They are also essential  
in physical process studies such as evaporation or 
geothermics that could affect water in different stages of 
the water cycle, leading to a variation of isotope initial 
composition. According to groundwater hydrology studies, 
the variation of isotopes ratios are always used as tracers 
for groundwater flow. By this, they are efficient tools for 
hydrological systems functioning. In arid and semi-arid 
regions, the scarcity of rainfall and quality surface water 
gradually lead to use of groundwater as the main resource 

for human activities (domestic, industrial and agricultural). 
Groundwaters in those geographical zones constitute the 
main sources for water supply. Several studies have been 
conducted in Chad particularly in the Lake Chad Basin for 
the management of water resources in terms of quantity, 
quality for agricultural, livestock and for domestical uses 
[2,3,4,5,6]. The study area is located in the saharian zone 
characterized by high potential evapotranspiration, small 
amount of rainfall and less recharge. The demand 
groundwater resources increases over the last decade and 
hence exploration, management and protection of these 
resource remain crucial.  

This study aims to assess the source and quality of 
groundwater, and to characterize the recharge and mixing 
processes in the aquifer system of the study area (Bahr El 
Gazel, Hadjer Lamis, Lac and Kanem) using chemical  
and isotopic tools. Ultimately, it will contribute to the 
sustainable and efficient management of groundwater of 
Lake Chad Basin. 
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2. General Settings of the Study Area 

2.1. Localization, Demography, Surface Area 
The study area is located in the Lake Chad basin 

precisely in the western part of Chad and is composed of 
Kanem, Hadjer Lamis, Bahr El Gazel and Lac  
Regions. The surface area is around 176,845 km2 with  
a total population of 1,629,794 inhabitants and 9.21 
inhabitants/km2. The study area is in the saharian zone 
characterized by an annual rainfall ranging from 100 to 

200 mm and 29°C of temperature. 
The Digital Elevation Model (DEM) of the Lake  

Chad basin exhibits high altitudes made of sand dunes 
ranging from 3,300 m in the North (Tibesti massif),  
3,000 m in the NW (Hoggar Massif), 3,300 m in the  
SW (Adamaoua Plateau) ; to 180 m in the Centre of  
the basin (Pays-Bas) characterized by the piezometric 
depressions. However, low altitudes ranging from 20  
to 40 m are observed in the Kanem Region in the vicinity 
of the study area; characterized by the scarcity of surface 
water. 

 
Figure 1. Localization of the study area 
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2.2. Geology 
The geodynamics of African sedimentary basin is 

characterized by the panafrican orogenese. In the Lake 
Chad basin and precisely in the study area, several 
hydroclimatic conditions during the Quaternary period 
(from Upper Pleistocene to lower Holocene) led to three 
lithostratigraphic packages [7,8] namely series of: 

- Moji (46 000 - 20 000 years) also named "serie of 
Egueï and of Padelanga" [7] or "Ghazalien" [9]. The 
Formations outcrop in the North of Kanem, East of Egueï 
and at the vicinity of Bahr El Gazal and are essentially 
made of shales with layers of gypsum, diatomites and 
sandy levels ranging from 8 to 9 m of depth. The serie 
continues in the central and western part of Kanem under 
an important sandy cover, exhibiting in the North of Lake 
Chad (Bol, Rig Rig) and at Hadjer Lamis (Goz Dibeck) 
through several surveys. 

- Ogolian-Kanemian (20 000 - 12 000 years) characterized 
by an arid climate with a very low sea level. In the 
Saharan area, rock outcrops undergo intense erosion 

leading the erg extending the whole actual saharan zone. 
Some important dune formations are found in the centre 
part of Chad and more developped in Kanem Region, and 
directed NW-SE and NNW-SSE especially in the western 
part. The Eolian sand thickness is around 80 m at the East 
of Manga and is locally named Kanemian Formations [9]. 
These latters are very homogenous and composed of fine 
to medium sands, well sorted with rounded grains rich in 
tourmaline and ilmenite. 

- Labdé (12 000 - 10 000 years) corresponding to 
lacustrine deposits range from 10 to 15 m of thickness and 
linear interdunar depressions of the erg of Kanem. The 
Labdé Formations are composed of silty to shale 
sequences at the bottom, upper layers are characterized by 
more shale than diatomites and limestone depending on 
depressions. [10] described two lake sedimentation 
sequences separated by a regression step leading to a 
dewatering time of some interdune in the western part of 
Kanem. Hadjer Lamis Region is particularly characterized 
by tardi-tectonic granite points in the SE (Ngoura, Moïto). 
Figure 2 highlights in details the geology of the study area. 

 
Figure 2. Geological context of the study area [8] 
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2.3. Hydrogeological Context 
Groundwater resources in Chad Republic are located 

mainly in the Continental Terminal, Primary sandstone, 
Nubie sandstone, Plio-Quaternary aquifer system of Chad 
cuvette and discontinuous aquifers of bedrock reservoirs 
[11]. In the study area, groundwater resources belong 
mostly to the Quaternary aquifer system and concern 
predominantly Pleistocene aquifer, Ogolian sands, serie of 
Moji sands, Continental Terminal and Lake Chad  
(Figure 3). By this, aquifers of Quaternary, lower Pliocene 
and Continental Terminal are preferentially used for water 
supply. The Quaternary aquifer with a depth ranging 
between 60 to 100 m is composed of clastic deposits with 
intercalations of shales, sands limestones of fluviatil and 
lacustrial deposits [12]. The lower part of this aquifer is 
made of grey or green shales with some diatomites 
benches and can reach to a depth of 50 to 180 m in the 
North area [13] under the Lake Chad; while the South is 
mostly composed of Eolian sands [5]. In contrast, the 
boundary of the top of this aquifer corresponds with the 
ground surface [14]. The Quaternary aquifer covers 
around 500 000 km2 with total volume ranging from 80 to 
140 million m3/year and is characterized by various facies 
such as sands and shales, leading to a heterogeneity in 
hydraulic and chemical characteristics [15]. This aquifer is 
mostly tapped by hand dug-wells and has good water 
quality with moderated mineralization [16]. 

