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Abstract: Cap Skirring area is located in the southwestern part of Senegal, where groundwater is the only resource for
drinking water supply. The present study helps to assess and determine the most dominant hydrogeochemical processes
controlling the groundwater quality in the Cap Skirring area in Southwestern Senegal. For these purposes, 23 groundwater
samples have been collected and analyzed for pH, Ca2+, Mg2+, Na', K, SO42', CI', HCO5  and NOj; concentrations and the indices
total hardness (TH) as well as total dissolved solid (TDS) were calculated based on the analytical results. The analysis indicated
that the groundwater in the study area is generally soft. Comparison of these chemical data with the WHO drinking water
standards showed that WHO standards were exceeded mainly in wells D30 (Ca**, HCO5') and PD122 (CI, NO;” Na* and K°),
both located in the eastern part of the area. The Piper, Shadha, and other bivariate diagrams presenting the geochemical facies of
the groundwater showed the HCO; — Ca — Mg as the dominant water type (65.2 %) followed by the Cl — Na — K water type
(21.7 %), and the Cl— Ca — Mg water type (13.0 %). This hydrogeochemical characterization indicates that the groundwater is
mainly recharged by the high seasonal rainfall that occurs in the area. Salinization conditions and reverse ion exchange reactions
were also observed in the some groundwater samples. This salinization process was mainly found along the eastern part
(“bolong”) of the study area in samples taken at PD 122, PD 144, PD 55, and Marie Diatta or near the Atlantic coast (PD 154).
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contexts and specifications of the different aquifer systems
(porous, fissured, karstic, unconfined or confined) in coastal
area are greatly related to precarious equilibrium between
fresh- and saltwater.

Semi-arid countries, like Senegal, draw most of the water
demand for populations and livestock, but also for the tourist
and agricultural sector from the groundwater. This situation is
mainly linked to surface water scarcity, its vulnerability to
pollution, and the non-sustainability of this resource, but also to
climate change, which affects the quality and quantity of
available surface water resources [8, 9]. Additionally, coastal
areas have experienced major economic growth in recent years,
associated with a strong increase in population. On the other
hand, groundwater pumping in these areas is often problematic,

1. Introduction

Coastal zones located between marine and continental
domains are generally characterized by large biodiversity of
the ecosystems but also face strong impacts of human
activities. It is estimated that nearly 70 % of the world's
population lives in coastal areas [1, 2] and fresh groundwater
is a very important resource for the future development of the
coastal regions. In the past decade, these groundwater’s are
susceptible to salinization due to overexploitation and sea
level rising, both having a significant impact on the water
resources and more particularly on water quality [3-7].
Therefore, climate change and sea level rising are the main
concerns for most coastal areas. However, the local geological
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as excessive groundwater extraction, accompanied by a
significant decrease in recharge, can induce saltwater intrusion.
Recently, observation by the populations of the Diembering
municipality located in the study area of Cap Skirring, reported
an increase in the exploitation of water resources especially by
hotels and industry, which has aroused concerns at the local
level. In addition, one of the largest bottled water producers,
SODECA (“’Societe d'embouteillage de la Casamance’’),
exploits the Continental Terminal (CT) aquifer in this area for
human consumption. Faced with this problematics, the
Directorate of Management and Planning of Water Resources
of Senegal has started a study aiming to understand the
groundwater pumping and climate change impacts on the CT
aquifer in the Cap Skirring area. In this context piezometric and
hydrochemistry measurements have been performed to better
understand the behavior of the aquifer under current conditions.
Therefore, the aim of this study is to determine the suitability of
the groundwater for human consumption and to identify
processes responsible for the mineralization of Cap Skirring
coastal aquifer. For this purpose, hydrochemical data sampled
from the wells in the study area were compared to WHO
drinking water standard and correlation between chemical ion
were also performed since those correlations can be used as
indicators for the interaction between the ground- and seawater
in the coastal aquifers.

