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(GRORY ore e

nesium, sodium, potassium, chloride, sulfate, bicarbonate, and nitrate con-
centrations were measured to assess the hydrochemical quality of the infra-
basaltic aquifer in the area. The present work carried out a hydrochemical
analysis to interpret the groundwater chemistry of the aquifer. The results of
this chemical analysis indicate that Na* > Mg®" > Ca’>" > K* was the most do-
minant cation sequence in the groundwater, while CI- > HCO; > SO; >

NO; was the most dominant one for anions. The chemical analysis of our
samples showed, that the Cl-Ca-Mg facies was dominant in the aquifer, while
Cl-Na-K and HCOs-Na-K facies represent 20% and 10% of the groundwater
sampled, respectively. A comparison of the measured groundwater quality in
relation to WHO drinking water quality standards revealed that 80% of the
water samples are suitable for drinking purposes. Ca enrichment, Simpson ra-
tio, ratio of sodium chloride, and calculating Base Exchange (BEX) indices for
the samples revealed that the groundwater is mainly affected by three factors:
seawater intrusion due to aquifer overexploitation on one hand, and freshen-
ing processes and nitrate pollution, on the other, mainly caused by the ground-
water flow from the unconfined aquifer.
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1. Introduction

Groundwater is a vital resource for drinking water, especially in most arid and
semi-arid regions worldwide where surface water is poor in quality and often
scarce (Eissa et al., 2018; Li & Qian, 2018). It is estimated that globally more than
1.5 billion people rely on groundwater for primary needs such as drinking and
irrigation (Adimalla & Li, 2019). In semi-arid regions, intense urbanization led
to high water demands and as a consequence, large extraction of groundwater is
observed in these regions. On the other hand, water quality often dropped over
the last years due to population and industrial growth and associated pollution
of the aquifer systems (Rosegrant et al., 2009; Isa et al., 2012; Adimalla & Li,
2019). Especially, coastal groundwater systems are prone to quality changes in-
duced by seawater intrusion caused by over-exploitation or rising sea-level (Roy
& Bithin, 2018; Lal & Bithin, 2019), paleo salinity, and changes of climatic con-
ditions leading to health risks for the populations in coastal zones (Faye et al.,
2005; Werner et al., 2017; Kumari et al., 2018; Chidambaram et al., 2018; Bala-
murugan et al.,, 2020; Prakash et al., 2020). Over the past several decades, deteri-
oration of coastal groundwater quality due to over-exploitation has been studied
widely (e.g., Revelle, 1941; Narayana & Suresh, 1989; Ramesh et al., 1995; Puli-
do-Leboeuf, 2004; Walraevens & Van Camp, 2005; Bahir et al., 2018; Eissa et al.,
2018) and geochemical indicator methods were applied to understand the dy-
namic behavior of coastal aquifer chemistry (Pascual & Custodio, 1990; Dixon &
Chiswell, 1992; Appelo & Postma, 2005; De Montety et al., 2008; Fadili et al.,
2015; Maman Hassan, 2022; Bauer et al., 2022; Daniele et al., 2022).

Dakar City, which is the major seat of governmental institutions in Senegal, is
the biggest urban agglomeration in Senegal and a major financial, commercial,
manufacturing, and transport hub. The population of Dakar is about 3 million
(ANSD, 2020), whereby steady rural-urban migration causes problems typical of
substropical and tropical megacities. Among others, these problems include
sluggish infrastructural growth and poor sanitation drainage.

In the early 1920s, the water supply in Dakar city was drawn by a few ground-
water extraction wells from the infrabasaltic aquifer at a rate of ~3000 m*d™!
(OMS, 1972) but the demographic expansion has led to an increase in water de-
mand. Since the 1970s, the water supply of Dakar from local aquifers was no
longer sufficient, and therefore, it was necessary to explore other resources to sa-
tisfy the urban and peri-urban water needs. Despite the exploitation of the Pout,
Sebikotane, and Paleocene limestone aquifers, the north coast and the Maas-
trichtian groundwater’s but also the Senegal River connected via pipeline to the
250 km far away Lake of “Guiers” (Keur Momar Sarr 1 and 2) were used for
drinking water supply. Nevertheless, the Dakar region still experiences problems
of water supply for domestic and industrial needs.

