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a  b  s  t  r  a  c  t

Study  region:  Senegal  River  Delta.
Study  focus:  The  Senegal  River  Delta  is  a strategic  region  for the  development  of  irri-
gated  agriculture.  Despite  a Sahelian  climatic  context,  the  management  of  the  river with
dams ensures  water  availability  throughout  the  year.  With the  intensification  of  agri-
culture,  degradation  of  cultivated  soils  is observed,  mostly  linked  to the existence  of  a
shallow salty  aquifer.  In this  context,  regional  surveys  were  performed  to characterize
groundwater–surface  water  interactions  and  to  identify  the impact  of  artificial  river  man-
agement  and  agricultural  intensification  on the evolution  of  groundwater  dynamics  and
chemistry.
New  hydrological  insights  for the  region:  Results  show  that  groundwater  far away  from  rivers
and  outside  irrigated  plots  has  evolved  from  marine  water  to brines  under  the influence
of  evapotranspiration.  Near  rivers,  salinity  of  groundwater  is  lower  than  seawater  and
groundwater  mineralization  seems  to  evolve  in  the  direction  of softening  through  cationic
exchanges  related  to  permanent  contact  with  fresh  water.  Despite  large  volumes  of  water
used for  rice  cultivation,  groundwater  does  not  show  any  real  softening  trend  in  the  culti-
vated  parcels.  Results  show  that  the  mechanisms  that  contribute  to  repel  salt  water  from
the sediments  correspond  to a lateral  flush  near  permanent  surface  water  streams  and  not
to vertical  drainage  and dilution  with  rainfall  or irrigation  water.  It is  however  difficult
to  estimate  the  time  required  to come  back  to  more  favorable  conditions  of groundwater
salinity.

©  2017  The  Author(s).  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the
CC BY  license  (http://creativecommons.org/licenses/by/4.0/).

. Introduction

The Senegal River Delta (SRD) has a great potential of agricultural land, estimated at 150,000 ha and a large availability

f water through the Senegal River. It is for this purpose an agro-economic zone of major importance for the development
f irrigated agriculture and food self-sufficiency in Senegal. However, the practice of irrigated agriculture in the SRD is now
eriously threatened by salinization leading to the abandonment of many developed areas (Barbiéro and Laperrousaz, 1999).
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Most studies on this salinization question have pointed the presence of a shallow (maximum 2 m depth) salty aquifer
resulting from alternating episodes of marine transgressions and regressions that have driven the evolution of the SRD during
the Quaternary (Audibert, 1970; Trénous and Michel, 1971; Michel, 1973; Loyer, 1989; Ceuppens et al., 1997; Barbiéro et al.,
2004). In addition, in a recent past, sea waters continued to frequently invade the floodplains of the river during low surface
water levels (Cogels, 1994; Gac et al., 1986). To face these invasions, the countries bordering the river, associated within
the OMVS interstate organization (Senegal River Basin Development Authority), built the anti-salt Diama dam in 1986
(26 km upstream of St. Louis). A second dam was erected in 1988 at Manantali in the Malian territory to store the surplus
rainwater on the upper basin. It took more or less 10 years to reach equilibrium of river water levels at 1.5 m above sea
level upgradient from the Diama dam (Gning, 2015). From that time, the combined management of both dams has helped
maintaining sufficient water for irrigation of agricultural areas throughout the year and the emergence and diversification
of agricultural production systems. Many programs have been developed in the SRD with the primary objective of achieving
food self-sufficiency, resulting in an intensification of agricultural activities, an increase in planted areas and in volumes of
water used for irrigation.

However, this improvement in water availability and increased irrigation have certainly had hydrological and hydro-
chemical consequences, particularly on the shallow aquifer. In this context, the objective of the research is to establish a
conceptual model describing the origin and evolution of groundwater chemistry in the SRD, and the impact, at regional
scale, of the artificial river management and agricultural intensification on this evolution, as a support for future solutions
of water management for sustainable agriculture in this region.

