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irrigation schemes expansion. Compared to the rest of the country, 
the river delta has become a great attraction for agro-industries and 
farmers and for people seeking more favorable living conditions [23]. 
In this zone, problems of high salinity, availability, and mobilization 
of groundwater resources to a correct fresh water supply have always 
been a major challenge for the population. Shallow aquifers are largely 
very unproductive and often very salty due to problems related to their 
marine origins [8,9,14,24-27] and their low possibilities of recharges 
[28-34]. The objective of this paper is to evaluate the groundwater 
potential recharge of shallow aquifers in a context of Sahelian 
climate, irrigated agriculture development and dams construction 
which are veritable motors of change observed in the Senegal River 
Delta Hydrosystem (SRDH). The study was based on the combined 
application of remote sensing and GIS technologies to identify and 
map potential groundwater recharge in SRDH. GIS has emerged as a 
powerful tool for handling spatial data and decision making in several 
areas including geological and environmental fields. It is, in particular, 
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Abstract
The objective of this paper is to assess potential recharge zones in the different shallow aquifers of the Senegal River delta face to major development 
challenges of irrigated agriculture and physical and environmental constraints (semi-arid climate, dam, management of hydrological reservoirs, etc.). 
This study based on a combination of remote sensing techniques and multi-criteria analysis of GIS has demonstrated that it has been possible to 
produce potential recharge maps by integrating different factors in GIS such as lithology, slope, land cover/land use, drainage network, irrigation 
network, and groundwater depth. These parameters controlling groundwater accumulation in the Senegal River Delta are evaluated in terms of 5 
potentials classes namely: very good potentials, good, moderate, low and very low potentials. The resulting map, which has shown great efficiency 
in the evaluation of recharge potentials, reveals that classes of good and very good potential (representing respectively 22% and 4% of the area), are 
particularly observed in the alluvial plain on the rivers and the proximity of irrigated fields. Moderate and low classes which represent respectively 
41% and 32% of the area are mainly observed in the dune formations and alluvial plain distant to recharge zones (rivers and irrigated fields). Very 
low potentials constitute 1% are located essentially in clayey cuvettes of the alluvial plain. The resulting map, which allows a qualitative and visual 
representation of their charge, has been validated by recharge rates estimated from water table fluctuation and by ages determined from the 
tritium (3H) activity in ground waters. Thus, results indicate that the areas with recharge classes estimated correspond also with potentials recharge 
mapped for example; areas with high recharge are also the ones with high recharge potential. They indicate that this mapping approach is very 
useful and valuable in identifying potentials recharge areas which can be an important element for groundwater resource management and their 
sustainable exploitation and identifying of favorable sites for the future well drilling project in this area.

Keywords: Potential recharge; Mapping; Remote sensing; GIS; Shallow aquifers; River delta, Senegal

Introduction
The Senegal River delta has been in a long period faced too many 

physical constraints due to sea-water intrusions across the river and 
inland and long periods of drought during two decades (1970-
1990). Despite this, the area has always been inscribed in the central 
position of Senegalese agriculture challenges related to the richness 
of its ecosystems and high hydraulic and agricultural potentialities. 
This has justified the particular interest by authorities through 
numerous morpho-pedological studies and prospections missions [1-
9] agronomic tests and development programs [10,11] and geological 
and hydrogeological missions [12-22], to explore and promote 
efficient irrigated agriculture not depending on climatic extreme 
events. Today, with various successive missions and programs, 
the delta has more opportunities and serious assets to eliminate 
constraints of agriculture development (irrigation, gardening 
and greenhouse crops), in connection with dams installation and 
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a useful technique for analyzing and quantifying such multivariate 
aspects of groundwater occurrence. Remote sensing is one of the 
main sources of information about surface features related to ground 
water. Such information can be easily inputted to GIS environment for 
integration with others types of data followed by analysis [35]. Satellite 
images are increasingly used in ground water exploration because of 
their utility in identifying various ground features, which may serve 
as either director indirect indicators of the presence of ground water 
[36,37]. Integration of the two technologies has proven to be an efficient 
tool in earth sciences (geology, mine, geomorphology, hydrogeology, 
civil engineering, geography,etc.) and in management and monitoring 
of natural resources [38]. It has become one of the leading tools 
in the field of hydrogeological science, which helps in assessing, 
monitoring and conserving groundwater resources [39,40]. Actually, 
with space technology advances and high-performance computers 
advent techniques for potential groundwater resources assessing have 
evolved. It has become important in prospect hydrogeology studies 
[41-47]; in mapping groundwater potentials zones and in delineation 
of groundwater reservoir [39,48-52] but also in studies of aspects and 
issues related to groundwater [53-55]. In addition, many researchers 
apply these techniques, increasingly using the GIS platform and its 
possibilities for multi-criteria analysis, in order to evaluate potential 
zones of aquifers and to model groundwater resources potentials 
[56-66]. The assessment process includes the collection of remote 
sensing data from appropriate sensors and the selection of factors that 
control the occurrence and movement of groundwater. Thus, many 
factors have been integrated in GIS and remote sensing techniques 
such as climate conditions, geology, structural condition, lithology, 
geomorphology including topography, soil types, land use/land cover, 
drainage network, vegetation, irrigated field, surface and groundwater 
flow conditions [35,40,49,51,52,67,68].