Reacting on the increasing water demand, a medium-long term program has
been initiated consisting of the construction of a new water purification plant in

2021 (Keur Momar Sarr 3, KMS3) and seawater desalination plants, which will
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be operational in 2025, to provide a sustainable solution to this drinking water
supply problem in Dakar city. However, to reduce the water deficit in the short-
term, a program was initiated in 2014 consisting of drilling new boreholes into
the infrabasaltic aquifer. As a result, the pumping rates of this aquifer increased
from 12,000 to 42,489 m*d! between 2006 and 2019. This groundwater pump-
ing rate, which were around 18,000 m>d™" between 1960 and 1987 and 17,000
m>d™! between 1989 and 1995, were reduced to 12,000 m*-d™* since 2006 due to
the saltwater intrusion from the northern and southwestern part of the aquifer,
(GKW, 2009). On the other hand, previous studies from the infrabasaltic aquifer
(OMS, 1972; Gaye, 1980; Tandia et al., 1998; Tandia, 2000; GKW, 2009) showed
that a pumping rate of 18,000 m*-d* represents the equilibrium rate with ground-
water recharge with a minimum loss of freshwater of 2000 m’-d™' towards the
Atlantic Ocean.

The aim of the present study is therefore to determine the impact of the in-
crease in groundwater extraction from the beginning of the year 2015 on the
piezometric and hydrochemistry behavior of the infrabasaltic aquifer of the Da-
kar region. Thereby, the results can guide the effective management of the
groundwater resources of the Dakar city and to mitigate the water deterioration

quality.

2. Materials and Methods
2.1. Study Area

The Dakar region extends over 550 km? between 16°55' - 17°30' west and 14°55'
- 14°35' north (Figure 1). The region is characterized by a semi-arid climate
with a rainy season between June and October. Climatic data collected from the
Senegal National Civil Aviation and Meteorological Agency (ANACIM) shows,
that annual rainfall varies strongly between the years being for example 161 mm
in 2014 and 723 mm in 2009, while the long-term mean is 378 mm (1990-2019).
Maximum air temperature is on average 28.4°C (1990-2019) and occurs from
May to June and October to November corresponding to the beginning and the
end of the rainy season. Minimum air temperature is observed during the period
from December to February (21.9°C). Daily mean FAO-PM reference evapo-
transpiration estimated between 2000 and 2013 ranged between 2 and 4 mm-d™!
(Diouf et al., 2016).

Geologically, the Dakar region belongs to the Senegalese-Mauritanian basin,
the largest coastal basin of northwest Africa (Castalain, 1965), which is covered
by Quaternary sediments of sandy and sandy clay nature from alluvial and eo-
lien deposits (Bellion, 1987).

The Dakar area has two aquifers systems (Martin, 1970), a semi-confined
infrabasaltic aquifer in the western part and the unconfined Thiaroye aquifer in
the eastern part (Figure 2). The infrabasaltic aquifer is composed of pure sand
capped by volcanic lavas (Quaternary volcanism), while the unconfined Thia-

roye aquifer varies from coarse to clayey sand. The thickness of the confined
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Figure 1. Land use, groundwater extraction and piezometer wells location in the study area of Dakar city.
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Figure 2. Hydrogeological section in the Dakar area (Chaoui, 1996).

aquifer varies from 50 to 80 meters from west to east. Previous studies using sta-

ble isotopes (Gaye, 1980) showed, that groundwater recharge by rainwater oc-
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curs mainly in the eastern parts between July to October. Some recharge could
also occur through infiltration into the basaltic layer. Transmissivity values of
the aquifer range from 9 x 107 to 107 m?s™
(OMS, 1972).