2. Description of the study area

The SRD is located northwest of Senegal, 260 km from the capital Dakar. On the Senegalese side, it covers an area of
3500 km2, extending over a length of 250 km from Richard Toll to St Louis (Fig. 1). This area is dominated by vast flatlands
limited to the north by the Senegal River, to the west by the Atlantic Ocean, to the east by the Guiers Lake, to south-west by
dunes and southeast by the Ferlo Valley (not shown in Fig. 1).

In this North Sahelian zone, annual rainfall does not go beyond 400 mm/year and potential evapotranspiration reaches
2500 mm/year (Diaw, 1996; Malou, 2004; Diaw, 2008). The hydrographic network is very dense and includes the main
branch of the river Senegal which has many distributaries. The river also feeds, through the Taoué channel, the Guiers Lake

which is a depression of 300 km2 (Fall, 2006). The various distributaries of the river and the lake allow irrigation of many
agricultural areas (light green patterns in Fig. 1) by a complex system of watercourses and open channels. Rice, which is
the main crop in the delta, is irrigated by submersion, maintaining a significant layer of water on the soil surface for several

Fig. 1. Location map and main features of the Senegal River Delta. (For interpretation of the references to color in the text, the reader is referred to the web
version of this article.)
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onths (Gning et al., 2012). Drainage water from these areas is evacuated via channels and discharged into the Ndiael, Noar
nd Krankaye natural depressions (red patterns in Fig. 1).

The geological formations are dominated by alluvial deposits of Quaternary age, set up during alternating periods of
arine transgressions and regressions. The most important were deposited during the Inchirian (40,000–31,000 years

P) and Nouakchottian (around 5500 years BP) periods (Roger et al., 2009; Sarr et al., 2008). From place to place, the
ouakchottian may  be absent.

From a hydrogeological point of view, several aquifers are present, including the superficial alluvial aquifer investigated
n this study. This aquifer is made of two reservoirs (PGE, 1998). The first (upper) reservoir is located in fine to clayey sands
f Nouakchottian age. It has a mean thickness of 11 m and it is overlaid from place to place by a semi-permeable clayey
o silty recent deposits, which induce locally semi-confined conditions. The second (lower) reservoir is located in fine to
oarse sands of Inchirian age. It is also overlain by a semi-permeable layer of silt and clay that forms the top of the Inchirian.
his semi-permeable layer is discontinuous, which allows locally a hydraulic continuity between the two compartments
OMVS/USAID, 1990).

. Research methodology

.1. Groundwater and surface water monitoring network

To meet the objectives of the study, the methodological approach is based on the monitoring of the dynamics of the
roundwater table coupled to hydrogeochemical surveys. The groundwater monitoring network is made of 46 access points
see Table S1 in Supplementary Material 1 for further details). 21 piezometers drilled by OMVS after impoundment of the
ams were identified in the field and rehabilitated in the scope of our project. Among these, 12 are collocated and screened
t two different depths. In addition, 24 shallow micropiezometers (max. 6 m)  were drilled with a hand auger in the scope of
ur project. Finally, one traditional well was identified in the village of Diama. For practical reasons, all these piezometers
ere renamed according to the reservoir in which they are screened: Ixx and Nxx for those screened in the Inchirian and
ouakchottian reservoirs respectively.

On this network, measurements of groundwater levels were conducted monthly between April 2011 and January 2014.
istorical data on piezometric levels, collected between 1997 and 2002 (PGE, 1998) were also considered for comparison
ith current measurements. All these piezometric data were compared with monthly rainfall measured at the St Louis

tation and with river water levels monitored at the Diama dam upstream station.
For the hydrogeochemical study, two sampling campaigns were organized, the first at the end of the dry season (June

012), the second after the rainy season (October 2012). Groundwater samples were collected in the two groundwater
eservoirs: in 12 OMVS piezometers, 17 micropiezometers and in the Diama traditional well (see Table S1 in SM 1). Samples
ere also taken in surface water (ES) feeding the irrigated parcels, in drainage water (ED) leaving these parcels, and in

eawater (EM) and rainwater (EP).