These various data are prepared in the form of thematic maps using 
geographical information system (GIS) software tool. These thematic 
maps are then integrated using ‘‘Spatial Analyst’’ tool and processed 
according to their groundwater accumulation contribution with 
appropriate weighting. The ‘‘Spatial Analyst’’ tool with mathematical 
and Boolyan operators is then used to develop models depending on 
the objectives of the problem at hand.

In addition to the possibility of manipulation and analysis of 
individual layer of spatial data. GIS is used to analyze and model the 
interrelationship between thematic layers and to assess groundwater 
potential zones. Whereas field studies or conventional methods of 
hydrogeological surveys help to further validate results. In this study, 
the multicriteria analysis approach of GIS has been used to assess 
their charge potential of shallow aquifer in Senegal River delta. The 
model results, that can have great potential for use in groundwater 
management, have been efficiently validated by recharge ratio and 
calculated to groundwater fluctuation level. Moreover, groundwater age 
was estimated by tritium, which has provided a rapid and cost‐effective 
delineation of groundwater recharge potential zones.

Physical and Geological Settings
SRDH is a geographical unit which is part of the downstream 

portion of the large hydrological basin of Senegal River. It is mainly 
limited and influenced by the Atlantic Ocean in the West, in the North 
by the great desert region of Trarza (Mauritania), in the East and in 
the South by the large arid region of Ferlo (Figure 1). The climate is 
characterized by a Sahelian regime. The annual cycle of precipitation 
is unimodal and is characterized by a long dry season (8 months) and 
a wet season (4 months). The average rainfall varies between 200 and 
400 mm/year. The evaporative demand, which varies between 6 to 7 
mm day-1 [69], provokes deficit in the water balance (8-30 mm day-1). 
This zone is geomorphologically constituted essentially by:

•	 An alluvial plain (low land) fed by a very dense hydrographic 
network dominated by the Senegal river and it’s multitudes arms 
of effluents which in turn feed natural cuvettes, creeks and ponds 
located in the floodplains. The soils are more or less halomorphic 
and hydromorphic with silty clay texture; the hydromorphic 
vertic soils are observed in clay settling basins. They are made 
of massive structure very poor in organic matter and are very 
suitable for irrigated rice cultivation. They are the support of 
hydro-agricultural development and represent more than 65% of 
the potential of the irrigable land.

•	 Dune formations with variable altitude (4-40 m) constituted 
by brown soilsorred-brown isohumic soils that develop an arid 
ecosystem (Figure 1).

 

Figure 1: Land use map and location of sampling site in SRDH (drawn from LANDSAT.2013 image).
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These dunes have been deposed after a long period of marine 
regression (-100 m), where the arid climate and the action of 
continental trade winds favored the formation of “reddunes” oriented 
NNESSW. Sediments constituted of Aeolian sands have been dated to 
the Ogolian period [70]), especially during the last glacial stage (25000-
18000 BP years). They have thicknesses varying between 8 and 9 m and 
rest unconformably on various substrates (Figure 2). These deposits 
are characterized by allowing water retention capacity a light texture 
and a good aeration, which explains their general cultivation. They can 
support all types of crops other than rice (gardening, greenhouse crops 
for horticulture, etc.). Generally, aeolian sands contain a freshwater 
aquifer and can be salty when it is in contact with salt deposits 
attributed to the Inchirian witness of the period when the delta was 
covered by the sea (inter-dune).