in the western part of the area

2.2. Water Sampling, Field Data, and Laboratory Measurements

The groundwater sampling campaign was performed in June 2019 on a network
of 20 groundwater extraction and piezometers wells (Figure 3) to determine the
piezometric water levels and to sample the groundwater for the measurements of
the physicochemical parameters. A GPS system was used to locate the exact
coordinates of the sample location. Prior sampling of the groundwater at the
piezometer wells pumping was carried out in order to obtain a representative
sample. On the other hand, no extra pumping was performed at the groundwa-
ter extraction wells as they continuously pump water anyway. At each sampling
point, two water samples were collected in 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. All
chemical analyses were performed at the chemistry laboratory of Geology De-

partment of the Cheikh Anta Diop University of Dakar. Major ions were measured
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Figure 3. Location of the 20 sampling points in the study area.

DOI: 10.4236/gep.2022.1012004

49 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2022.1012004

O. C. Diouf et al.

by ion chromatography using a Dionex DX 120 (ThermoFischer Scientific). Phy-
sicochemical parameters such as pH-value, temperature, and electrical conduc-
tivity were determined in situ with a multi-parameter probe (WTC multi 3430
Set G). The depth of the groundwater table was measured using a light and sound
piezometric probe (Type Delta-D 0100200S).

The piezometric maps of 1995 and 2009 were drawn using data collected from
Chaoui (1996) and on the other hand from the PROGRESS database of the
DGPRE (Water Resource Planning Department of Senegal).

In this study, the drinking water standards of World Health Organization
(WHO, 2017) were used as the standard to determine the groundwater quality
for drinking water purposes. On the other hand, total hardness, Ca enrichment,
Simpson ratio, ratio of sodium chloride, and calculating Base Exchange Indices
(BEX) were used as tools to evaluate potential saltwater intrusion (Klassen et al.,
2014).

Total hardness (TH) was calculated from the values of the calcium and mag-

nesium ion concentration in the groundwater samples according to Todd (1980).

TH = 2.497xCa®* +4.115x Mg?* . (1)

where Ca®* and Mg** were expressed in mg-L™". TH values for water can be dis-
tinguished into four classes according to Sawyer & McCartly (1967). 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) ex-
ceeds TH values of 300.

The enrichment of Ca is expressed by Equation (2) according to Bear et al.
(1999) and Moujabber et al. (2006) based on the ratio of Ca** and Mg?**. High ra-
tios of enrichment of Ca (>1) could be interpreted as saltwater intrusion as
shown by Bear et al. (1999).

Ca Enrichment = (Ca/Mg). (2)

whereby all ions are expressed in mg-L™".
The Simpson ratio (SR) provided by Equation (3) (Todd et al., 2005) is based
on the CI-, HCO;,and CO} concentrations expressed in mg-L™".

Simpson Ratio = CI/(HCO; +COZ"). 3)

whereby the classification of groundwater according to the SR allows the defini-
tion of five classes (Todd et al., 2005): good quality (SR < 0.5), slightly contami-
nated (0.5 < SR < 1.3), moderately contaminated (1.3 < SR < 2.8), injuriously
contaminated (2.8 < SR < 6.6), and highly contaminated (6.6 < SR < 15.5).

The ratio of sodium chloride (SCR) has often been used to identify the me-
chanism for acquiring salinity in semi-arid regions (Sami, 1992; Meybeck, 1987;
Rogers, 1989).

SCR =Na*/CI- (4)

whereby Na* and CI™ ion concentrations are in meq-L™".
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Based on Bear et al. (1999), Marghade et al. (2012) proposed that saltwater in-
trusion show SCR less than 0.86, while SCRs larger 1 can be interpreted by
anthropogenic sources of contamination. Between those two limits (0.86 and 1),
the contamination process can be threshold by the mean value of 0.93. There-
fore, if the values of SCR are less than 0.93, the contaminant source is likely re-
lated to saltwater intrusion and if the values exceed 0.93 it is likely caused by
anthropogenic pollution.