.2. Interpretation of regional scale groundwater chemistry

Chemical analyses obtained from the sampling campaigns were used to characterize the hydrochemistry of the aquifer.
he comparative analysis of the two campaigns does not show any significant changes in water chemistry between the dry
nd rainy seasons. Considering this, the analysis and interpretation will subsequently be focused on the dry season survey,
hich involved more (35) sampling points.

.2.1. Multivariate statistical analysis of hydrogeochemical data based on Self Organizing Maps
Statistical methods of multivariate analysis are increasingly used in the study of geochemical processes in natural waters

Belkhiri, 2011; Güler et al., 2002; Madioune, 2012; Mudry, 1991). They allow highlighting the relationships between param-
ters in the hydrogeological system where the evolution of the chemical composition of water is complex and depends on
everal processes that can influence each other.

A non-linear multivariate statistical technique is applied to investigate the dataset, the Kohonen’s Self-Organizing Map
SOM) (Kohonen, 2001). The SOM is an artificial neural network algorithm based on unsupervised learning. The technique
llows visualizing relations between parameters and separating the data set into different groups of similar chemical com-
osition (Peeters et al., 2007). In the studied area, links will be sought between the spatial location of the groups, correlations
etween parameters and geochemical processes. The SOM allows to find complex non-linear relationships (Kohonen, 2001).
espite the transformations applied to the data when using PCA and FA, a non-linear technique such as SOMs outperforms

inear techniques with hydrogeochemical data (Hong and Rosen, 2001; Gamble and Babbar-Sebens, 2012).
The final result produced by the SOM algorithm is a 2-dimensional matrix, m x n. The matrix generally contains more nodes
m × n) than the number of samples. Each sample is associated to the node with the most similar chemical composition.
amples positioned close to each other in the matrix present generally the same type of chemical composition. Samples
hose chemical composition is very close can be positioned on the same node. The resulting matrix is displayed using 2

mages: the unified distance matrix (U-matrix) and the component planes (Vesanto et al., 1999).
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The U-matrix shows the distance between each node and its neighbors (similar to very different composition). From this
U-matrix, groups can be detected automatically using the SOM algorithm (Ultsh and Herrmann, 2005). Similarly, this type
of representation makes it easy to identify a sample of unusual composition, which is considered a multivariate outlier.

The component planes represent the concentrations of each variable on the 2-dimensional matrix (Ultsh and Herrmann,
2005). The number of component planes is the same as the number of variables. Concentrations are represented by a range of
colors. In our case, the nodes in blue are associated with the lowest concentrations and nodes in red are associated with the
higher concentrations. Component planes comparison is used to find correlations between variables, based on the similarity
of patterns obtained in the resulting rectangles. Correlated parameters show high concentrations (red) in the same areas of
the matrix and low concentrations (blue) also in the same areas of the matrix. The chemical characteristics of each group
are derived from component planes, visualizing the position of each group in the U-matrix and concentrations in the same
area of the matrix for each component plane.

3.2.2. Determination of groundwater chemistry acquisition and evolution
Understanding the chemistry of groundwater in the SRD, characterized by very high salinity values, requires identifying

the origin of salinity and the factors that control its evolution with time. Here, it is of course expected that sea water is
the main source of salinity but interactions with subsurface deposits (e.g. mineral–water interactions, cationic exchange
processes) and the interactions with surface water can also have, from place to place, a significant influence on the chemical
composition of groundwater. Different methods are available in the literature to investigate factors controlling the chemical
composition of natural waters. Those used in the present study are briefly described here.

The origin of groundwater salinity can be established using the Na/Cl binary diagram (Abid et al., 2011; Bourhane, 2010;
Magaritz et al., 1981). A Na/Cl ratio of 1 indicates that salinity preferentially comes from the dissolution of halite (NaCl
mineral). A Na/Cl ratio higher than 1 indicates enrichment in Na due to cation exchanges with clays or dissolution of silicate
minerals (Awni, 2008). A Na/Cl ratio equal or close to 0.86 reflects a marine origin of water. Finally, a Na/Cl < 0.86 indicates
that salinity is due to sea water that has evaporated and evolved to brines (Kloppmann et al., 2011).