2. Materials and Methods
2.1. Study Area

The Cap Skirring area is located in the southwestern part of
Senegal between 16° 41’ 20" to 16° 48’ 08" W and 12° 20" 03"
to 12° 28" 44" N and is administratively situated in the
Ziguinchor region, in the Oussouye department, and in the
rural municipality of Diembering. It is a coastal strip of width
varying between 4.5 km on either side of Boucotte to less than
600 m at the height of the tip of Cap Skirring at the level of the
isthmus. It has a stretched shape in the NW-SE direction and
covers approximately 50 km? which is 22 % of the total area
of Diembering municipality (Figure 1). The study area is
bound to the north by the Nikine-Diembering dune system, to
the south by the Bissau-Guinean border, to the east by the
salty marshy areas called “bolongs”, and to the west by the
Atlantic Ocean (Figure 1).

Casamance region, particularly the Cap Skirring area, is
characterized by a Sudano-Guinean climate with a dry season
between November to May and a rainy season from June to
October. Climatic data collected from the Senegal National
Civil Aviation and Meteorological Agency (ANACIM) show
that annual rainfall varies strongly between the years (826.5
mm in 2003 and 1803 mm in 1989) with a long-term annual
mean of 1218 mm (1979-2019). Maximum air temperature is
on average 31°C (1979-2019) and occurs from March to
October corresponding to the beginning and the end of the
rainy season. Minimum air temperature is observed from
January to February (21.4°C). Potential evapotranpiration is in
general negatively correlated to precipitation.

Geologically, the Senegalese territory, with the exception
of its eastern part, belongs to the sedimentary domain, which
is part of the Senegalese-Mauritanian sedimentary basin. This
latter is the most western and largest (340,000 km?)
meso-cenozoic basin of the African Atlantic margin [10]. Its
formation started with the opening of the Atlantic Ocean in the
Lower Jurassic and its evolution followed the expansion of
this ocean. With a length of 1400 km, the
Senegalese-Mauritanian basin is limited to the north by
Mauritania Republic, to the south by Guinea Bissau Republic,
to the east by the Hercynian chain of the Mauritanians and the
Taoudeni basin and is largely open to the Atlantic Ocean to the
west.

The basin has a low and sandy coast, which leads to four
estuaries which are from north to south: the estuaries of
Senegal, Sine Saloum, Gambia, and Casamance [11]. It
consists of an essentially marine sedimentary formation
ranging from the Trias-Lias to the Quaternary period. The
geological description of the study area is based on the studies
published by Sarr, S. [10], Ngom, F. D. [11], Tessier, F. [12]
and Bellion, Y. J. C. [13] carried out in the
Senegalo-Mauritanian basin. According to these studies, the
Cap Skirring area belongs to the Casamance sedimentary
basin, which constitutes the most southern part of the
Senegalese sedimentary gulf. In this basin, oil and hydraulic
drilling boreholes showed, that the Cretaceous is characterized
by marine deposits with fossiliferous levels. Gorodiski, A. [14]
reported that these deposits are overlain by marine formations
ranging from the Tertiary to the Middle of Miocene at
Ziguinchor region. This latter formation is capped by the
Continental Terminal formations made up of sandstone or clay,
all azoic. These formations contain the superficial aquifer that
is subject of this study.

Various hydrogeological, hydrodynamic, and geophysical
studies carried out in the Senegalese sedimentary basin [15-20]
revealed four aquifer systems with different characteristics:
the superficial or "terminal complex" aquifer system, the
intermediate or semi-deep aquifer system, and the deep
aquifer system.

The superficial aquifer system or "complex terminal"
includes predominantly sandy-clayey and sandy formations
formed during the Quaternary, the Continental Terminal and
the Oligo-Miocene age. This "complex terminal" contains
throughout the Senegalese territory the Continental Terminal
and the alluvial sandy aquifers of the Senegal River in the
north, the northwestern coast aquifer from Saint-Louis to
Dakar, the infrabasaltic aquifer in Dakar area, and the sweet
water lenses from the Saloum Islands. The top aquifer in Cap
Skirring area belongs to the Continental Terminal age, which
is currently the only aquifer exploit in this area for drinking
water due to its good water quality and shallow depth.