After the great regressive phase of Ogolian, especially during the 
Holocene, River Delta experienced marine transgressions series that 
have set up successive marine deposits observed invariant levels +1 to 
+12 m NGI (National Geographic Institute). Thus, transgressive marine 
episodes during the Nouakchottian (6800 to 4200 BP years), especially 
during the Flandrian (around 5500 BP years), determined morpho-
sedimentary aspects of current Delta and its alluvial plain. Alluvial 
plain deposits characterized by a varied nature are often detrital and 
anarchic due to multiple variations of fluviatile and eustatic levels and 
climate condition of the zone [71]. It is covered with generally clayey 
or clay silty layers of post-Nouakchottian which are characterized by a 
very low percolation index or good retention capacity [72,73] and some 
hydromorphy degree [7]. Alluvial plain encloses a shallow aquifer 
contained in Nouakchottian (upper compartment) remained layers 
relatively homogeneous vertically and spatially which are regularly 
belong the class of fine-grained sand and silts, ranging in thickness 
from 4 to16 m. The aquifer reservoir, sometimes confined (West-
South-West sector) or semi-confined (East-North-East sector), has 
sediment in the marine or lagoon environment, thus trapping many 
salts during their setup; [6,14,22]. Ground waters are sometimes very 
salty and are often found at levels -2.00 m NGI, which makes it very 

sensitive to environmental and hydro-climatological conditions but 
especially to socioeconomic context dominated by current irrigated 
agriculture development.

Data used and Methodology
Hydrogeology

Two campaigns were carried out to measure piezometric levels 
in situ and to take water samples from the alluvial plain and dune 
formations for isotopic analysis, occurring a network of 34 points. 
For piezometric variations monitoring, twenty-four points were 
selected on the basis of complete and regular data series. The choice 
of these points, especially in the alluvial plain, was also guided by 
their location in relation to irrigation schemes, hydraulics axis itself 
and groundwater level collected (upper compartment of the shallow 
aquifer). Piezometric fluctuations data used were taken between July 
2012 and November-December 2013 respectively in dry and wet 
seasons, to be able to estimate the average recharge. The recharge in 
both aquifer units is calculated from the following formula:

Where Sy=Specific storage coefficient, h=piezometric variation level 
and t=time. In the area, we considered respectively 20% and 10% as the 
mean representative values for Sy or porosity in dunes and alluvial 
plain [22]. Groundwater tritium activities sampled in November-
December 2013 were analyzed by hydrogeology laboratory in Avignon 
University. The radioactive isotope of the water molecule (3H, tritium) 
emits radiation whose intensity decreases with the time that can be 
measured using very sensitive methods and specialized instruments 
for counting (spectrometer of mass) [74]. The tritium contents were 
determined firstly by distillation of the initial solution to reduce the 
inorganic salts, then by electrolytic enrichment before being switched 
to liquid scintillation counting [75]. It is expressed in tritium units 
(UT) and the analytical uncertainty is 0.7 UT. In order to determine 
the recharge contribution and origin, a calculation of the groundwater 

 

Figure 2: Geological map of SRDH (PASMI,2009).

*Bl: Coastal strip; *M:deltaic formation with vases and mudflats; *F2: recent fluvial lagoons; *L: lacustrine formation; D/L: Dune/lacustrine 
limestones; *m/e4b: Miocene/Ypresian formations; *D/m/e4b: Dune/Miocene/Lower Eocene-Ypresian; *D/e5-6: Middle/LutetianDune/Eocene; 
*D/e5c: Upper Eocene Dune; *D/e4b: Dune/Lower Eocene-Ypresian; *e4b: Lower Eocene-Ypresian.
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age was realized. The groundwater dating method is based on the 
measurement of tritium activity (At) in each hydrogeological unity, At 
depends only on its decay constant (λ) and time (t): 

Where A is the activity of 3H at time t; A0 is the initial activity (usually 
tritium contents for rainwater and λ the disintegration constant:

Where t1/2=12.26 years, which represents half-life time. In a simple 
approach, the recharge can be estimated as:

Where T is the average residence time (derived from the 
exponential model); ni the porosity and Hi the thickness of the aquifer 
that considers the vertical between the surface and the saturated zone.