Cation exchange processes can be identified in different ways. First, the Piper diagram (Piper, 1953) allows identifying the
chemical facies of water samples based on the relative proportions of major anions and cations in their respective chemical
compositions. However, through a facies comparison of different water samples, it further allows identifying the evolution
of groundwater chemistry related to different factors such as mixing between different waters, cationic exchange related
to “fresh” groundwater–sea water interactions, etc. (Appelo and Postma, 2005). Cationic exchange processes can be further
demonstrated using the diagram which plots (Ca + Mg)  − (HCO3 + SO4) as a function of (Na + K) − Cl (Abid et al., 2011; Garcia
and Shigidi, 2006; Madioune, 2012) where the points should tend to align along a straight line of slope −1.

Secondary minerals are also likely to control the chemical composition of groundwater. The possible occurrence and
influence of such secondary minerals can be determined by calculating their corresponding saturation indices (SI). Doing so
requires geochemical modeling of water chemistry data, using advanced geochemical databases and tools (Deutsch, 1997).
Here the calculation of mineral indices was performed using the well-known geochemical model PHREEQc (Parkhurst,
1995) with the help of the DIAGRAMMES software developed by the University of Avignon (Simler, 2009) and available at
[http://www.lha.univ-avignon.fr/LHA-Logiciels.htm].

4. Results and discussion

4.1. Hydrodynamic behavior of the groundwater table

Comparison between groundwater levels at the 46 monitoring points to rainfall data and to surface water levels upstream
the Diama dam shows that piezometers can be classified based on two  main criteria (Table 1): (1) the distance to surface
watercourses (influence of changes in surface water levels) and (2) the location within or outside agricultural areas (influence
of irrigation). Group 1 includes piezometers located far from a surface watercourse (beyond 1000 m from the river) and
outside any irrigated area. Group 2 includes piezometers close to a surface watercourse (Senegal River and its distributaries)
but outside any irrigated area. Group 3 includes piezometers located far from any surface watercourse but located in irrigated
areas and finally Group 4 consists of piezometers, both close to a surface watercourse and located in irrigated areas. For the

sake of clarity one piezometer is selected in each group to illustrate the general behavior of the group (Figs. 2–5).

Fig. 2 shows the evolution of piezometric level at Piezometer I01, representative of the general behavior of Group 1.
During the period from April 2011 to January 2014, a groundwater rebound is consistently observed during the rainy season,
with a delayed response to rainfall events. The same trend is also observed during the period 1997–2002. This shows that

Table 1
Classification of piezometers depending on the distance to streams and location in an agricultural area, the number of piezometers in each group is defined
in  brackets.

Groups Away from river Close to river

Outside irrigated plots Group 1 (14) Group 2 (13)
In  irrigated plots Group 3 (13) Group 4 (7)

http://www.lha.univ-avignon.fr/LHA-Logiciels.htm
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ig. 2. Evolution of groundwater level at monitoring well I01 for the periods 1997–2001 and 2011–2014 and comparison with rainfall measured at the
aint-Louis station and surface water level measured at the Diama dam.

he groundwater table in this context is recharged by rain. During the dry season, the reverse process is observed, with a
ignificant drop of the groundwater table explained by the important evaporation occurring during this season.

Fig. 3 shows the evolution of piezometric level at Piezometer I09 representative of the general behavior of Group 2. In
his case, during the rainy season, when the river level drops in relation with water releases from the dam, a decline in the
roundwater table is observed. On the contrary, during the dry season, the groundwater table rises in conjunction with the
ncrease of water level in the river. The groundwater table response is also offset from the rising level of the river, showing
he delay between surface and underground processes. Fluctuations in groundwater levels show a clear influence of changes

n the Senegal River stage. In addition, the comparison of the two  time periods 1997–2001 and 2011–2014 shows an increase
f 1.5 m of the base level of the groundwater table, which has progressively equilibrated with the new reference level of
urface water after the construction of the Diama dam.

ig. 3. Evolution of groundwater level at monitoring well I09 for the periods 1997–2001 and 2011–2014 and comparison with rainfall measured at the
aint-Louis station and surface water level measured at the Diama dam.
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Fig. 4. Evolution of groundwater level at monitoring well I13 for the periods 1997–2001 and 2011–2014 and comparison with rainfall measured at the
Saint-Louis station and surface water level measured at the Diama dam.