The intermediate or semi-deep aquifer system is
characterized by karstic limestone formations and
marly-limestone from the Eocene and Paleocene age. In the
Casamance region, the semi-deep aquifer is characterized by
sandy clayey material of post-Lutetian age (Upper Eocene to
Pliocene). These formations were deposited in huge dug
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basins in the marly-limestones of the Middle and Lower
Eocene. Therefore, this system is a multi-layered aquifer made
up of fine, medium or coarse sandy or clayey deposits
alternating with clay lenses. Its thickness varies between 130

m on Average Casamance and 200 m in the Lower Casamance.

In Cap Skirring area, this aquifer is not exploited due to its
very high salinization.

The deep aquifer system contains exclusively the sandy to
sandy-clayey formation of the Maastrichtian. It is a vast
reservoir (estimated between 300 and 500 km®) which extends
almost over the entire Senegalese basin. In Casamance, the top
limit of this aquifer plunges towards the southwest and takes
the form of a basin whose bottom is located in Lower

3]0I000

Casamance between -500 and -600 m IGN elevations [16-18].
In the Kolda region (Upper Casamance), it occurs between
-140 and -200 m. The thickness of this aquifer decreases from
west to east and vary between 25 m at Dabo in Upper
Casamance and 95 m at Kartiak in Lower Casamance. In a
hydrodynamic point of view, water quality of these aquifer
decreases from upstream to downstream due to the increase in
the fine particles towards the west. Transmissivity values
ranged between 1 x 107 and 3 x 10 m® s™ in upstream
location [15]. In the middle and lower Casamance, it is less
than 1 x 102 m? s and its average storage coefficient value is
equal to 2.5 x 10™*. In the study area, the Maastrichtian aquifer
is not exploited due to its high mineralization.
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Figure 1. Localization of the study area and the 23 groundwater sampling points.
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2.2. Sample Collection and Laboratory Analysis

In order to characterize the chemistry of the groundwater
system, sampling was carried out in January 2020 in 23
boreholes used for drinking or agricultural water supply
(Figure 1). A GPS system was used to locate the exact
coordinates of the sample collections. At each sampling point,
two water samples were collected in 250 ml polyethylene
bottles and kept cool at 4 °C. Subsamples for cation analyzes
were acidified to pH-values below 2 by adding HNO;™ and the
non-acidified samples were used for anion analyzes. Water
samples were analyzed at the chemistry laboratory of the
Geology Department of the Cheikh Anta Diop University of
Dakar (UCAD). Major anions (CI, SO42', HCOy5’, and NO;)
and cations (Ca®", Mg®", Na", and K") were determined by ion
chromatography using the Dionex DX120 chromatograph
(ThermoFischer Scientifics). Physicochemical parameters
such as pH-value, temperature, total dissolved solid and
electrical conductivity were determined in situ with a
multi-parameter probe (WTC multi 3430 Set G).

For the interpretation of the hydrochemical characteristics
of the sampled water, different indices were used.

Total dissolved solutes (TDS) who represents the water
salinity [21, 22] was calculated using Water Software Quality
Hydrochemistry diagrams.

Total hardness (TH) is defined by the hydrotimetric title,
which corresponds to the presence of calcium and magnesium
ions. Water hardness associated with its acidity defines its
aggressiveness: soft water associated with an acid pH is
thereby aggressive water [23]. Total hardness (TH) was
calculated from the values of the Ca’* and Mg®" ion
concentration in the groundwater samples according to Todd,
k. [24].

TH=2.497xCa”>"+4.115xMg** (1)

where Ca*" and Mg>" were expressed in mg L™. TH values for
water can be distinguished into four classes according to
Sawyer, et al. [25]. TH values less than 75 feature class I

characterized by soft water, class II shows TH values between
75 and 150 and is characterized by moderately hard water,
hard water have TH values between 150 and 300 (class III).
Very hard water (class IV) exceeds TH values of 300.