Cartography
LANDSAT8 scenes were acquired in March 2013 and used for 

land use mapping purposes. Satellite images data used that cover the 
Senegal River delta were obtained by downloading

From the USGS website (http://ita.cr.usgs.gov/earth_explorer). 
After downloading, different images scenes of LANDSAT8 (30 m 
resolution) were geometrically rectified to be brought into conformity 
with the geographical reality, in a geodesic system WGS84, with a 
further projection to the 28 North zone UTM system. These geometric 
corrections were made in the software ArcMap9.3, in order to 
obtain a geo-referenced image prior to classification and drawing a 
land use map. The process consisted of extracting information from 
the images in order to structure them for the purposes of analysis 
and integration into a GIS. ASTER images (30 m resolution) were 
also used. These elevation images were received as a series of split 
images on NGA (National Geospatial-Intelligence Agency) and NASA 

(National Aeronautics and Space Administration) sites. They were 
then assembled by mosaicing and then processed using ArcMap 
software 9.3 (projections in WGS84 geodetic and UTM systems). This 
software contains topography optimization modules and interactive 
mapping of the features contained in the projected image. The 
ASTER image processing, in the hydrology module of the Spatial 
Analyst tool, allowed to generate relief, land geomorphology, and 
restore slopes that were calculated in the ‘’Slopesub-menu’’ and t o 
extract the  drainage network. The network drainage extraction was 
done in two steps, respectively by using ‘’Flow direction’’ and ‘’Flow 
accumulation’’ menus into “spatial analyst” tool which is one of the key 
tools to extract surface hydrological characteristics. The tool, which 
considers the relief as an input parameter, generates an output raster 
that shows flow directions in each cell of the raster and evaluates the 
flows accumulation as form cumulative weights off lows at each pixel of 
the output raster. In fact, it is the output data from the ASTER images 
processing (drainage network and slope), which are combined in the 
model with other parameters that also affect potential groundwater 
accumulation. Such as soils types, land use (extraction of irrigated areas 
from LANDSAT image processing) and hydrogeological parameters of 
the aquifer, particularly groundwater depths [76]. Sukhija, et al. [77], 
to evaluate recharge potential in the alluvial land dune aquifers of the 
Senegal River Delta.

Model data
The integrated approach of remote sensing and GIS techniques 

has become a liable tool for producing valuable data used in recharge 
conceptual model or for determining sources of recharge in a site. 
Thus, a systematic integration of data related to physical and dynamic 
characteristics of the site with those classical hydrogeological 
investigations give very efficient and precious indications on evaluating 
recharge potential zones in the shallow aquifers of SRDH. The most 
determining data of the model are:

Soils types: The soil types can be an important factor in the 
establishment of groundwater accumulation. The environment largely 
determines type and pattern soils alterations  (Figure 3). Thus, it 

 

Figure 3: Soils type distribution in SRDH.
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develops soils in the alluvial plain halomorphic that are characterized 
by their compaction and high clay content compared with other 
soils types. These halomorphic soils could present a bad infiltrability 
potential and therefore a bad capacity to set up a groundwater stock. 
Hydromorphic rocks with a lower percentage of clay may have a low 
infiltration potential. On the other hand, the most interesting potentials 
are observed in the dune formations and in the poorly evolved soils. 
These sandy soils nature may have good potential for infiltration into 
groundwater. Silt-clay-sandy mud flats may have rather a moderate 
potential.

Slope land: Renewal of groundwater is generally inversely 
proportional to the slope. The alluvial plain that occupies most of the 
delta is relatively flat, whilst often marked by small undulations with 
low altitudes and slopes between 0-10%. This configuration type makes 
it more suitable for infiltration than for runoff, which is, therefore, 
more favorable for groundwater renewal if we take into account these 
low slope values (0-10%), also observed in the inter-dunes. We can 
observe the opposite effect especially in the dunes which have much 
higher altitudes. The slopes are particularly variable in this part. They 
can reach slopes ranging from 20 to 40% and sometimes 90% (Figure 
4). These orders of magnitude are also observed in the transition zone 
between dunes and the alluvial plain where we observe some dune-hill 
(dune cluster) relics on which relatively lower slopes values with for the 
most part, which is between 10-20%.

Groundwater depth: The groundwater renewal is also inversely 
proportional to the aquifer depth, which is generally quite low in 
the alluvial plain (<6 m) and relatively high in the Ogoli and Une 
Formations where they can reach up to 20 m (Figure 5). This is an 
important parameter to set up groundwater stocks related to high 
water evaporation that influences infiltration or percolation rates to 
the water table.