Fig. 4 shows the evolution of piezometric level at Piezometer I13 located 4000 m from the Senegal River, in the Bound-
oum irrigated area and representative of the general behavior of Group 3. During the most recent period of monitoring
(2011–2014), fluctuations in groundwater levels allow identifying two periods corresponding to groundwater recharge
events. The first period corresponds to natural recharge during the rainy season followed by a period of groundwater decline
during the dry season. The second period corresponds to groundwater recharge related to irrigation practices. In the histor-
ical data (1997–2001), groundwater levels only react to rainfall events. From 2001 however, an additional period of rising
groundwater level is observed during the dry season. This corresponds with the beginning of agricultural development in

this sector of the Delta, more particularly to periods with submersed irrigated rice plots. In sectors corresponding to Group
3, groundwater is thus now recharged by rainfall during the rainy season but also by irrigation water during the dry season.

Fig. 5 shows the evolution of piezometric level at Piezometer I15 close to a river and located in an irrigated area, repre-
sentative of Group 4. These piezometers are characterized by very irregular variations in groundwater levels reflecting the

Fig. 5. Evolution of groundwater level at monitoring well I15 for the periods 1997–2001 and 2011–2014 and comparison with rainfall measured at the
Saint-Louis station and surface water level measured at the Diama dam.
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concomitant influence of changes in river stage and irrigation during the dry season. The influence of the construction of the
Diama dam is again clearly observed between the two time periods.

4.2. Regional scale analysis of groundwater chemistry

4.2.1. Contribution of multivariate statistical analysis
The SOM’s technique is applied here considering 9 parameters of the available hydrochemical dataset (Table 2), which

are: the electrical conductivity (CE), pH, Ca, Mg,  Na, K, Cl, SO4, and HCO3. The matrix of components (Fig. 6) allows identifying
visually the correlation between different parameters. A clear correlation is found between Na and Cl. This reflects that water
mineralization is mainly controlled by these two ions. To a lesser extent, Na and Cl are correlated with Mg  and SO4. The pH is
not correlated to any other element, and there is also no correlation between Ca and HCO3, as often observed in groundwater.

This will be discussed afterwards.
Similar to the analysis of piezometric variations, the application of SOM’s leads to classify water samples into 4 clusters

(Fig. 7). Cluster 1 is characterized by high mineralization accompanied by high levels of Na, Cl, Mg  and SO4. These groundwater
samples are the most mineralized because they originate from sea water and even if they receive rainfall as water input, they

Fig. 6. Matrix of components resulting from the SOM’s analysis. CE is expressed in �S/cm, chemical elements in mg/L and pH without units.

Fig. 7. Classification of water samples in four clusters with the SOM’s method.
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are subjected to strong evaporation. Cluster 2 is characterized by lower water mineralization. The corresponding samples
come from surface water or piezometers located close to surface water streams. The lower mineralization reflects dilution
by low mineralized surface water recharged from the rivers. Clusters 3 and 4 are characterized by average levels of dissolved
compounds. Some of these piezometers located near surface water streams show a signature close to that of Cluster 2 while
few others piezometers, located away from any influence, are similar to Cluster 1. However, most of the piezometers in
Clusters 3 and 4 are located in agricultural developments. At the same time, Cluster 3 appears to be characterized by higher
levels of Ca and Cluster 4 by higher levels of K and HCO3.

The concordance between the conclusions drawn from the variations in piezometeric levels and the multivariate statistical
analysis confirms that the groundwater–surface water interaction is a key driver of groundwater mineralization in the SRD.