The general flow is directed from South to North East 
towards Pays Bas, in the depression zones. The 
groundwater flow of the Quaternary aquifer system shows 
three major depressions in some regions namely  
Chari-Baguirmi near the South East of the Lake Chad, 
Komadugu-Yobé at the East of Niger and Nigeria, and 
Pays Bas in Chad [17] as shown in Figure 4. The Lake 
Chad seems to be an elevated zone according to the 

general hydrogeological system. In the Southern part of 
the Lake Chad basin, the discharge occurs towards the 
lake and Komadugu-Yobé depression. The North of the 
basin is characterized by the depression of Pays Bas which 
receives groundwater from the East (Chad) and West 
(Niger). The main flow axes follow temporarily stream 
beds [17]. Hydraulic gradients are low (1 to 5.10-4) with a 
piezometric level ranging up to 100 m according to the 
system scale [5]. 

The water table (Figure 4) of the shallow aquifer of the 
Eolian Formations show two dividing lines [18] namely: 

- the line of Chitati, generally parallel to the shorline of 
the Lake Chad and corresponding to the piezometric dome 
located in the western part of Mao (Kanem). The dome 
elevation is up +313 m at Kimi Kimi and it is locally 
called dome of Kimi Kimi with an elevation about 30 m 
above the level of Lake Chad; 

- the line directed W-E crossing the Harr characterized 
by an elevation up to +290 m while it is +260 m in the 
North of Bahr El Gazal ; and +230 m in the South of the 
piezometric depression of Kouka. 

Amplitudes of daily piezometric fluctuations range 
between 2 to 7 cm and are directly link to sunlight and 
evapotranspiration of plants [19]. Annual piezometric 
variations are sensitive along the Chari River going as far 
as 2.5 to 3 m in some observed points located 400 m to the 
River; and of 1 m for one of the sampling point located at 
500 m of Chari River during 1996-1997 [20]. In contrast 
interannual variations observed during fifteen years show 
continuous decline of static water levels around 6 cm/year 
particularly in the center of Chari-Baguirmi depression 
[19]. The aquifer is very sensitive to the pumping due to 
water supply.  Compared to the operating water flow rate 
of 8.2 million m3/year in Chari Baguirmi, the static water 
level decrease globally from 5 to 10 m each year in the 
vicinity of sampled boreholes [21]. 

 
Figure 3. Cross section of the Lake Chad from Maïduguri to Faya [15] 
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Figure 4. Piezometric map of the Quaternary aquifer [17] 

The Quaternary aquifer indicates mean values of 
transmissivity of 6.2 10-3 m2/s. Pumping tests data from  8 
boreholes located in  Chari-Baguirmi plain and 6 others in  
Ndjamena [15,16,22] exhibit values of transmissivity 
range from 3.2 10-3 to 6.6 10-3 m2/s and the storage 
coefficient between 4.10-4 et 10-3. In contrast, [23] 
estimate the mean values transmissivity at 1.6 to  
2.2 10-2 m2/s for the Middle Pleistocene; and at 2.5 and  
3.5 10-2 m2/s for the Ogolian aquifer. However, pumping 
tests done in Chari-Baguirmi indicate a mean value of 
hydraulic conductivity of 2.10-4 m/s [15]. 

3. Materials and Methods 

3.1. Groundwater Sampling and in Situ 
Measurement 

Four field campaigns were conducted within the 
RAF/7/011 project of IAEA in the Lake Chad basin for a 
sampling network of 247 dug-wells and 57 boreholes. 
Physico-chemical parameters such as pH, electrical 
conductivity, temperature and salinity are measured 
through the WTW multi-parameter and anither set of 
samples were collected for chemical and isotopic analyses 
(δ2H, 3H, δ18O). The GPS Garmin 62 was used to 
geolocalized each sampling point. A total of 89 
groundwater points were sampled in July 2013 during the 
wet season (Hadjer Lamis), October 2013 in the dry 
season (Kanem), February 2014 during the dry season 
(Lac) and April 2015 in dry season (Bahr El  
Gazel). Filtreted samples (0.45µm) were in well-rinsed 
and tightly sealed in 20 ml (for stables isotopes) and  
0.5 ml (for tritium) bottles and preserved at 4°C.  
Rainwater samples were obtained from the Ndjamena  
station of the IAEA/GNIP website (http://www naweb. 

iaea.org/napc/ih/IHS_resources_isohis.html#wiser). The 
database (N=16) concerns three years precisely 1995, 
2015 and 2016. 

Table 1. Number of samples according to each region 

Regions 1 8O & 2H 3H 
Kanem 03 ˣ 03 02 
Bahr El Gazel 12 ˣ 12 10 
Hadjer Lamis 26 ˣ 26 06 
Lac 42 ˣ 42 33 
Total 164 51 

3.2. Laboratory Analyses Methods 
Stable isotopes ratios of water (18O/16O and 2H/1H) were 

analyzed at the Hydrosys Labor Ltd laboratory of 
Budapest using the general standard procedures. The CO2 
equilibration method [24]  for the 18O and the reduction of 
water in chrome by the Pyroh method [25] or the 2H  
were used, calibrated using Vienna-Standard Mean  
Ocean Water (V-SMOW) and reported in δ notation 
representing ‰ deviations [26]. Analytical uncertainty 
was equal to ±0.1 ‰ and ±1.0 ‰ for δ 18O and δ 2H 
respectively. In contrast, the samples for tritium contents 
were analyzed using electrolytical enrichment and liquid 
scintillation spectrometry [27] and expressed in Tritium 
Units (TU).  

4.  Results and Discussions 

4.1. Stable Isotopes of Rainfall 
The values of precipitation range from -7.5‰ to 3.5‰ 

with mean and median values of -1.6‰ and -2.3‰ 
respectively for δ18O, and from -48.30‰ to 38.70‰ with 
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mean and median values of -4.81‰ and -7.15‰ 
respectively for δ2H (Table 2). This shows a wide range of 
precipitation δ-values probably due to the meteorological 
conditions during rainfall and moisture source [28] in the 
study area. Rainfall data (N = 16) were then plotted on the 
conventional bivariate diagram δ18O versus δ2H (Figure 5) 
and exhibit a wide distribution relative to the Global 
Water Meteoric Line (GWML) and the local meteoric 
lines. The Precipitation Weighted Least Square Regression 
(PWLSR) [29] and the Ordinary Least Square Regression 
(OLSR) [30] indicate PWLSR: (5.98 ± 0.33)18O + (3.24 ± 
1.18) with r2 = 0.96 and OLSR: (6.79 ± 0.44)18O + (6.21 ± 
0.28) with r2 = 0.94 respectively, with a weighted mean 
value of -2.3‰ for δ18O and -11.07‰ for δ2H. These local 
meteoric lines are closed to those of [31]: δ 2H = 6.3118O + 
4.19 (r2 = 0.6); [32]: δ2H = 6.3δ18O + 4.64 and of [5]: δ2H 
= 6.33 δ 18O + 9.9 (r2 = 0.92); and values of slopes and 
intercepts are less than those of the GWML suggesting the 
occurrence of some fractionation processes and indicate 
evaporation effects. The weighted average point relative to 
values of the record precipitation data is -2.4‰ for δ18O 
and -11.07‰ for δ2H respectively. 