The Base Exchange Indices (BEX) is calculated by Equation (5), whereby all
ion concentrations are in meq-L™". According to Stuyfzand (2008) the BEX can
be used to distinguish between salinization or freshening processes of an aquifer.
Positive and negative values of BEX indicate respectively the freshening or the

salinization process, and a value of zero indicates no base exchange.

BEX = Na* + K" + Mg?" —1.0716xCl (5)

3. Results and Discussion
3.1. Impact of Pumping on the Groundwater Level

The piezometric maps of December 1995, June 2009, and December 2019 were
used to describe the overall morphology of the groundwater and to characterize
the groundwater flow directions. As can be seen from the equipotential lines, the
overall morphology of the groundwater table has a depression formed by
pumping at the main extraction points “Front de Terre” and “Camp Penal” close
to the center of the study area. Hereby, the piezometric maps of December 1995
(Figure 4(a)) and June 2009 (Figure 4(b)), show in general the same pattern of
the piezometric surface. In 1995, the groundwater pumping was 17.127 m*d™!
and the highest pumping rate were observed at “Point N”, “Point M”, “Terme
Nord”, “Fort A”, “Front de Terre”, and “Camp Penal” boreholes located in the
central part of the aquifer. In 2009, the decrease of pumping from boreholes was
up to 11.420 m*d'. Water level rising caused by this pumping decrease was
much higher in “Front de Terre”, “Camp Pénal”, and “Fort A” boreholes, where
the piezometric water level values are respectively -7, —4, and —3 m in 1995 and
—4, -2, and —1 m in 2009. The groundwater flow is centripetal over the pumped
boreholes zone, which makes it possible to highlight the influence of pumping
on the piezometric water level. The piezometric map of December 2019 (Figure
4(c)) shows a different morphology compared to those observed in December
1995 and June 2009. In the Northern part of the study area the piezometric
groundwater levels were lower than the sea water level. This piezometric depres-
sion is probably related to the increase of the pumping in this area, because in
2018 19 boreholes tapping the aquifer were functional extracting 34.890 m?*d™
of water. Among these 19 functional boreholes, 14 were located in the Northern
part extracting 25.695 m>d™" or ~74% of the total water. This piezometric de-
pression is slightly oriented toward N-E. However, water levels rising occured in
the piezometer PIB3 located in the north eastern part, where the aquifer is un-

confined. This water level rising was likely caused by recharge coming from the

DOI: 10.4236/gep.2022.1012004

51 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2022.1012004

O. C. Diouf et al.

227000 230000 233000 236000 239000
1 1 1 1 1
a)
(=3 =3
> =3
34 LS
3 3
=3 =3
> >
4 LS
3 3
=3 >
> =3
24 =
2 2
= =3
(=3 >
Z- LR
[\ o
o o
= s
= Legend s
2 . L2
Q @ Pumping borehole Q
A Piezometer well
=== Piezometric level
[ Aquiter limit
=3
=3
=3
b B
T T T T T :2
227000 230000 233000 236000 239000
(a)
227000 230000 233000 236000 239000
1 1 1 1 1
S ) N S
> =3
< <
o La2]
o W@s}l <
Rad SH
M Bfd 4H
N L
(=3 =3
2 =
§ Point M §
0 (O}
K| 0
e 21 Terme Nor > 7 -2 Baj A
g A Ouakam PIB 2 " Qpaspknal/ g
E— Fipnt ¢€ t8rpe '§
= Fort A 3n P\31 =
A
-4
/v \-3
—
=3 =4
2 d 1 2
A -2 E
0
Kip 5 Legend
g 2
2 ® Pumping borehole |3
o o
- \, A Piezometer well -
=== Pjezometric Level (m)
] Aquifer Limit
g =S
- =
g <
- T T T T T -
227000 230000 233000 236000 239000
(b)
DOI: 10.4236/gep.2022.1012004 52 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2022.1012004