Network drainage: The hydrographic network, which is also 
an essential element in groundwater reserves, is closely linked to 
physiographic and geographical factors of the environment. Distances 
to the river are inversely proportional to recharge. In the study area, 

the flat topographic conditions and the presence of a rather dense 
network in the alluvial plain contribute to recharge areas favorable, 
especially in the adjacent areas or bordering hydraulic axes (Figure 6). 
In these areas, lateral extensions of the recharge are often limited by 
clay texture of the surface sediments on their borders.

Network irrigation: Is an important parameter in groundwater 
stock in the Senegal River delta. However, it is closely related to soils 
type, irrigation mode and frequency, and aquifer characteristics. 
Furthermore, to the alluvial plain, flat topographic conditions and low 
slope land, which favors infiltration rather than runoff, accentuated 
groundwater potential accumulation, especially in an area close to 
irrigated zones (Figure 7).

All of these input data have been generated, reclassified, and 
weighted. Their classification tools provide an effective means for 
calculating the conversion. Each class value in an input raster was 
assigned a new value based on an evaluation scale ranging from 1 to 9. 
These new values were calculated from the values of the original input 
raster. Each input raster was weighted according to its importance 
or percentage of influence in setting up groundwater reserves. Thus, 
the weight is a relative percentage, and the sum of the percentages 
of weight influence must be equal to 100. The modification of the 
rating scales or percentages of influences may change the results of the 
weighted superposition analysis [78]. Thus, to determine the weights 
and percentages of influences of each parameter, we first carried out 
a statistical analysis using the software R3.2.1. This analysis takes into 
account the input parameters of the model as well as the recharge rate 
calculated from piezometric fluctuations (Table 1). Thus, recharge is 
chosen as a dependent variable and other parameters (slopes land, soil 
types, distance to the nearest river, distance to the nearest irrigated 
zone and aquifers depth) as explanatory variables. The results of this 
statistical test show that the quantitative variables have low probability 
thresholds (>0.05) with very variable test values (Table 2).

These test values define the importance of each parameter in 
the establishment of groundwater reserves. In order of importance, 
parameters that most influence recharge are: groundwater depth, 

 

Figure 4: Slope Map in SRDH (extract to ASTER image).
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Nom Recharge/Piezometric 
fluctuation Groundwater depth Distance to the Nearest 

irrigated zone
Distance to the 

nearest river Soils type Slope

Dagana 45 4.19 150 800 HY 10
Ndiareme Puits 82.5 3.08 100 100 HY 20
Mbilor 19.5 4.35 158 951 RB 53.85
Keur Mbaye 64.5 8.83 372 1300 VE 12
Ndombo 118.5 4.04 50 100 HY 40.72
Thiago 24 5.28 250 100 HY 30.53
Temeye Salam 48 3.38 170 400 HY 92.35
Foss village 52 4.31 250 400 HY 14.56
Nguent 7.5 2.6 5556 5960 HY 0
Tiadem 12 1.6 10000 11375 HY 13.93
Gueumbeul 57 2.38 150 100 VA 12.16
GA119 54 3.24 947 400 VE 47.20
GA001 60 3.68 1230 1780 RB 13.34
GA004 87 3.2 264 800 HY 2
Gantour 62.5 8.95 1518 1585 RB 48.60
Ricott 37.5 2.7 423 2066 RB 10.29
Obogg 26.8 20.92 6792 8996 RB 0

Keur Demba Diam 70 11.15 739 989 RB 97.49

JDieri 19.4 13.43 5255 5360 RB 17.26
Diamar 29.3 9.5 5240 5490 RB 0
Takhmbeut 47.5 4 604 1084 HY 0
Ndalakhar 60 6.07 271 400 RB 35.35
Mbakhana puits 90 4.3 647 800 VA 15.81
Al khouss 2 37.5 10.22 357 600 VE 17.26

Table 1: Statistics of Input parameters into the model.

*Soils_RB=red-brown soils, *Soils_VA=Mudflats; *Soils_Hy: hydromorphic Soil

Estimated Standard Error test Value Pr(>|t|)

(Interception) 6.961e+01 1.687e+01 4.126 0.000897
Groundwater depth -8.757e+02 9.371e+02 -0.934 0.364879
Distance to the nearest river -3.642e-03 1.078e-02 -0.338 0.740118
Slope 7.023e-02 2.280e-01 0.308 0.762261
Distance to the nearest irrigated zone -2.349e-03 1.156e-02 -0.203 0.84166
Soil_RedB -6.807e+00 1.492e+01 -0.456 0.654647
Soil_Mud 1.608e+01 2.033e+01 0.791 0.441334
Soil_HY -1.049e+01 1.811e+01 -0.579 0.571164

Table 2: Results of linear regression of model.