4.2.2. Origin of groundwater salinity
Groundwater in the SRD, particularly in Group 1, shows generally a sodium chloride-facies, with a strong correlation

between Na and Cl (r = 0.94). Representing the dataset in the Na–Cl diagram (Fig. 8) shows that points are aligned for most of
them right under the sea water dilution line, with a Na/Cl ratio <0.86. Shallow groundwater in the SRB therefore corresponds
to sea water which, in some places, has evaporated with time to evolve to brines (Kloppmann et al., 2011). Most groundwater
samples coming from the upper part of the superficial aquifer (Nouakchottian) show a higher Na and Cl content than those
coming from the lower part of the superficial aquifer (Inchirian). This indicates that evaporative processes are limited to a
few meters in the subsurface.

The marine origin of groundwater in the SRD was  suggested (but not demonstrated) by different former studies (Ceuppens
and Wopereis, 1999; Diaw, 2008; Loyer, 1989; Ndiaye et al., 2008). It is explained by the geological history of the SRD, which
was implemented during the Quaternary following successive episodes of marine transgressions and regressions. This was
also amplified by frequent marine invasions that occurred on the river before the establishment of the Diama dam. The
abundance of Mg,  K and SO4, ions can also be attributed to this marine origin. Indeed, these ions are abundant in seawater
and they exhibit here a strong correlation (results not shown) with Na and Cl, indicating their common origin.

Na–Cl diagram can also be examined taking into consideration the 4 groups of piezometers defined previously (Fig. 8).
Most of the piezometers from Group 1 are located under the sea water dilution line and they all correspond to brines.
Piezometers from Group 2 are mostly located above the sea water dilution line. Some even show a net excess of sodium
relative to chloride, suggesting sodium intake by cation exchange (see next section). Most of the piezometers from Group 3
and Group 4 are under the sea water dilution line. They are subject to the influence of irrigation and less mineralized than
those in Group 1.

Fig. 8. Correlation diagram between Na and Cl.
4.2.3. Highlighting cation exchange processes affecting the composition of groundwater
The Piper diagram (Fig. 9a) shows that two hydrochemical facies are generally observed in the groundwater samples:

calcium–bicarbonate which includes rainwater and surface water and sodium–chloride which includes, in addition to
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ig. 9. Piper diagrams defining the hydrochemical facies of (a) all the samples classified in function of their origin and (b) the samples from the piezometers
lassified in function of the four groups defined in the previous section.

eawater, groundwater from both reservoirs and drainage water from irrigated plots. Combining the data based on the
roups defined in the previous sections (Fig. 9b) allows deriving the following observations. In Group 1, most groundwater
amples are enriched in calcium relative to sea water. Contrarily, in Group 2, most groundwater samples are enriched in
odium relative to calcium. In Groups 3 and 4, corresponding to irrigated plots, only piezometers located very close to rivers
r irrigation canals show an enrichment in Na compared to seawater. Other piezometers show a typical sea water intrusion
ignature. Such changes in the chemical facies reflect Na–Ca cation exchange processes related to sea water intrusion and
oftening related to surface water recharge in a marine-type environment.

Fig. 10 shows the (Ca + Mg)  − (HCO3 + SO4) as a function of (Na + K) − Cl where two  end-members can be distinguished.
he first end-member (upper left direction) corresponds to a deficit in Na + K as compared to Ca and Mg.  It includes mainly
iezometers of Group 1 where the aquifer is recharged by rainfall only and piezometers of Groups 3 and 4 which are under
he influence of irrigation. In these sectors, groundwater is highly mineralized but depleted in sodium with respect to
hloride. During the mechanism of sea water intrusion, Na was  adsorbed on cation exchangers and Ca and Mg  released in

roundwater. In the same diagram, the second end-member shows an excess in Na with respect to Cl and to Ca and Mg
eficit as compared to end-member 1. The second end-member, including samples from surface water and piezometers
lose to streams (Group 2), highlights chemical softening processes of formally Na-enriched waters, in relation with surface

Fig. 10. (Ca + Mg)  − (HCO3 + SO4) vs (Na + K) − Cl.
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Table 2
Results of the chemical analyses and of the calculation of saturation indices.