0. C. Diouf et al.

227000
1

230000 233000 236000 239000
1 1 1 1

1628000 1630000 1632000 1634000
1 1 1 1

1626000
1

T T
1632000 1634000

T
1630000

Pz Pargd

Hann

F2 Point
B! DieupeulADerklg
®

T
1628000

Legend

@ Pumping borehole
A Piezometer well

T
1626000

=== Pjezometric Level

D Aquifer Limit

T
1624000

T
227000

T T T T
230000 233000 236000 239000

(c)

Figure 4. Groundwater level contours of the infrabasaltic aquifer (a) in December 1995; (b) in June 2009;
and (c) in December 2019.

eastern part (groundwater flow from the Thiaroye unconfined sandy aquifer).
Towards the south-east, water level rising was also observed, which can be ex-
plained by a decrease in pumping in this area and the direct infiltration of rain-
water due to the low thickness or absence of the basaltic cover. In summary, the
comparison of the piezometric maps of December 1995 and December 2019
showed that the piezometric depression located in the central part of the aquifer
(“Front de Terre”, “Camp Penal”, and “Fort A” boreholes) in December 1995
has migrated towards the northern part in December 2019. This migration of
the groundwater depression is accompanied by a slight water level rise in the

south-eastern part of the study area.

3.2. Groundwater Chemistry

3.2.1. General Groundwater Characterization

The hydrogeochemical analysis of the groundwater samples showed, that several
major ions play a significant role in the groundwater chemistry. The dominant
ions found were Cl-, Na*, Mg**, and HCO; and an overview of the chemical
composition of the groundwater samples in the study area are summarized in
Table 1.

In general, the dominant cations and anions in fresh groundwater are Ca?*
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Table 1. Summary statistics of the infrabasaltic groundwater quality parameters sampled in June 2019. Highlighted are those pa-

rameters exceeding the WHO standards in the mean values.

Variables

pH
Temperature

EC

M g2+

Unit

(pS-cm™)
(mgL™)
(mgL™)
(mgL™)
(mg-L™)
(mg-L™)
(mg-L™)
(mgL™)
(mgL™)
(mgL™)

Mean Median Minimum Maximum standards (2017)
7.24 7.18 6.51 7.87 6.5 -8.5
30.6 30.7 29.0 32.0 -

3270.2 792.5 365.0 37181.9 1000

446.9 250.6 81.2 2700.2 100 - 500
132.8 116.0 18.0 348.0 10

1096.4 145.3 67.94 14574.0 200
55.2 16.0 6.0 232.0 250
34.5 12.6 0.0 292.0 50

516.6 72.5 23.0 8557.0 200
17.27 6.15 1.83 213.0 50
79.1 45.3 17.6 410.8 75 - 200
60.5 22.7 7.0 479.0 50 - 150

WHO international

and HCO; or SO; . However, in groundwater samples affected by seawater
intrusion the order of magnitude of cations (Na*, K*, Ca**, Mg?*) and anions
(Cr, SO‘Z[ , HCO; ) changes (Hoyle, 1990; Bouderbala, 2015). The sequence of
major ion found in the groundwater sampled (expressed in meq-L™) indicate a
general order from Na* > Mg?* > Ca** > K* for the cations and CI- > HCO; >
SO? > NOj for the anions. This sequence of cations and anions showed that
the infrabasaltic groundwater is in general affected by saltwater intrusion. The
concentration of each major ion was plotted into the Piper diagram (Figure 5)
to identify the facies of groundwater in the study area. This diagram can be also
used to determine the area affected by saltwater intrusion (Bouderbala, 2015).
The diagram consists of three well-defined fields, two triangular fields (cation
and anion) and an above central diamond-shaped field. The overall characteris-
tics of water were inferred in this above central diamond-shaped field by pro-
jecting the position of plots in the triangular fields (Piper, 1944). The above cen-
tral diamond-shaped field displays three groundwater facies such as Cl-Ca-Mg
waters, Cl-Na-K waters, and HCO;-Na-K waters. The most dominant water fa-
cies for our study area is the Cl-Ca-Mg water found in 14 boreholes (Figure 5).
The position of Pz Parc Hann, P3 Bis, Pz VDN NF, P1 stade LSS, Pz Ouakam,
and Pz place OMVS piezometer wells in the Piper diagram can be interpreted as

affected by saltwater intrusion.