*Soils_RB=red-brown soils; *Soils_VA=Mudflats; *Soils_Hy: hydromorphic Soil

soils type, distance to the nearest river, slope land and distance 
to the nearest irrigated zone; with respectively test values of-
0.934.-0.636.-0.338.0.308 and-0.203. Thus, “test” values provide 
a percentage of influence or a weight which is attributed to each 
parameter.

For example, if we consider the depth of the water table which is 
the most important parameter in groundwater recharge, a weight of 9 
is attributed to the class “very good potentiality” and its percentage of 
influence is equal to 34 %. In the case, class “very good potentiality” 
will have a relative weight of 9*0.34 which is equal to 3.06. The same 
operation was repeated for all classes of each parameter by multiplying 
its weight by its percentage of influence. Table3 summarizes the factors 
and their weighting.

All these parameters were then evaluated into 5 potential classes, 
named: very good, good, moderate, low and very low; and weighted 
from 1 to 9. Then, integrated into the GIS, each raster map was 
reclassified into five potential classes. The weighted overlay analysis was 
carried out in “Spatial Analyst” module of Arc Map 9.3. This module 
is used to standardize, compare and combine the parameters chosen 
for the model. Thus, all thematic maps were reclassified before being 
integrated into the GIS,  to generate a unique recharge potentialities 
map. Figure 8 summarizes data integration phases into the model for 
recharge potentialities of shallow aquifers in Senegal River Delta.

The flowchart presented in figure 9 shows all model steps that made 
possible the map of potential recharge zones as well as treatments 
carried out on the various data used in the multi-criteria analysis.
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Figure 5: Slope Map in SRDH (extract to ASTER image).

 

Figure 6: Distance to the nearest River (buffer) in SRDH.

Class Weighted Parameters Very good
9

Good
7

Moderate
5

Low
3

Very low
1

Ground water depth
34%

3.06
1-5.7

2.38
5.7-7

1.7
7-10

1.02
10-15

0.34
15-21

Soils type
30%

2.7
sands

2.1
Silty sand

1.5
Silt

0.90
Clay-silt

0.30
Clay

Distance to the nearest river (buffer)
16%

1.44
0-200

1.12
200-400

0.80
400-600

0.48
600-800

0.16
800-10000

Slope
11%

0.99
0-5

0.77
5-10

0.55
10-20

0.33
20-40

0.11
40-90

Distance to the nearest Irrigated zone (buffer)
9%

0.81
0-50

0.63
50-100

0.45
100-150

0.27
150-200

0.09
200-250

Table 3: Classification of the factors involved in groundwater reserves and their percentage of influence (calculated by statistical analysis).
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Results and Discussion
The map of aquifer potential zones deduced from the GIS analysis by 

integration of the weighted parameters indicates five potentiality classes 
ranging from “very good potentialities” to “very low potentialities”. 
The results of the cartographic method show that areas with very 
high and high recharge potential are mainly located in the alluvial 
plain especially along hydraulic axes and in areas nearest to hydro-
agricultural developments (Figure 10). These sectors, which therefore 
constitute privileged areas for alluvial aquifer recharge, represent 26% 
of the total area of the zone. Areas with very good potential occupy 
about 4%, which represents about 24022 ha, while areas with good 
potential represent 22% or 119377 ha (Table 4 and Figure 10).

 

Figure 7: Distance to the nearest irrigated zone (buffer) in SRDH.

Figure 8: Flowchart of integrated parameters and weighting percentage.

Classes Area in hectare Percentage (%) Classes of Recharge

Class 1 5095.61 0.92 Very low potentiality

Class 2 177578.38 32.25 Low potentiality

Class 3 224429.61 40.76 Moderate potentiality

Class 4 119377.51 21.68 Good potentiality

Class 5 24022.10 4.36 Very Good potentiality

Table 4: Statistics of areas of potential classes.
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Very good and good potential areas are observed essentially in the 
alluvial plain particularly on semi-permeable terrain located in the 
northeast area. This situation could be related to groundwater recharge 
from flooding by irrigated activities and also by the proximity to major 
rivers (often much higher than70-90mm/year). But, also in major part 
of the alluvial plain, low and very low recharge potential rates have 
been observed (mainly in cuvettes zones) due to clayey soils types. The 
impermeability of these sediments, therefore, favors high evaporative 

rate in this part where water infiltration is less important. Areas with 
low potential areal so observed in the dune formations, particularly 
in the part where the thickness of the unsaturated zone (or sandy 
cover) is very important (10 m). In this situation, infiltrated waters are 
more exposed to evaporation phenomenon which can reduce highly 
recharge rate in this a ride ecosystem. This finding can also be justified 
by low recharge rates observed through quantitative approaches in 
these different sectors. However, areas with very low and low potential 

 
Figure 10: Recharge potentialities map in SRDH.