In the semi-arid and arid areas, evaporation is 
predominant so that raindrops are usually under a high 
evaporation process during their fall [5,31,32,33,34]. 
However, important continental moisture recycling could 
be observed, some samples slightly deviate above the 
GWML and some others fall along a straight line on the 
GWML. The latter has an impact on the d-excess range 
values and shows a mean value of 11.75‰; suggesting a 
continental or closed sea moisture origins [34]. However, 
the values of d-excess for the concerned period range from 
-5.50‰ to 19.10‰ with a mean of 8.17‰. 

Table 2. Statistics descriptives of stables isotopes (18O & 2H) of 
rainfall – GNIP station of N’djamena (1995, 2015 & 2016) 

Variables 18O (‰ V-SMOW) 2H (‰ V-SMOW) 
Mean -1.6 -4.81 

Median -2.3 -7.15 
Minimum -7.5 -48.3 
Maximum 3.5 38.7 

SD 3.3 23.55 
N 16 16 

 
Figure 5. Relationship between δ2H and δ18O of rainfall (GNIP station of N’djamena 1995, 2015 & 2016) 

 
Figure 6 a. Variation of stable isotope (δ18O) at the GNIP station of N’Djamena (1995, 2015 & 2016) 

 



55 American Journal of Water Resources  

 
Figure 6 b. Variation of stable isotope (δ2H) at the GNIP station of N’Djamena (1995, 2015 & 2016) 

Precipitations in the study area are characterized by an 
important variability in δ-values. Negative values occur 
during the high amount of rainfall from July to August 
(Figure 6a & Figure 6-b). The most depleted values are 
observed at the peak of the rainy season from July to 
September. This is consistent in countries where moonson 
effects are high [35,36] such as Mali, Niger, Burkina Faso, 
and Chad where moonson winds lead to rainstorms with 
depleted δ-values. Evaporation processes occur generally 
during the pre-moonson period from April to June and 
during the post-moonson period on October with enriched 
δ-values under evaporation. This is consistent with [37] 
results in sahelian dry and humid areas where less amount 
of rainfall usually comes from local atmospheric moistures. 

4.2. Stable Isotopes of Surface Water 
Three samples of the two main rivers crossing the study 

area namely Chari, Logone were collected and analyzed 

for stable isotopes. Values range from -1.63‰ to -0.4‰ 
with a mean of -0.98‰ for δ18O; and from -8.00‰ to -1.60‰ 
with a mean of -4.60‰ for δ2H. These mean values are 
more enriched than the mean values of precipitation  
(-1.6‰ for δ18O‰ and -4.81‰ for δ2H) and the weighted 
point of precipitation (-2.3‰ for δ18O and -11.07‰ for 
δ2H). The Ordinary Least Square Regression (OLSR) [30] 
shows δ2H = (5.41± 0.53) δ 18O + (0.70 ±1.30) with r2 = 
0.99 and n = 3. The OLSR is under the GWML and 
samples fall on the local meteoric line, suggesting the 
evaporation of surface water (Figure 7) in the study area. 
Furthermore, δ-values of surface water are closed to those 
of precipitation on one hand and their weighted averages 
indicate that the Chari River feeds the aquifer and controls 
the recharge on another hand. By this, several weighted 
means are given to estimate the input signature in previous 
studies. [15] have defined -4,5‰ for δ18O while. [38] 
indicate that on the shorelines of the Chari River, mean 
values of δ18O range from -3,1‰ (1967) to -2,1‰ (1969). 

 
Figure 7. Relationship between δ2H and δ18O of surface water 
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4.3. Variability of Stable Isotopes in 
Groundwater 

Stable isotopes of groundwater samples exhibit values 
ranging from -5.2‰ to 8.4‰ with a mean of -1.6‰ for 
δ18O; and from -35.30‰ to 39.90‰ with a mean value of 
-15.14‰ for δ2H (Table 3). Standard deviation values  
3.6‰ and 20.48‰ respectively for δ18O and δ2H, indicate 
a wide distribution of δ-values as confirmed in the 
histograms (Figure 8-a & 8-b) of δ-values with a random 
variation. However, Hadjer Lamis Region presents the 
most enriched δ-values (-4.59‰ for the δ2H and 0.14‰ 
for the δ18O). Depleted values are observed in the SW of 

the study area (Hadjer Lamis) characterized by irrigation 
while δ-values are closed to the others regions. 

Table 3. Stable isotopes and d-excess values of groundwater in the 
study area 

 2H 18O d-excess 
Minimum -35.3 -5.25 -29.71 
Maximum -39 -8.45 8.14 

Mean -15.14 -1.6 -2.32 
Median -26.57 -3.35 1.61 

Standard deviation 20.48 3.66 9.23 
N 83 83 76 

 
Figure 8.  Bivariate diagram of δ2H vs δ18O in the study area 

A plot of δ2H versus δ18O, the weighted point (WP: δ2H 
= -11.07‰ and δ18O = -2.3‰) and the lake water  
(δ2H = 23.00‰ and δ18O = 5.0‰) contents is shown on 
the conventional diagram (Figure 8-c). Samples are under 
and scatter parallel to the meteoric lines suggesting that 

samples had undergone some degree of evaporation as a 
result of non-equilibrium kinetic process fractionation. 
Nevertheless, it should be noticed that the mean value of 
δ2H is more closed to the weighted average value the 
mean value of δ18O. The deviation of those samples 
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exhibit evaporation as the main process and it is consistent 
with the fact that groundwater is coming from the Quaternary 
system which is under the high evaporation. The latter 
occurs either before the recharge during the passage of 
raindrops in the atmosphere with least moisture, either 
after the recharge when accumulated heavy isotopes are 
leached in the unsaturated zone during the dry period [39]. 
Evaporation is very important in arid and semi-arid areas 
and marked by fractionation and residual enrichment of  
δ-values as shown in the isotope profiles of the 
unsaturated zone [40]. This increases salts and heavy 
isotopes as shown in Louga, Saloum and North littoral in 
Senegal [41,42], in Mauritania [43,44], Chari Baguirmi, 
Diffa, Bornou and Ndjamena in Chad [5,31,32,34]. 