3.2.2. Drinking Water Quality

Depending on the specific standards of the water quality, its suitability for drink-
ing purposes can be determined, whereby in this study the World Health Organ-
ization (WHO, 2017) drinking water standard were used to determine groundwa-
ter quality for drinking purposes (Table 1).
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A Pumping boreholes
B Piezometer wells

100

Figure 5. Piper diagram of the samples from the infrabasaltic aquifer.

In general, the pH-value is used to determine the acidity or alkalinity of the
water. For drinking use, the pH-value must be between 6.5 and 8.5 (WHO, 2017).
The pH-values of the infrabasaltic water samples varies between 6 and 8, thus
showing that these waters, which are mostly alkaline, are in the range of drink-
ing waters as recommended by WHO.

High EC contents in groundwater may cause gastrointestinal irritation in hu-
mans (Srinivas et al., 2013), and therefore, EC is also a critical measure for
drinking water. The EC of the groundwater in the study area ranged between
365 and 37181 uS-cm™' with a mean and median of 3270 and 793 pS-cm™, re-
spectively, indicating that the groundwater samples exceed the WHO recom-
mended limit of 1000 puS-cm™ in the mean. Hereby, 35% of the water samples
had EC values above the WHO threshold. Saxena et al. (2004) and Mondal et al.
(2009) classified also water on the basis of EC into three categories: freshwater
(<1500 uS-cm™), brackish water (1500 - 3000 pS-cm™), and saline water (>3000
uS-cm™). Based on this classification, 70% and 20% of the water samples fall
within the fresh and brackish water classes, respectively. Only samples from pie-
zometer “Parc Hann” and “Pz Quakam” (Cité Cheihk Amar) with extreme EC
values of 37,182 and 11,590 uS-cm™ are saline water.

Water total hardness (TH) is caused primarily by the presence of cations such
as Ca?* and Mg?*. In the water samples analyzed, the TH varies between 81.2 to

2700 mg-L™', meaning that moderately hard, hard, and very hard waters were
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represented by 25%, 45%, and 30% of the groundwater samples.

The origin of nitrates in groundwater is mainly from anthropic activities such
as agriculture and domestic wastewater and corresponding leaching from the
soil surface (Kass et al.,, 2005; Schiavo et al., 2006). The nitrate contents in
groundwater sampled in the area range from 0 to 292 mg-L™!, whereby the WHO
threshold for drinking water is set to 50 mg-L™!. Out of the total 20 samples, two
exceed the WHO threshold. Those piezometer wells where the nitrate content is
extremely high with 292 and 124 mg-L™' (P1 Stade LSS and PIB 3) were located
in the eastern part of the study area and the reason for the high concentrations is
probably the groundwater inflow from the unconfined Thiaroye aquifer. In the
Thiaroye aquifer, measured nitrate concentrations rapidly increased over the last
decades mainly caused by the expansion of unplanned urbanization and the in-
filtration of domestic wastewater into the groundwater due the poor sanitation
system in the peri-urban areas. Nitrate values in Thiaroye aquifer varies between
5 to 34 mg-L™! between 1966 and 1972 and presently reach an average of 400 to
450 mg-L™* (Diédhiou et al., 2011; Diouf et al., 2012; Diaw et al., 2020; Pouye et
al,, 2022).

3.2.3. Saltwater Intrusion by Chemical Characterization and Indices
For the analysis of the saltwater intrusion, the enrichment of Ca, the SCR, the
Simpson ratio, and the BEX were calculated and listed in Table 2.

Looking at the groundwater enrichment with Ca®, it was found, that 85.0% of
the groundwater samples are affected by saltwater intrusion as the Ca?* enrich-
ment ratio exceeds 1, while the rest of the samples were affected by other
processes reflected by ratios smaller 1. Those samples indicating other processes
are taken from the piezometer wells Pz Parc Hann, P3 BIS, and Pz VDN NF.