In addition, to determine the suitability of water for human
consumption, the average values of the physicochemical
parameters (pH, EC, TH, and TDS) and the major and trace
ions of the water sampled were compared to the WHO. [26]
drinking water standards. In this study, the major ions Ca*",
Mg**, Na*, K*, SO,”, CI', HCOy, NO; were assessed to
analyze the Continental Terminal groundwater quality. On the
other hand, some important relationship such as Na" versus CI
and (Ca>" and Mg*")-(Na" and K*") versus HCOs— (SO*" and
CI') were explored, since those could be used as indicators for
an interaction between the ground- and seawater in the coastal
aquifers [26-29].

3. Results and Discussions
3.1. Drinking Water Quality

The pH values of the groundwater system vary between
4.02 and 7.91 with a median of 7.24. Data analysis showed
that 13.0 % of the water samples had acid pH values between 5
to 6.5, 82.6 % had a pH value that meets the WHO standards
(6.5 —8.5) and 4.4 % had a highly acidic pH value between 4
to 5. The electrical conductivity (EC) is a parameter
expressing the mineralization of water and high water EC
values refer to significant mineralization. The measured EC
values of the Cap Skirring CT aquifer vary between a
minimum of 108 and a maximum of 1538 uS cm’ with a
median of 338 pS cm”. This EC values show, that the
groundwater samples are slightly mineralized. Nevertheless, a
value of 1538 puS cm™ is observed in well PD122, which
slightly exceeds the WHO standard. Saxena, et al. [30] and
Mondal, et al. [31] classified water on the basis of EC into
three categories: freshwater (<1500 puS cm’™), brackish water
(1500 — 3000 pS cm™), and saline water (>3000 uS cm™).

Table 1. Summary statistics of the Continental Terminal aquifer groundwater quality parameters sampled in January 2020.

= = o
Variables Unit Mean Median Minimum Maximum Ecart-type :::Egal::;:l(‘; 3;170;“] ‘?]I_(;i)“:::lsl tabove
pH - 6.98 7.24 4.02 791 0.82 6.5-8.5

CE uS cm’ 450.78 338.00 108.00 1538.00 327.90 1500 43

TH mg L’ 136.41 109.91 47.95 379.79 83.32 500 0

TDS mg L' 321.00 239.00 78.00 1040.00 222.79 1500 0

HCO5 mg L' 128.50 122.00 0.00 402.60 94.65 250 8.7

Cr mg L’ 62.89 3243 14.42 252.26 65.22 250 43

SO~ mg L’ 9.88 5.72 1.83 46.07 10.69 250 0

NO5 mg L' 28.88 1.55 0.44 447.02 93.40 50 8.7

Ca** mg L’ 44.06 34.96 15.89 111.23 25.70 100 43

Mg* mg L' 6.41 423 2.01 32.01 6.83 50 0

Na” mg L' 36.58 21.89 2.44 190.87 45.24 150 43

K* mg L’ 3.38 2.12 0.63 14.07 3.37 12 43

F mg L' 0.22 0.21 0.08 0.36 0.08 1.5 0

Fe mg L' 0.22 0.13 0.03 1.31 0.28 - -

Based on this classification, nearly all water samples
(95.7 %) fall within the fresh water class, except the sample

from well PD122 with the extreme EC value of 1538 pS cm™,
which is classified as being brackish water. Total Dissolved
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Solid values observed are lower than the WHO drinking water
standards and vary between a minimum of 78 and a maximum
of 1040 mg L' with a median of 239 mg L. Total Hardness
(TH) values in water sampled vary between a minimum of 48
and a maximum of 330 mg L™ with a median of 110 mg L™
(Table 1). These values are all below the WHO standards for
TH, which is set to 500 mg L™'. Classification according to TH
values shows that soft, moderately hard, and hard waters were
represented by 13, 60.9 and 26.1 % of the groundwater
samples, respectively.