4.3.1. Recharge and Mixing Processes 
The spatial distribution of δ-values on the bivariate 

diagram led to identify three groundwater groups  
(Figure 8-c) namely:  

- Group A mostly composed of a set depleted samples 
from Hadjer Lamis and Bahr El Gazel and Lac regions. 
Values of stable isotopes vary between 7.1‰ and 8.4 ‰ 
for δ18O; and from 33.60‰ to 39.90‰ for δ2H. The mean 
values of 7.8‰ and 36.83‰ respectively for δ18O and δ2H 
in one hand are far from the values of the weighted 
average point (-2.39‰ for δ18O and -11.07‰ for δ2H) and 
from the lake water (5‰ for δ18O and 23‰ for δ2H). In 
another hand, the scatter plot is much closed to the 
meteoric lines, indicate recent recharge coming from 
precipitation at the end of the wet period from November 
to December as mentionned by Djoret [31]. However, 
some samples are more depleted and could match with 
some recharge events occurring under cold and humid 
climatic conditions prevailing recently in the study  
area [45,46]. The homogeneity of the δ-values contents 
relative to this group could attest of an extended  
residence time without mixing, or other sources allowing 
mixing and diffusion processes [47]. This help to mitigate 
eventual variations from successive recharge events  
[48], as seen in some semi-arid areas like in Egypt,  
Lybia, Saoudite Arabia, Sudan and Australia [49,50].  
In addition, a few spatial and temporal scale coupled  
to particular geomorphologic configurations (alterite  
layer on a cristalline aquifer) could increase the input 
signature of isotopes in precipitation before recharge  
[51]. This has been confirmed in the study area by [52] 
where some similarities were found between mean 
pluriannual precipitation contents and δ-values in 
groundwaters. 

- Group B is constituted of heterogenous enriched 
values which range between 0.2‰ to 5.4‰ for δ18O and 
1.33‰ to 2.80‰ for δ2H with mean values of 0.75‰ and 
-2.41‰ for δ18O and δ2H respectively. Moreover, these 
latters are closed to the mean value of lake water and of 
the values of the weighted average point. Samples deviate 
significantly from the meteoric lines and are more 
enriched compare to those of group A, indicating more 
evaporation effect. Some of the samples present values 
closed to the Chari River value probably indicating 
leakage processes between surface water and groundwater. 
This justifies either direct recharge where isotope recharge 
events are not marked by mixing and diffusion processes  

with very short residence time, either by a spatial and 
temporal variability of precipitation leading to weak 
lateral flow and runoff characterizing heterogeneous  
δ-values [53], or hydraulic discontinuities promote mixing 
processes. However, lake water isotope content could 
indicate a hydraulic connection between formations of Lac, 
Hadjer Lamis and water of the Lake [31,54,55]. 

- Group C presents the most enriched δ-values and 
deviated samples. These latters belong predominantly to 
the Lac Region and show values ranging between 7.1‰ à 
8.4 ‰ with a mean value of 7.8‰ for δ18O and 33.60‰ to 
39.90‰ with a mean value of 36.83‰ for δ2H. Values  
are homogeneous suggesting an extended residence time 
without mixing and diffusion processes, also deleting 
eventual variation due to successive recharge events as in 
the other groups.  

The variability of the isotopic signature observed between 
the aquifer and precipitation could be explained through 
several processes such as condensation or evaporation, 
which occur before the recharge [56]. Obviously in the 
semi-arid areas, evaporation is the main process [57,58]. 
During the peak of rainfall characterized by weak δ-values 
contents, recharge occurs normally [59,60]. However, 
from June to September, δ-values contents are more 
depleted and correspond in one hand to the high period of 
recharge and lead to mixing groundwater; and in another 
hand to exhibit the seasonal contrasted composition of 
stable isotope [60].  

The spatial variation of δ-values show the large 
dispersion and the variability of isotope contents in 
groundwaters and can explain several origins and recharge 
events in the aquifer system of the study area. At the 
regional scale, isotope signature of surface water change 
temporally [31,61,62]. During flooding periods, the Chari 
River feeds the Quaternary aquifer. This recharge could 
contribute to the δ-values contents dispersion which could 
be linked to the depth of some dug-wells and boreholes 
where δ-values decrease with depth [31]. 

However, the relationship between δ18O and chloride 
shows a large range of variation and the heterogeneity of 
δ18O values indicate the occurrence of several sources of 
groundwater in the study area (Figure 9-a). By this, low 
chloride contents ( mg/l) match with depleted values of δ 

18O which are closed to the weighted point and probably 
show that groundwater contribute to the recharge. In 
addition, high chloride contents and depleted values of δ 
18O in some groundwater samples are noted in Bahr El 
Gazel and Hadjer Lamis, indicating that the mineralization 
in this areas is controlled by dissolution processes. Overall, 
high chloride contents with enriched δ18O values are also 
observed for the lake samples, Hadjer Lamis and Bahr El 
Gazel. This could be explain through the non-equilibrium 
kinetic process fractionation precisely evaporation [63]. 
Also, electrical conductivity values correspond with 
depleted δ18O values mostly in Lac, Kanem and Hadjer 
Lamis Regions (not shown here). By this, low mineralized 
groundwater could be linked to depleted δ-values and 
indicate recharge without or less evaporation processes.   
Similarly, nitrates low values match more with depleted 
δ18O values (Figure 9-b) showing rapid recharge of 
groundwater in the study area before the occurrence of 
fractionation processes. 
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Figure 9. Relationship between δ18O, chloride and nitrate 

4.4. Tritium Variation 
Environmental tritium has a period of 12.32 years ± 

0.02 [64] and corresonds to 1 atom for 108 atoms of 
hydrogene. Tritium is produced naturally through 
neutronic component from atmospheric azote. The natural 
content of tritium in atmosphere is around 5 TU [65]. 
Thermonuclear tests released abundant tritium in 
atmosphere since 1950s. The most important tests held 
from 1951 to 1952, led to considerably increase tritium 
contents in precipitations since 1963 and an important 
peak was observed since then. The produced tritium 
oxides, incorporates moisture and participates into water 
cycle, characterizing rainfall before falling [35]. Over time, 

tritium contents decrease gradually and reach natural 
concentrations due to the stopped thermonuclear tests. 
Environmental tritium impacts in water flow as an 
important tracer and can provide informations on 
residence time in groundwater up to 60 years. 