Figure 9: Model used for recharge potentialities mapping of shallow aquifers in SRDH.
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Figure 11: Classes of recharge determined from piezometric fluctuations superimposed on the aquifer potential map.

 

Figure 12: Classes of recharge determined from residence time of water Superimposed on the aquifer potential map.

cover respectively 5095 ha and 177578 ha, representing 1% and 32% 
of the total surface. On the other hand, they overate potential is the 
class found mainly on dune formations and represents 41% of the total 
area, about 224430 ha. It is mainly accompanied in dunes by the low 
potential class, especially in steeply sloping areas where the thickness 
of the sand cover is more important. In this study, the quantitative 
estimation of recharge calculated through piezometric fluctuations 
and tritium of the water molecule were used as validation tools to 
confirm results generated by the GIS model which constitutes a useful 

tool to the delineation of recharge potential areas. The results which 
integrate several parameters into analyzing, are shown in figures 11,12.

It should be noted that there is a very good correlation between 
recharge rates estimated by quantitative approaches and potential areas 
generated by the GIS. For a better consistency in data interpretation, 
recharge rates calculated from quantitative methods were reclassified 
according to annual rainfall amount. Thus, the very low potentiality 
class represents 5% of annual rainfall; the low potentiality class 
represents 5-10%; the moderate class 10-15%; the good potentiality 
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class represents 15-20% and the very good potentiality class is greater 
than 20% of annual precipitation. Recharge classes calculated from 
piezometric variations correspond perfectly with results of recharge 
potentialities mapping (Table 5).

Classes with good and very good potentialities are mainly found on 
approaches to hydraulic axes in the immediate vicinity of the irrigated 
zones and in the northeastern part of the zone corresponding to alluvial 
aquifer semi-permeable domain. It is also in these parts that we find 
the greatest possibility of alluvial aquifer recharge and therefore more 
opportunities to have a better quality of waters (TDS <1000 mg/L) 
mainly when it is close to river bank (river, lake, etc.) according to Diaw 
et al. (2016) [79]. These results were also supported by the modeling 
work carried out in the area by Filippi (1990) who considered that 
river bank infiltration contributions in hydraulics changes with alluvial 
aquifers are often restricted in the vicinity of streams and in irrigation 
channels. However, classes with moderate and low potentialities are 
mainly observed on dunes and in cuvettes with halomorphics oils. It 
can happen punctually, in some areas with moderate potential that 
high recharge rates can be observed. As is the case of Gant our well 
or conversely areas with high potential corresponding to low recharge 
rates to moderate (TiagoetTémèyeSalamwells) (Figure 11). This could 
be explained by balances sheet imbalances most often caused by external 
inputs from irrigation or greenhouse cultures, which are sometimes 
important locally in the dunes. But also, by high withdrawals for 
water supply of riparian populations which dispose of ground waters 
as only freshwater resources available. All these factors could have a 
direct impact on recharge calculations from piezometric fluctuations 
and thus favor theses light offsets. The combined analysis of recharge 
classes determined from the tritium of the water molecule on recharge 
potentialities mapping also shows very good correlations (Figure 12). 
These results also indicate that then or the astern part of the study zone 
(Guiers Lake and Dagana Basin) is an area with a higher potential for 