3.2. Major Ion Chemistry and Chemical Processes

The chemical data analysis on the Continental Terminal
aquifer showed that the concentration of the chemical elements
analyzed are generally lower than the WHO drinking water
standards at most of the sampled points. The CI values range
between a minimum of 14.4 and a maximum of 252.3 mg L
with an average of 62.9 mg L' (median = 32.4 mg L"). Only
4.3 % of the sampled waters exceed the WHO threshold for
drinking water set to 250 mg L' (PD 122). HCO5
concentrations vary between 0.0 and 402.6 mg L' with an
average value of 128.5 mg L' (median = 122.0 mg LY,

ce and Engineering 2022; 8(4): 71-78 75

whereby slightly more (8.7 %) of all water sampled exceeded
the WHO threshold (D 30; PD 47). The Ca*" concentrations
were between 15.9 and 111.23 mg L' (mean = 44.1 and median
=35.0 mg L") and the Na" concentration ranged from 2.4 to
190.9 mg L' (mean = 36.6 and median =21.9 mg L"), whereby
for both elements 4.3 % of the samples were above the WHO
limits. All other element concentrations and percentage of
samples exceeding the WHO thresholds for drinking water can
be looked up in Table 1, whereby in general less than 9 % of all
samples exceeded the drinking water limits.

The concentrations of other ions exceeded the WHO
drinking water standards such as for HCO; in well D30 and
PD47, CI' in well PD122, NO; in PD122 and Alizes, Ca*" in
well D30 as well as Na” and K in well PD122. Chemical data
(expressed in meq L") of the groundwater sampled in the Cap
Skirring aquifer indicate a general order of magnitude as
follows: HCO; > Cl” > SO,* > NO; for the anions and Ca*" >
Na®>Mg*" > K" for the cations.

To explore potential correlation between the measured
element concentrations or derived indices such as TH or TDS
the Pearson correlation coefficient () was calculated and the
results are listed in Table 2.

10

cl (megq/l)

10

Na (meq/I)

Figure 2. Relationship between Na* and CI' of the Continental Terminal groundwater samples.

Table 2. Correlation matrix of hydrochemical parameters of Continental Terminal groundwater samples with Pearson correlation coefficient r. High correlation

(r > 0.7) are highlighted in bold. All elements are expressed in mg L, except

EC in (us cm’) and pH (-).

TDS pH EC Ca** Mg** Na* K* HCOy Cr N NOy
TDS 1
pH -0.35 1
EC 0.99 -0.42 1
Ca* 0.79 0.11 0.71 1
Mg* 0.70 -0.07 0.68 0.56 1
Na" 0.84 -0.65 0.89 0.35 0.42 1
K 0.82 -0.63 0.88 0.32 0.44 0.99 1
HCOy 0.30 0.69 0.20 0.74 0.45 -0.22 -0.22 1
Cr 0.79 -0.61 0.86 0.33 0.41 0.97 0.98 -0.20 1
SO 0.56 -0.12 0.53 0.50 0.76 0.30 0.30 0.36 0.23 1
NOy 0.76 -0.79 0.79 0.34 0.39 0.85 0.81 -0.32 0.75 0.35 1
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As can be seen, the Total Dissolved Solid correlates well
with Ca®*, Mg*", Na’, K*, CI, and NO; with correlation
coefficients exceeding 0.70 in all cases. On the other hand,
there is only a weak correlation with SO~ (» = 0.56) and
HCOs; (r = 0.30). This weak correlation indicates that
bicarbonate and iron are not involved in the mineralization
process of the CT groundwater. The strong correlations with
the other elements provide strong evidence that these main
elements are involved in the mineralization of the
groundwater samples. In coastal area, Na” and CI  are often
highly positively correlated and representing the dominant
ions in the majority of coastal groundwater samples indicating
the increased mixing effect of seawater into the groundwater
[32]. In the groundwater samples of the studied aquifer, very
strong correlations between the ions concentrations of Na* vs
CI' (r = 0.97) was found (Figure 2), pointing to the fact that
both ions have the same origin either caused by seawater
intrusion or dissolution of halite.