The chloride and bicarbonate ratio values were used to calculate the Simpson
ratio (SR) and showed that the infrabasaltic aquifer exhibits SR values ranging
between 0.5 and extremely 66,419 with a median of 1.25 (Table 2). Based on
this indice, the groundwater samples were classified into four classes (slightly to
highly contaminated) with 60% exhibiting slightly sea water contaminated water
(class II), followed by class V with highly contaminated state (20%) observed in
Pz Parc Hann, P1 Stade LSS, Pz Place OMVS, Pz Oakam, and Pz VDN NF pie-
zometer wells. Moderately and injuriously contaminated classes (class III and
IV) are found respectively in PIB2, F2 Point G (10%), and PIB3 as well as in P3
BIS (10%).

The SCR can often been used to evaluate the degree of saltwater intrusion in
groundwater (Sami, 1992; Meybeck, 1987; Rogers, 1989; Bear et al.,, 1999; Ben
Moussa et al., 2011; Bouderbala, 2015; Putra et al., 2021). The dissolution of
halite in water releases equal concentration of Na* and CI~ into the solution,
but the analytical results presented in Table 2 deviates from the equilibrium
caused by natural processes, which is probably due to impacts of anthropogenic
activities or saltwater intrusion on the groundwater system. Based on the SCR

about 70% of the groundwater samples have SCR values less than 0.93 showing
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Table 2. Saltwater intrusion analysis for groundwater sampled boreholes (SWI = saltwater intusion; Anthrop = anthropogenic

pollution).
, Sodium
Well name . Ca Remark Slmp.son Remark Chloride Remark BEX Remark Overall Remark
Enrichement Ratio Ratio
Point M bis 3.000 SWI 0.854 Slightly 1.345 Anthrop 1.429  Freshening More Freshening Process
Point M 3 2.100 SWI 1.272 Slightly 1.090 Anthrop 1.076  Freshening More Freshening Process
BAD P2 H BIS 4.722 SWI 0.500 Slightly 1.305 Anthrop 3.035  Freshening More Freshening Process
Pz Parc Hann 0.609 No SWI 41.879  Highly 0.905 SWI  -23.439 Salinization More SWI Process
F1 BIS Nord Foire 3.857 SWI 0.877 Slightly 1.023 Anthrop 0.506  Freshening More Freshening Process
PIB2 2.708 SWI 1.357 Moderately 0.535 SWI -0.743  Salinization More SWI Process
PIB3 2.157 SWI 4.580 Injuriously 0.803 SWI 0.669  Freshening More SWI Process
P1 Stade LSS 2.551 SWI 7.222 Highly 1.150 Anthrop 2.829  Freshening Not defined
P1Aéroport Yoff 2.750 SWI 0.978 Slightly 0.611 SWI -0.193  Salinization More SWI Process
Pz Place OMVS 1.055 SWI 9.543 Highly 0.123 SWI  -13.560 Salinization More SWI Process
Pz Oakam 1.325 SWI 66.419  Highly 0.169 SWI  -79.199 Salinization More SWI Process
P3 BIS 0.989 No SWI  3.769 Injuriously 0.537 SWI -1.062 Salinization More SWI Process
Pz VDN NF 0.976 No SWI  6.680 Highly 0.538 SWI 0.398  Freshening Not defined
F2 Terme Nord 1.482 SWI 0.518 Slightly 1.060 Anthrop 1.143  Freshening More Freshening Process
F2 Point G 14.145 SWI 1.431 Moderately 0.249 SWI  -2.392 Salinization More SWI Process
F2 Ouest Foire 1.627 SWI 0.730 Slightly 0.894 SWI 1.317  Freshening More Freshening Process
F6 C. Leclerc 1.098 SWI 0.544 Slightly ~ 0.783 SWI 2.372  Freshening More Freshening Process
F Point N4 1.293 SWI 0.795 Slightly 0.762 SWI 0.597  Freshening More Freshening Process
F3 Terme-sud 1.561 SWI 1.044 Slightly ~ 0.745 SWI 0.451  Freshening More Freshening Process
F1 Camp Leclerc 2.908 SWI 1.218 Slightly 0.536 SWI -0.038  Salinization More SWI Process

contamination by saltwater intrusion (SWI), while the other 30% with SCR val-
ues higher than 0.93 are interpreted as being affected by anthropogenic processes.