4.4.1. Tritium Contents in Rainfall 
The data record from the GNIP website of the station of 

Ndjamena (1963-1978) was used in this study. Values 
range from 30 TU to 1371 TU with a mean and a median 
values of 156.53 TU and 112 TU, respectively. The 
standard deviation (206.75 TU) indicate a wide 
distribution. Moreover, [20] used weighted values from 
the GNIP station of Ndjamena to stand out the gradually 
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decrease of environmental tritium in rainfall during the 
same period (Figure 10-a). Since 1972, tritium contents of 

precipitation decrease below 1000 TU and reach a limit of 
30 TU in 1978 in the study area. 

 
Figure 10. Relationship between δ18O and 3H 
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4.4.2. Tritium Variation in Groundwater 
Environmental tritium of groundwater presents a range 

values of 0.4 TU to 14.5 TU with a mean and a median 
values of 1.73 TU and 0.75 TU, respectively. The spatial 
variation of tritium contents shows lower values in Hadjer 
Lamis, Bahr El Gazel and Kanem while values remain 
constant in the Lake region. Futhermore, the range of 
tritium values is constituted of three predominant levels 
(Figure 10-b): (i) values ranging between 0 to 1 TU, 
represent 73.07% and could indicate old groundwaters 
infiltrate before themonuclear tests. This suggests that the 
Quaternary system could contain groundwaters old up to 
60 years, evaporated previously or mixed with evaporated 
groundwaters. (ii) Tritium contents comprised between 1 
TU and 5 TU, represent spatially 17.30% and could be 
considered as previous and recent groundwaters. These 
latters are frequently encountered in aquifers [66] and 
could be the result of the water rising through geological 
discontinuities or a defective casing. (iii) Values ranging 
from 5 TU to 15 TU represent 9.61%, could characterize 
modern recharge with a mean residence time varying from 
5 to 10 years. Those groundwaters should correspond to 
post-nuclear period and evolves gradually to a low 
dynamic hydrogeological environment as mentioned by 
[31]. 

The relationship between δ18O and 3H (Figure 10-c) 
indicate three main groups in which tritium contents 
globally range from 0 to 7 TU and where δ18O values are 
between 5‰ to 8.5‰. However, the scatter plot of group 
(A) show depleted δ-values (-5‰ to -3‰) with low 
tritium contents (0 to 8 TU) and represent around 51.28%. 
These latters suggest either old infiltration during the 
abundant rainfall period (1940-1950), either very old 
water characterized by less evaporation and rainout [67]; 
and could be considered as pre-nuclear groundwater. 
These groundwater present a low renewal rate, thus a long 
residence time. In contrast, group (B) is made of mixing  
of old and recent evaporated groundwater for around 
11.30% of all samples but with enriched δ-values  
(6.5‰ to 8.5‰) and low tritium contents (0 to 6 TU). 
There are thus mixing processes through vertical infiltration 
(hydraulic connection) and represent post-nuclear groundwater. 
While group (C) is composed predominantly of recent 
evaporated groundwater for about 3.42% with medium  
δ-values (-2‰ to 4‰) with low tritium contents (0 to  
6.20 TU). There are recent groundwater which fluctuate 
relative to seasonal variations and represent recent 
recharge. 

4.5. Radiocarbon in Groundwater 

4.5.1. Apparent Age of Groundwater 
The database of radiocarbon used for this study comes 

from the [31] Thesis. Their study was conducted in the 
same area especially in Hadjer Lamis and collected 14 
samples from the Quaternary system. The results of A14C 
are scattered. The values of boreholes range from 7.76% 
pMC at Bisney (FD11) to 97.71% pMC at N’djamena 
Fara (FD7) with a mean value of 71.31% pMC. In contrast, 
the values of dug-wells range from 67.22% pMC at 
Mahagar (PD21) to 110% pMC at Karmé (PD20’) with a 
mean value of 89.11% pMC. Samples of some dug-wells 

such as PD18, PD19 and PD20’ present A14C values up to 
100% pMC and could indicate recent water infiltration 
(after 1950s). Moreover, 71.42% of boreholes present 
notable A14C with values ranging from 63.20% to 97.71% 
pMC while dug-wells show increased values of A14C 
ranging 67.22% pmc. 

Furthermore, the values of δ13C for boreholes fluctuate 
from -17.30‰ V-PDB at Ngoura (FD24) to -6.53‰ V-
PDB at Massaguet (FD6) with a mean value of -9.91‰ V-
PDB. Those of dug-wells in contrast range from -13.90‰ 
V-PDB at Karmé (PD20’) to -6.60‰ V-PDB at Bisney 
(PD25”) with a mean value of -8.94‰ V-PDB. The most 
enriched values of boreholes and dug-wells could be 
explained by the partial interaction of carbonates between 
water and rocks when there is a long residence time with 
the mineralogical matrix [68]. FD11 seems to represent 
old groundwater with enriched value of δ13C, attesting of 
exchanges between water and aquifer rocks [69]. In 
contrast, depleted values indicate isotopic reactions 
exchanges with carbonate sources such as soil CO2 or 
organic matter and the occurrence of dissolution of 
carbonates.  