In general, the dominant cations and anions in fresh
groundwater are Ca®" and HCO;5; or SO42'. However, in
groundwater samples affected by seawater intrusion the order
of magnitude of cations (Na*, K”, Ca®*, Mg”") and anions (CI’,
SO42', HCO;") will change [33, 34]. In these coastal aquifers,
salinity is considered as the most contamination form and
major ion ratios were sometime used to identify the origin of
salinity [28, 35].

The Chadha’s plot (Figure 3) shows that majority of
groundwater samples (65.3 %) fall in the recharge water zone
(Ca-HCO; water type) indicating fresh groundwater. The rest
of the water samples are located in the zones of seawater
(21.7 %) (Na-Cl water type) and reverse ion exchange water
(13 %) (Ca/Mg-Cl water type), respectively.

6 1 Recharge water zone

Ion exchange water zone 4 (Ca-HCO; type)

Na-HCO; type) 7 .. ‘
K .
-4 2 j' 2 4 6 8
)

Seawater zone

5 Na-Cl type) -4 1 Reverse ion exchange water zone
7 ¥
z B -6 1 (Ca-Mg-Cl type)
: " 8
-10 A (Ca+Mg)-(Na+k)

Figure 3. Shadha diagram of Continental Terminal groundwater samples.

The hydrogeochemical characteristics of the CT
groundwater samples based on Chadha’s diagram [36] show
significant groundwater recharge due to the high seasonal
rainfall but also saline groundwater conditions in some
boreholes located mainly along the “bolong” (eastern limit)
(PD 122, PD 144, PD 55, and pumping well Marie Diatta) or
the Atlantic ocean (PD 154), which can be attributed to
saltwater intrusion and the reverse ion exchange reactions into

the aquifer. Saltwater impact from the “bolong” can be due by
the high concentration of this saline surface water, whereby
concentrations measured in October 2021 showed 11,465 and
4,959 mg L' for CI' and Na’, respectively. Chemical ion
values plotted in the Piper trilinear diagram [37] identified the
same water type with the dominance of HCO; — Ca - Mg water
type (65.2 %) followed by the Cl — Na — K water type (21.7 %)
and the Cl1—- Ca — Mg water type (13.0 %) (Figure 4).

A HCO3-Ca-Mg type
@ Cl-Ca-Mg type
@ Cl-Na-K type

0 Ca R CHNO3 10

Figure 4. Piper diagram of the groundwater sampled from the Continental
Terminal aquifer.

4. Summary and Conclusion

The characterization of the Continental Terminal aquifer in
the Cap Skirring area according to the hydrochemical analysis
showed, that most of the water sampled in this area has ion
concentration, EC and pH values below the WHO drinking
water standards. Overall, for all ions analyzed less than 9 % of
the samples exceeded those limits (2 boreholes), meaning that
the aquifer water is in general suitable for drinking purpose. A
detailed analysis showed, that the WHO standards were
exceeded in wells D30 for Ca®" and HCO;", PD47 for HCOy,
PD122 for CI', Na" and K, and PD 122 and Alizes for NO;".
The chemical analysis results as well the assessment of water
quality revealed that the abundance of the major ions is in the
following order: HCO; > CI > SO,* > NO;  for the anions
and Ca>" > Na" > Mg”" > K for the cations reflecting HCO; —
Ca - Mg water type. The Piper and Chadha diagrams show
mainly HCO;— Ca - Mg water type (65.2%) followed by the
Cl—Na— K water type (21.7%) and by the C1— Ca — Mg water
type (13.0%). Hydrogeochemical characterization shows that
significant recharge due to the high seasonal rainfall,
salinization conditions and reverse ion exchange reactions
occur in the groundwater aquifer. The protection of the
continental terminal aquifer in order to ensure the drinking
water supply to Cap Skirring region requires maximum
control of pumping to avoid overexploitation as this aquifer is
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only the one exploited in this area for water supply.
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