Finally, the BEX values were also used to identify the salinization or freshen-
ing process in the groundwater system studied. Positive BEX values were found
in 60% of the groundwater samples indicating a freshening process. On the other
hand, the remaining 40% of the samples provide strong indication of seawater
intrusion, as indicated by negative BEX values.

The salinization process were observed in piezometers wells Pz Parc Hann,
PIB2, P1 Aéroport Yoff, Pz Place OMVS, Pz Oakam, and P3 BIS as well as
pumping wells F2 Point G, and F1 Camp Leclerc.

3.2.4. Delineation of the Saltwater Intrusion Areas

In an overall assessment of the saltwater intrusion (SWI), the water samples
were classified by combining all the calculated indices (Ca** enrichment, Simp-
son ratio, SCR, and BEX) in order to determine the processes affecting the

groundwater. A comparison between the indices showed similarities and rela-
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tionships between the indices. However, disagreement of the result compares to
one method with another was observed in some wells as well. For example, all
calculated indices showed SWI in Pz Parc Hann, P3 Bis, and Pz VDN NF except
the Ca enrichment who indicated no SWI in these groundwater extraction wells.
Therefore, the overall combined SWI assessment was obtained when at least
three of the calculated four indices showed the same classification of freshening
or SWIL.

By applying this method, SWI was observed in 40% of the groundwater sam-
ples. The saltwater intrusion zone (Figure 6) was mainly located in the nor-
theastern and the southeastern part of the study area. In the northeastern, salt-
water intrusion can be related to the piezometric depression caused by the over-
pumping of the boreholes located in this area. The same observation was shown
in the previous works of GKW (2009), who indicate that the northeastern and
the southeastern part of the study area are more sensitive to saltwater intrusion.
The saltwater intrusion zone located in the central-western part is surrounded
by a freshening area probably related to an upconing phenomenon because the
piezometer well BAD P2 H BIS tapping the upper part of the aquifer is characte-
rized by a freshening process. The freshening process was the most dominant
process observed in the central part of the aquifer, whereby in this area also in-
dications of contamination from anthropogenic activity were found probably in-

troduced by lateral groundwater flow from the eastern part.
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Figure 6. Saltwater intrusion zone map in the study area.
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4. Conclusion

The area studied is underlain by a semi-confined aquifer composed of pure sand
capped by volcanic lavas (quaternary volcanism), whereby overexploitation in
the past years might have caused saltwater intrusion into the aquifer. The results
of this study showed, that 80% of the groundwater samples are suitable for drink-
ing and domestic use based on the World Health Organization drinking water
thresholds. The Piper diagram showed the occurrence of several groundwater
facies such as Cl-Ca-Mg, Cl-Na-K, and HCO;-Na-K waters. The analysis of the
saltwater intrusion phenomenon using the Ca enrichment, the SCR, the Simpson
ratio and the BEX showed a similar process in each groundwater well. Hereby,
50 % of the groundwater samples experienced a freshening process. On the other
hand, several wells provide strong evidences of saltwater intrusion, whereby the
mode of intrusion depends on the sampling location. In the central part of the
area, the saltwater intrusion seems to be caused by an upconing process. How-
ever, the infrabasaltic aquifer is more vulnerable to saltwater intrusion from the
coastline in the southeastern and northeastern part. Further groundwater iso-
tope study needs to perform to analyze groundwater-seawater interaction. Ac-
cording to the overall assessment of the study area, groundwater pumping of the
infrabasaltic aquifer has to be reduced for future planning and management of
SWT in this coastal aquifer.
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