Sampling
point

CE
(�S/cm)

pH Ca
(meq/l)

Mg
(meq/l)

Na
(meq/l)

K
(meq/l)

Cl
(meq/l)

SO4
(meq/l)

HCO3
−

(meq/l)
SI
calcite

SI
gypsum

SI halite

ED1 2344 7.78 3.02 5.33 14.76 0.21 17.85 1.11 3.35
ED2  3694 7.82 4.82 7.77 24.08 0.38 27.03 6.76 2.88
EM  41,300 7.01 20.77 92.65 413.24 6.96 455.15 52.11 2.00
ES1  58 7.46 0.20 0.20 0.15 0.03 0.25 0.08 0.41
ES2  83 6.98 0.24 0.25 0.27 0.03 0.22 0.04 0.53
ES3  60 7.83 0.26 0.21 0.17 0.03 0.22 0.03 0.10
ES4  100 7.12 0.26 0.28 0.44 0.03 0.37 0.03 0.61
ES5  170 7.90 0.59 0.50 0.64 0.07 0.46 0.15 1.18
I01  46,664 7.63 44.19 107.80 437.72 8.16 493.39 40.90 16.37 1.40 −0.45 −2.58
I09  13,092 8.13 6.90 13.91 118.91 1.77 114.37 14.73 6.40 0.93 −1.17 −3.70
I13  25,303 7.41 29.16 39.05 198.91 2.39 278.15 0.00 4.58 0.62 −3.14
I14  19,291 7.80 5.60 27.11 167.82 3.64 182.19 0.16 20.53 0.98 −3.35 −3.37
I15  46,504 7.48 167.21 69.81 373.47 2.87 512.29 41.03 3.27 1.10 0.09 −2.63
I11  24,438 7.72 43.27 54.17 183.93 2.20 255.39 7.11 7.56 1.27 −0.99 −3.21
N01  40,627 7.70 53.14 92.91 353.15 6.68 441.63 23.05 13.16 1.48 −0.58 −2.71
N07  68,203 7.41 37.86 194.35 670.48 7.53 828.23 41.58 12.87 0.98 −0.64 −2.16
N08  41,090 7.74 91.87 82.50 314.29 3.14 447.83 38.97 6.15 1.40 −0.13 −2.76
N09  33,028 6.51 44.06 119.28 289.74 6.31 302.87 128.56 1.40 −0.80 0.05 −2.97
N11  41,981 7.38 52.74 103.91 390.09 4.49 447.48 72.67 4.57 0.68 −0.12 −2.67
N12  57,970 6.84 69.99 221.25 519.52 6.19 635.10 147.40 3.67 0.09 0.15 −2.40
N13  64,802 5.11 40.83 254.64 584.40 4.92 755.25 125.51 1.06 −2.40 −0.17 −2.27
N14  36,400 7.59 32.42 99.29 337.44 6.73 387.66 28.09 18.38 1.31 −0.69 −2.79
N15  31,604 7.48 41.03 62.91 220.16 4.37 339.82 5.38 10.30 1.13 −1.19 −3.02
N18  40,350 7.75 73.37 109.68 351.82 8.03 415.62 95.51 9.93 1.48 0.11 −2.75
N19  34,700 7.69 36.65 72.04 321.13 4.87 352.61 50.22 3.97 0.81 −0.34 −2.85
N20  32,569 7.87 31.98 66.39 305.88 6.77 284.24 98.80 8.78 1.22 −0.12 −2.97
N24  43,231 7.65 35.71 105.91 409.66 9.51 415.84 123.13 10.09 1.08 −0.08 −2.69
N25  45,800 6.11 64.23 112.48 403.67 3.19 512.11 47.72 0.80 −1.25 −0.23 −2.60
N26  34,682 8.17 24.95 79.20 325.31 2.66 367.65 39.76 10.31 1.49 −0.61 −2.83
N27  37,978 7.67 11.65 47.62 376.30 3.91 401.67 11.90 7.68 0.63 −1.39 −2.72
N28  7510 8.11 5.45 8.33 79.57 1.01 53.77 8.85 13.29 1.20 −1.36 −4.17
N29  45,471 7.49 21.95 101.66 487.18 6.41 382.99 212.88 17.98 0.91 −0.11 −2.66
N30  56,480 7.32 81.94 186.94 472.71 7.35 685.54 42.42 6.36 0.91 −0.28 −2.40
N32  64,275 7.66 51.31 188.35 623.69 10.39 768.69 74.85 8.95 1.18 −0.25 −2.23

