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Abstract

Water resource availability in quantity and quality is a primary factor which influences the development of various human
activities worldwide. In most countries in Africa, due to the scarcity and poor quality of surface water, groundwater is the main
natural resource used to relieve the increasing water demands of population. In Diourbel region (central Senegal), groundwater
is an important resource used for economic activities. This study aims to evaluate groundwater quality and suitability for drinking
and irrigation purposes. Thirty-seven (37) samples (boreholes and dug wells) were collected and major ions were analyzed.
Classification of groundwater using TDS (Total Dissolved Solids) and TH (Total Hardness) showed respectively that 81.08%
fall in the fresh water type, suggesting suitability for drinking water purpose. Moreover, most of groundwater samples fall in
hard (21.62%) and very hard (75.68%) category of water. Furthermore, the computed values of WQI indicate majority of
groundwater samples (76%) falls under good to excellent water, suggesting that the groundwater is suitable for drinking and
other domestic uses. Data Wilcox and US Salinity Laboratory (USSL) plots show that the majority of groundwater samples are
suitable for irrigation.% N, SAR, KR, PI, and RSC show that groundwater samples are suitable for irrigation except MR
(Magnesium Ratio). This study shows a good quality of groundwater for consumption and irrigation purposes and thus
contributes to the rural and urban development of the study area where the most productive aquifer is limited by the presence of
brackish water.
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1. Introduction

In most countries, particularly those in semi-arid and arid  tion and livestock, and 15% for industry and mining. Ground-
zones, groundwater is the main water resource available to water is mainly used for drinking water supply in both urban
meet the various needs of the population. According to [1], 65%  and rural areas but also for agriculture, industry, and domestic
of groundwater is used for drinking purposes, 20% for irriga- uses. In agricultural areas, production is highly dependent on

the quantity and especially on the quality of irrigation water,
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which is generally taken from groundwater. Thus, almost 40%
of the world’s food is produced by irrigation that highly de-
pends on groundwater [2]. However strong demographic
growth combined with various anthropic activities leads to an
overexploitation of groundwater, generally leading to a grad-
ual degradation of its quality. Thus, in urban areas with a high
concentration of people and in areas with high agricultural ac-
tivity, the availability of good quality water is a major concern
for the population. Hence, since the last few decades many
studies [3-6] have been conducted to assess groundwater qual-
ity and identify the major hydrogeochemical processes that
control surface water or groundwater quality. Furthermore,
other previous studies [7-11] have been carried out, using dif-
ferent approaches, to classify and determine the suitability of
waters for drinking and irrigation purposes. The assessment of
water quality is therefore an essential step in classifying and
identifying areas with high drinking water potential, but also
in implementing an effective policy of rational and sustainable
management of water resources. The study area is a densely
populated (3.3% growth rate) [12] region with high agricul-
tural activity where most of the water needs for drinking, in-
dustry and agriculture uses come from groundwater exploita-
tion. Thus, in this region, groundwater is a very important re-
source because of the low rainfall and the scarcity of surface
water. Also, the most productive aquifer (Maastrichtian) has
brackish water and was located at depths outside of carrying
populations. Therefore, it is important to understand the vari-
ation of chemical composition of groundwater to meet water
demand. The objective of this study is to assess the chemical
quality of groundwater and determine its suitability for drink-
ing water purpose and agricultural use.
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2. Study Area Description

2.1. Location and Climate

Located in central Senegal, the study area belongs to the
groundnut basin. It covers an area of 4769 km? and lies be-
tween 14°30 and 15° North latitude and 15°40 and 16°40 West
longitude [13]. It is bounded to the east by the Kaffrine region,
to the west by the Thi¢s region, to the north by the Louga re-
gion, and to the south and southwest by the Fatick region (Fig-
ure 1). According to forecasts by the National Agency of sta-
tistics and Demography (ANDS) the Diourbel region will be
the third most populated region in Senegal behind Dakar and
Thiés, with 2,179,594 inhabitants by 2025 [14]. The Diourbel
region is characterized by a strong agricultural activity which
is largely dependent on rainfall. Majority of the study area is
occupied by agricultural land with 446829 ha. The main crops
in the study area are Groundnut, Millet and Sorghum. Ground-
nut production, which is highly dependent on rainfall, is
highly variable from one year to another. The urban area co-
vers 14684 ha and soils are mainly made up of sandy or sandy-
clayey sediments of wind and alluvial origin. The climate of
the study area is Sudano-Sahelian and is characterized by a
long dry season and a short rainy season lasting only three to
four months. The inter-annual evolution of rainfall shows a
variability in rainfall with an average rainfall value of 516.4
mm over 30 years (1987 to 2017). The hydrographic network
is almost non-existent except for a few rare temporary ponds
that store rainwater for three to four months. The maximum
monthly average temperature is between 33 and 40°C.
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Figure 1. Location of the Study area with groundwater sampling sites.
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2.2. Geology and Hydrogeology