groundwater storage if we take into account results of GIS and recharge 
rates obtained. Thus, wells located in the alluvial plain along the rivers 
or near irrigated zones, are more productive and ground waters are 
relatively younger than those situated in the downstream part (South 
West). In this area, most of the flood plain remains to be excluded in the 
appropriate wells drilling site choice due to low recharge possibilities 
and poor quality of the ground waters (TDS>5000 mg/L), which are 
commonly salted. Thus, aquifer recharge could also increase ground 
waters and soils salinity issues [27,33]. The analysis of these results also 
indicates that in dune formations, the realization of drilling productive 
wells must require precise knowledge in the choice in the appropriate 
site. Because in these areas with moderate potentiality, the probability 
to have fresh water remains very high in Ogolian sediments. These 
sediments are characterized by low recharge possibilities when the 
thicknesss a dry layer is important (more than 10m). Dunes with 
moderate potential is a important reserve of fresh water, but with a 
limited quantity, that is why they are exploited only through hand dug 
well sorvillage wells. Thus, the future choice of wells drilling productive 
of significant freshwater quantities would be more judicious in the 
parts where the thickness of the sandy cover is low (zone close to 
the delta). This situation is favorable for groundwater recharge by 
direct infiltration of rainfall or lateral infiltration through river banks 
from surface water. The other explanation that could be given for 
these inconsistencies arising from the application of these methods 
may be also due to mapping processes that may alter results in some 
cases. Indeed, some data from the analysis as well as tools used could 
be responsible for these errors in results generated by the GIS. The 
efficiency of these predicted results will largely depend on the nature 
of the terrain (discontinuous and heterogeneous nature), the density 
of measurement points, the precision of interpolation methods, but 
especially the quality data used for analysis. For example, if we take 
the case of the depth which polarizes more weight than the other 

Name of wells TDS 
(mg/L)

Recharge (mm/
year)=Sy*dh/dt

Hi=groundwater 
depth

3H contents (UT) T=-17.93*
ln (At/A0) R=∑ni*Hi/T

Dagana 3800 45 4.19 1.6 2.4 19.11
Ndiareme Puits 143.4 82.5 3.08 2.6 2.4 22.70
Mbilor 431 19.5 4.35 2.2 3.4 28.73
Keur Mbaye 147.3 64.5 8.83 2.4 1.9 65.14
Ndombo 603 118.5 4.04 3 1.4 61.13
Thiago 285 24 5.28 1.9 1.4 27.37
Temeye Salam 8610 48 3.38 0.9 4 35.11
Foss village 6370 52 4.31 0.9 18.8 11.12
Nguent 217 7.5 2.6 1.4 9.91 25.1
Tiadem 6810 12 1.6 1.6 9.92 61.7
Gueumbeul 6130 57 2.38 1.8 5.7 13.69
Gantour 2200 62.5 8.95 0.9 18.82 18.82
Ricott 4450 37.5 2.7 1 6.4 6.4
Obogg 6090 26.8 20.92 0.2 53.71 92.8
Keur Demba Diam 8390 70 11.15 1.7 31.25 37.3
JDieri 2630 19.4 13.43 0.5 14.32 8.4
Diamar 2550 29.3 9.5 1.6 16.42 58.4
Takhmbeut 5250 47.5 4 1.3 7.72 29.9
Ndalakhar 1815 60 6.07 0.7 14.32 35
Mbakhana 1950 90 4.3 2.7 1.89 63.15
Lampsar 1271 37.5 10.22 0.7 26.75 46.5

Table 5: Results of TDS and recharge rates calculated from tritium contents.
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factors in the analysis, the accuracy of the map depends on the density 
of measuring points and the precision of interpolation methods. 
That is why it is necessary to quantify the uncertainty surrounding 
maps produced by multicriteria GIS in order to minimize the man to 
evaluate better the results.

Conclusion
This study demonstrated that using remote sensing techniques and 

multicriteria analysis of GIS, has allowed producing recharge potential 
maps by integrating various factors which contribute to groundwater 
recharge in the Senegal River Delta Hydro system. These maps show 
a qualitative and visual representation of recharge potentialities, 
which are validated by recharge rates estimated from piezometric 
fluctuations and tritium contents of groundwater in shallow aquifers. 
Thus, the comparison of results from recharge potentialities map and 
recharge classes determined from estimates method has shown a good 
correlation in the whole area. Despite some sites, where predicted 
recharge potentialities are not in line with calculated recharge rates. 
This is often related either to application limits of methods used, to 
precision margins of certain parameters taken into account in recharge 
calculations, or to results of mapping processes that may be altered 
by a number of factors that may affect the accuracy of the analysis. 
The advantage of the cartographic method is due to its simplicity 
and the accessibility of the parameters included in the analysis. In 
terms of hydro geological information, this is a method that can be 
very useful and could thus be applied to other sites whose hydro 
geological characteristics are similar. There charge potentialities 
map produced here is an important element for defining models for 
the management of groundwater resources and strategies for their 
sustainable exploitation but also for guiding well drillings site in the 
shallow aquifers in SRDH.
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