4.5.2. Residence Time Estimation 
The correction model of Fontes and Garnier eq was 

adopted relative to the geochemical context of the 
Quaternary aquifer of the study area. This model indicate 
on one hand, actual age for borehole FD4 at Djermaya and 
the dug-well PD23 at Dogo characterized by very low 
tritium contents (below the detection limit). On another 
hand, this model gives old ages, attesting of old 
groundwater which has evolved in a closed system; and 
characterized by high residence time of several hundred or 
thousand years. By this, the model indicates particularly 
ages ranging from actual to 25 805 years, corresponding to 
Upper Pleistocene to actual periods. Moreover, [20] show 
stepped apparent ages going from present period to a few 
thousands years relative to 1950 of our era for the 
superficial aquifer system. These apparent ages do not 
match with the assumed superficial recharge aquifer and 
this could indicate mixing processes between various 
groundwater proportions and recent water coming from 
precipitations; leading to a stratification ages groundwater 
in the system. 

5. Conclusion 
Stable isotopes of rainfall characterize the input 

signature relative to the Quaternary aquifer in the study 
area. The main fractioning process of groundwaters seems 
to be the physical evaporation processes as attested by the 
scatter plot of the meteoric lines and the low slope. This 
evidences the unconfined character of this aquifer and the 
arid conditions climate in the study area. Stable isotopes 
contents show a wide range of values, attesting of their 
homogeneity and heterogeneity according to the spatial 
repartition. By this, δ-values show different origins of 
groundwater. Tritium contents indicate a variability in 
residence times through the Quaternary aquifer attesting 
several and distinct recharge events with some old 
groundwater (pre-nuclear). In addition, groundwater ages 
range from Upper Pleistocene to actual periods. However, 
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mixing processes lead to a stratification water ages in the 
system. 

Acknowledgements 

The first author thanks the Hydrosys Labor Ltd 
laboratory of Budapest for performing the analysis. He 
also thanks the “SF Team” for the collaboration. Authors 
thank Dr. Adama Gassama-Jallow for reviewing and 
correcting the manuscript and all anonymous reviewers 
for rising this paper. 

References 
[1] Yurstsever, Y., Araguas Araguas, L. (1993). Environmental 

isotopes applications in hydrology: An overviews of the AIEA's 
activities, experiences and prospects. Proceeding of the Yokohama 
symposium, July 1993. IAHS Publ. n°215. 

[2] Goni, I.B., Kachallah, M., and Aji, M.M. (2000). Another look at 
the piezometric head declines in middle zone aquifer of the Chad 
Formation in the Southwestern Chad Basin. Borno Journal of 
Geology, 1&2 (2), 51-64. 

[3] Maduabuchi, C. (2005). Isotope-based investigation in the Chad 
Basin Aquifers-TAEA TC Projet NIR /8/006 .Published by the 
Department of Hydrology and Hydrogeology, Federal Minstry of 
Water Resources, Abuja. Vol.2 p.77 

[4] Maduabuchi, C., Faye, S., Maloszewski, P.(2006). Isoptopes 
evidence of paleorecharge and paleoclimate in the deep confined 
aquifer of the Chad Basin, NE Nigeria.Science of Total 
Environment 370, 467-479. 

[5] Zairi, R. (2008). Etude géochimique et hydrodynamique de la 
nappe libre du bassin du Lac Tchad dans les régions de Diff 
(Niger oriental) et du Bornou (Nord-Est du Nigéria). Thèse de 
doctorat. Université de Monpellier II. 208 p. 

[6] Goni, I.B., Taylor , R.G., Favreau,G., Shamsudduha,M., 
Nazoumou, Y. and Ngounou Ngatcha, B.(2021). Groundwater 
recharge from heavy rainfall in the southwestern Lake Chad 
Basin : evidence from isotopic observations.Hydrological Science 
Journal/Journal des Sciences Hydrologiques. June 2021, 13 p.  

[7] Bardeau, J. (1956). Notice explicative sur la feuille de Fort Lamy. 
Carte géologique de reconnaissance à l'échelle de 1/1000 
000.DMG, AEF, Paris, 35 p. 

[8] Wolf, J.P. (1964). Carte géologique de la République du Tchad au 
1/1 500 000ème. BRGM Paris. 

[9] Servant, M. (1973). Séquences continentales et variations 
climatiques : évolution du bassin du Lac Tchad  au cénozoïque 
supérieur. Thèse d'Etat, Université, Paris VI, 348 p. 

[10] Servant, M., Servant, S., Delibriais, G. (1969). Géologie du 
Quaternaire. Chronologie du Quaternaire récent des basses régions 
du Tchad, Université, Paris VI, 348 p. 

[11] SDEA (2001). Situation actuelle de l'aménagement et de la gestion 
de l'eau au Tchad, 86 p. 

[12] Ngounou Ngatcha, B., Mudry, J., Sarrot, R.J. (2007). Groundwater 
recharge from rainfall in the Southern Border of Lake Chad in 
Cameroun.Worl Applied Sciences Journal 2 (2): 125-131, 2007 
ISSN 1818-4952. 

[13] Bouchez, C. (2015). Bilan et dynamique des interactions rivières-
lac(s)-aquifère dans le bassin hydrologique du Lac Tchad. 
Approche couplée géochimie et modélisation des transferts. 
Thèse.Univ.Aix-Marseille, 296 p. 

[14] Massuel, S. (2001). Modélisation hydrodynamique de la nappe 
phréatique du bassin du Lac Tchad. Mémoire de DEA. Université 
de Montpellier II-Université d'Avignon et des Pays de Vaucluse. 
82 p. 

[15] Schneider, J.L., Wolf J.P. (1992). Cartes géologique et 
hydrogéologique à 1/1500000ème de la République du Tchad. 
Mémoire explicatif. Documents du BRGM N° 209. Orléans 
(France), 2 vol. 

[16] PNUD-FAO-CBLT. (1973). Etude des ressources en eau du bassin 
du Lac Tchad en vue d'un programme de développement. Tome I. 
Hydrogéologie, rapport de synthèse BRGM ined. N°Lam 67 A4. 

[17] BGR-CBLT. (2009). A review of the groundwater situation in the 
Lac Chad. Report, 18 p. 

[18] Schneider, J.L. (1966 b). CHRRT. Feuille Mao. Notice explicative, 
rapport de synthèse BRGM inéd. N° LAM 67 A4. 

[19] Bichara, D., Safi, A. et Schneider, J.L. (1989). La précarité ou 
même absence d'alimentation de la nappe phréatique en zone 
Nord-sahélien du Tchad. Résultats d'un quart de siècle de 
surveillance piézomètrique.C.R.Acad.Sci.Paris, 309: 493-49. 