N35  64,300 7.51 66.87 226.27 678.18 7.01 780.98 157.42 3.48 0.70 0.13 −2.19

(Ca = calcium, Mg = magnesium, Na = sodium, K = potassium, Cl = chloride, SO4 = sulfate, HCO3 = bicarbonate, SI = mineral saturation index).
Calcite  and gypsum saturation indexes close to zero (in the range [−0.5; 0.5] and indicative of the presence of the mineral are highlighted in bold.

water recharge. Generally speaking, this shows that recharge from surface water streams is significant, with a permanent
signature on groundwater chemistry close to rivers and canals. At the same time, irrigation does not seem to have a strong
influence on groundwater chemistry at the level of irrigated plots.

4.2.4. Sulfate intake by gypsum dissolution
Shallow groundwaters in the SRD are also characterized by relatively high levels of sulfate. Most samples show indeed a

SO4/Cl ratio greater than that of seawater. This suggests that another source of sulfate is active. Mineral saturation indices
calculated using PHREEQc (Table 2) show that most samples are saturated with respect to gypsum which is most probably
present in the sediments and constitutes an additional source of sulphate in groundwater. The presence of gypsum in the
soils of the Senegal River Delta is confirmed by Deckers et al. (1996) and may  even precipitate in salty soils (Ndiaye, 1999).

5. Conclusions and outlook

The SRD is a complex hydrosystem, deeply influenced by human activities, and involving several compartments, the
most important being the Atlantic Ocean, surface watercourses, agricultural facilities, the depressions used for the stor-
age of drainage water and groundwater. The analysis of the hydrodynamic and hydrochemical behavior of groundwater
allows developing a conceptual model for the establishment of present hydraulic relationships and mineralization of water
resources in the SRD (Fig. 11).

During former sea transgressions and flood plain submersions, sea water invaded the deltaic sediments, resulting in the
occurrence of very salty groundwater in the sediments. Groundwater salinity in the shallow aquifer has been exacerbated by
strong evaporative processes related to the very arid climate characterizing the SRD area, leading to the existence of brines at
shallow depth of the aquifer system. In the last decades, hydrologic conditions prevailing in the SRD have evolved in relation
with the rising (approx. 1.5 m)  of the Senegal River stage upstream of the Diama dam and with the development of intensive

irrigated agriculture in the valley. This is reflected in the hydrochemistry of groundwater close to surface water streams,
with the occurrence of water softening, but not at the level of the cultivated parcels where the chemistry of groundwater
does not seem to be significantly modified by the irrigation recharge, nor by natural aquifer replenishment during the rainy
season.
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Fig. 11. Conceptual model of the hydro-system of the SRD.

The main conclusion is that the mechanism that contributes to repel salt water from the sediments corresponds to a
ateral flush which has started near permanent surface water streams and not by vertical drainage and dilution with rainfall
r irrigation water. If the effect of lateral flush is clearly visible, it is difficult to estimate how long it could take to come back
o more favorable conditions of groundwater salinity to reduce the risks of soil salinization related to that factor. At the level
f the irrigated plots, the regional hydrochemical investigation does not show any significant influence of irrigation on the
volution of the shallow groundwater. To better understand these interactions, further investigations are required at the
ocal scale of a few irrigated parcels through a detailed assessment of water and salt dynamics between surface water and
hallow groundwater.
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