[20] Schneider, J.L. (2001). Géologie, Archéologie, Hydrogéologie de 
la République du Tchad. Mem. 1100 p., 2 vols. Carte de 
valorisation des eaux souterraines de la République du Tchad, 
1/1500000, Direction de l'hydraulique, N'djamena. 

[21] Bonnet, M. & Meurville, C. (1995). Mise en place d'un système de 
suivi et de gestion de la nappe du Chari-Baguirmi. Rapport 
Hydroexpert. O19/DHA/94, 51 p. Direction de l'hydraulique et de 
l'aissainissement, N'djamena, Tchad. 

[22] Artis, H., Garin, H. (1991). Programme prioritaire de développement 
rural en zone de concentration. Volet hydraulique villageoise et 
pastorale. Rapport de fin de travaux. BRGM Orléans (France). 13 
pages. 

[23] Dileman, J.P. and De  Ridder N.A. (1964). Studies of salt and 
water movement in the Bol-Guini polder Chad Republic. 
International Institute for land reclamation improvement. 
Wageninger. The Netherlands. Bulletin 5 (1964). 

[24] Epstein, S. and Mayada, T. (1953). Variation on 18O content of 
waters from natural sources.Geochimica and cosmochica Acta, 
Vol, 4, Pages 213-224. 

[25] Gehre, M. Hoefling, R., Kowski, P.and Strauch, G. (1996). 
Sample prepation device for quantitative hydrogen isotope 
analysis using chromium metal. Anal.Chem.68, 4414-4417. 

[26] Craig, H. (1961b). Isotopes variations in meteoric waters.Sciences, 
News Séries vol. 133, N°3465, 1702-1703. 

[27] Thather, L.L., Janzer, V.J., Edward, R.W. (1977). Methods for 
determination of radioactive substances in water and fluvial 
sediments. Techniques of water resources investigations of the US 
Geological Survey US Goverment Printing Office, Washington, 
PP 79-81. 

[28] Dansgaard, W. (1964). Stable isotopes in precipitation. Tellus 16, 
436-462. 

[29] Hughes, C.E. & Crawford, J. (2012). A new precipitation 
weighted method for determining the meteoric water line for 
hydrological applications demonstred usiong Australian and 
global GNIP data. Journal of hydrology. 464. 

[30] IAEA (1992). Statistical treatment of data environmental isotopes 
in précipitation. Technical report, 331, 78. 

[31] Djoret, D. (2000). Etude de la recharge de la nappe du  
Chari-Baguirmi par les méthodes chimiques et isotopiques.  
Thèse de doctorat, Université d'Avignon et des Pays de Vaucluse, 
161 P.  

[32] Kadjangaba, E. (2007). Etude hydrochimique et isotopique du 
système zone non saturée-nappe dans la zone urbaine  de 
N'djamena : impact de la pollution. Thèse de doctorat, Université 
d'Avignon et des Pays de Vaucluse, 185 p. 

[33] Fontes, J.C. and Zuppi, G.M. (1976). Isotopic and water chemistry 
in sulphide-bearing springs of central Italy. In coference on 
Interpretation of environmental isotope and hydrochemical data in 
groundwater hydrology, Vienna, Australia, Panel. 

[34] Hamit, A. (2012). Etude du fonctionnement hydrochimique du 
système aquifère du Chari-Baguirmi (Répubique du Tchad). Thèse 
de doctorat, Université de Poitier, pp.289. 

[35] Fontes, J.C. (1976). Isotopes du milieu et cycles des eaux 
naturelles: quelques aspects. Thèse d’Etat, Université Paris VI, 
208 p. 

[36] Taupin, J.D. et Robin, J. (1999).EPSAT-Niger suivi à long terme, 
campagne 1998. Rapport ORSTOM/DMN, 42 p. Niamey, Niger. 

[37] Travi, Y., Gac, J.Y., Fontes, J.C., Fritz, P. (1987). Reconnaissance 
chimique et isotopique des eaux de pluie au Sénégal. 
Géodynamique 2 (1), p: 43-53. 

[38] Fontes, J.C., Gonfiantini, R., Roche, M.A. (1970). Deuterium and 
oxygen-18 in water of Lac Chad. In Isotope Hydrology 1970, 
IAEA-SM-129/23, IAEA Press, Vienna, Australia, pp. 387-404. 

[39] Aranyossy, J.F., (1989). Quelques exemples pratiques 
d'application des isotopes de l'environnement aux études 
hydrogéologiques. Hydrogéologie, 3: 156-166. 

[40] Clark, I. and Fritz, P. (1997). Environmental isotopes in 
hydrogéologie. Lewis publishers, New York, 328 P. 

 



 American Journal of Water Resources 62 

[41] Dieng, N.M., Orban, Ph., Otten, J., Stupp, C., Faye, S. (2016). 
Effects of seasonal and climate changes on grounwater quality in 
the Saloum Coastal aquifer (Sénégal). Jounal of Hydrology: 
Region studies, 9: 163-182. 

[42] Kaba, M., Mesnaye, V., Laignel, B., Mall, I., Strupp, C., 
Maloszwski, P., Faye, S. (2016). Spatial and seasonal variability 
of groundwater hydrochemistry in the Senegal North Littoral 
aquifer using multivariate approch. Environmental Earth Sciences 
Journal, 75: 724. 

[43] Bacar, S.H.T. and Faye, S. (2018). Hydrodynamics and Recharge 
of Aioune Sandstone Aquifer in the Taoudenie Transbondary 
Basin in Mauritania. Journal of Water Resource and Protection, 
2018, 10, 681-698. 

[44] Mouhamed, L.M., Djim, M.I.D., Emvoutou, H.C., Ahmed, S.M., 
Mohamed, J., Faye, S. (2020). Salinization Prosseces in the 
Benichab Coastral Aquifer-Mauritania. International Journal of 
Geosiences, 2020, 11, 377-392. 

[45] Conrad, G. et Fontes, J.C. (1970). Hydrologie isotopique du 
Sahara-Occidental. Isotope Hydrology 1970, IAEA, Vienne, pp. 
405-419. 

[46] Dray, M., Gonfiantini, R., Zuppi, G.M. (1983). Isotopic of 
groundwater in the southern Sahara. Paleoclimates and 
paleowaters: a collection of envoronmental isotope studies. IAEA 
proc. ser. 621, 187-130. 

[47] Moulla, A.S., & Guendouz, A. (2003). Etude des ressources en 
eau souterraine en zones arides (Sahara algérien) par les méthodes 
isotopiques. 44 p. 

[48] Aranyossy, J.F., (1995). Hydrogéologie et géochimie isotopique : 
l'apport des isotopes de l'environnement à l'étude de la recharge et 
de la dynamique des aquifères. Publications issues du symposium 
international à la mémoire de Jean-Charles Fontes, Paris. 

[49] Sounntag, C., Klitsch, F., Lohirt, F.P., Munich, K.O., Junghans, C., 
Thornweihe, U., Weistroffer, K. & Swailem, F.M. (1978). 
Paleoclimatic information from 2H and 18O, in 14C dated north-
saharan grounwater: grounwater formation in the past. In: Isotope 
Hydrology 1978 (proc. Symp. IAEA, Vienna), 569-581. IAEA, 
Vienna, Austria. 

[50] Edmunds, W.M. & Wrigt, E.P. (1979).Groundwater recharge and 
paleoclimate in the Sirte and Kufra basins, Libya. Journal of 
Hydrology, 40 (364), 215-241. 

[51] Aranyossy, J.F., Njitchoua, R., Zuppy, G.M. (1998).Apport des 
isotopes de l’environnement à l’étude de la recharge et de la 
dynamique des aquifères Publ. Symposium international, Paris, 1er 

et  2 Juin 1995, pp 39-54. 
[52] Fontes, J.C., Maglione, G., Roche, M.A. (1969 b). Eléments 

d'hydrologie isotopique dans le bassin du  Lac Tchad. O.U.A. 
Colloque. Utilisations pacifiques de l'énergie atomique, Kinshasa 
1969. 14 P. 

[53] Leduc, C. et Taupin, J.D. (1997). Hydochimie et recharge de la 
nappe phréatique du Continental Terminal (Niamey, Niger). 
Hydrochemistry (proceeding of the Rabat Symposium, April 
1997). IAHS Publ. N°224, 1997. 9 p.  

[54] BGR-CBLT (2010). Recherche sur la qualité de l'eau dans la 
partie Sud-Est du Bassin du Lac  Tchad. Rapport N°3, 41 p. 

[55] BGR-CBLT (2013).  Etude de la qualité des eaux souterraines 
dans la plaine d'inondation du Logone inférieur. Rapport N°7,  
49 P.  

[56] Gat, J.R. et Tzur, Y. (1967).Modification of the isotope 
composition of rainwater by processus which occur before 
groundwater recharge. In: “Isotope in hydrology”, Vienna 
symposium, 1996. AIEA proc. 49-60. 

[57] Fontes, J.C., Andrews, J.N., Edmunds, W.M., Guerre, A., Travi, Y. 
(1991). Paléorecharge by the Niger River (Mali) deduced from 
groundwater géochemistry. Water Ressources. Reasearch, 27: 
199-214. 

[58] Njitchoua, R., Ngounou Ngatcha, B. (1997). Hydrogéochimistry 
and envoronmental isotope investigations of the noth Diamaré 
plain, nothem Cameroon. J.Afri.Earth SC., 25, 307-316. 

[59] Gat, J.R. (1992). Monitoring the response of arid zone hydrology 
to environmental change by means of the stable isotope 
composition of groundwater. In: “Isotopes techniques in water 
ressources development 1991”, Vienna symposium, 1991. AIEA 
proc. 521-532. 

[60] Gat, J.R. (1995). The relationship between the isotopic 
composition of précipitation, surface runof and groundwater for 
semi-arid and arid zones. In: “Application of tracers in arid zone 
hydrology” Vienna symposium, 1994. AISH publ. 232, 409-416. 

[61] Ketchemen, T.B. (1992). Etude hydrogéologique du Grand Yaéré 
(extrême Nord du Cameroun), synthèse hydrologéologique et 
étude de la recharge par les isotopes de l’environnement.Thèse 
3ème cycle, Univ. Cheick Anta Diop de Dakar.  

[62] Genthon, P., Hector, B., Luxereau, A., Descloitre, M., Abdou, H., 
Hinderer, J., Bakalowicz, M. (2015). Groundwater recharge by 
Sahelian rivers-consequences of agriculture development: example 
from the lower Kamadugu Yobé River (Easter Niger, Lake Chad 
Basin). Environ. Earth. SC. Vol.74, P.1291. à 1302. 

[63] Travi, Y., Lavabre, J., Blavoux, B. & Martin, C. (1994). Traçage 
chimique et isotopique (Cl  et 18O) d'une crue d'automne sur un 
petit basin versant Méditérranéen incendié. Hydrological Science 
Journal, 39: 6, 605-619. 

[64] Lucas, L.L. et Unterweger, M.P. (2000). Comprehensive Review 
and Cristal Evaluation of the Half-Life of Tritium. Journal of 
Research of the National Institute of Standards and Technology 
105 (4) P. 541-549. 

[65] IAEA. (2001). Isotope Hydrology Information System. The 
ISOHIS Database. Http: // isohis. Iaea.org. IAEA. 

[66] Mazor, E. et Roni, N. (1992). Hydraulic calculation of 
groundwater flow velocity and age: examination of the basic 
premices. Journal of Hydrogéologie, 138: PP.211-222. 

[67] Ngounou Ngatcha, B., Mudry, J., Sarrot, R.J. (2007). Groundwater 
recharge from rainfall in the Southern Border of Lac Chad in 
Cameroon. Worl Applied Sciences Journal 2 (2): 125-131, 2007 
ISSN 1818-4952.  

[68] Akouvi, A. (2001). Etude géochimique et hydrogéologique des 
eaux souterraines d'un bassin côtier en zone tropicale. Implications 
sur la gestion, la protection et la préservation des ressources en 
eau au Togo (Afrique de l'Ouest), Thèse de Doctorat, Université 
Pierre et Marie Curie, 154 pp. 

[69] Edmunds, W.M. and Smedley, P.L. (2000). Residence time 
indicators in groundwaters: the East Midlands Triassic sandstone 
aquifer. Apply. Geochem. 15, 737-752. 

 

 
© The Author(s) 2021. This article is an open access article distributed under the terms and conditions of the Creative Commons 
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 