The geology of the study area is known through drilling and
boreholes carried out in the context of water research or geo-
logical studies. The lithological description of the geological
formations encountered shows that the study area is made up
of clayey sands of the Continental Terminal, marls, limestones
and marly-limestones of the Paleocene and the Eocene and
quartz sands of the Maastrichtian. This study is mainly fo-
cused on the Eocene which constitutes an important aquifer.
Throughout the study area, the Eocene is particularly formed
of marly-limestone, limestone, marly limestone to nummu-
lites [15]. The W-E geological section (Figure 2) obtained
from the drilling data confirms that the Paleocene and Eocene

are mainly composed of limestone, marl and marl-limestone.
The hydrogeology of the Diourbel region is characterized by
the presence of several types of aquifers: the shallow aquifers,
which include the terminal continental and quaternary aqui-
fers, which are very little exploited in the study area, the inter-
mediate aquifers, which include the Paleocene and Eocene ag-
uifers, and the Maastrichtian, which constitutes the deep aqui-
fer. The Eocene aquifer, focus of this study, is mainly ex-
ploited by traditional dug wells. It is submerged in the south-
west and northwest and sinks towards the east. The thickness
of the Eocene aquifer increases from East to West and varies
between 80 and 225 m (Northwest) with an average value of
150 m [16]. The transmissivity values of the Eocene aquifer
vary from 2.107 to 1.10° m%s.
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Figure 2. Geological section of the study area.

3. Water Sampling and Analytical
Method

A campaign of groundwater samples collection was carried
out during October 2017 at the entire study area. Thirty-seven
(37) samples were collected in polyethylene bottles of 250 ml
on a sampling network, consisting of dug wells and boreholes.
The samples were taken after pumping in borehole or in dug
wells which are still used by the population in order to obtain
a representative groundwater. However, before sampling, the
bottles were rinsed respectively with distilled water and then

15

two to three times with water to be collected and then the bot-
tles were filled till the rim. At each dug well or borehole two
groundwater’s samples were collected and stored in two pol-
yethylene’s bottles. One of the bottles was acidified with HCI1
to pH~2 for cations determination. The other bottle for anions
analysis was kept unacidified. Electrical conductivity (EC),
pH and Temperature were directly measured in the field using
a multi-parameter portable devices WTW Multi 3630 IDS. Af-
ter sampling, groundwater samples were immediately sealed
and transported to the laboratory. In the laboratory, groundwa-
ter samples were filtered through 0.45um cellulose membrane
to retain suspended elements and colloids. Major ions ((Ca?",
Mg?*, Na*, K*, HCOs', CI-, SO4?-, NO5°) and some minor ions
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(Fe*" and F") were determined at the hydrochemistry labora-
tory of the Department of Geology (Cheikh Anta Diop Uni-
versity of Dakar) using a Dionex DX 120 chromatography,
equipped with an automatic sampler, an AS4 column for ani-
ons (except HCO3", which was determined by titration) and a
CS12 column for cations (measurement precision of 3%). The
accuracy of chemical data analysis was checked using the
charge balance equation Eq. (1). The ionic balance for all sam-
ples is within £5% [17].

Y.cations— Yanions

CBE (%) = *100 1

Ycations+ Yanions

Assessment of water quality is an essential step in water
management. It is essential to ensure protection and good sup-
ply of drinking water to the population. Several water quality
parameters are generally used to assess the suitability of water
for drinking purpose. To determine the water’s suitability for
drinking, TDS (Total Dissolved Solids), TH (Total Hardness)
and WQI (Water Quality Index) were used.

The TH represent the measure of dissolved Ca?* and Mg?*
content expressed as CaCO3 which is also a reflection of soap-
neutralizing power [10, 18]. It is generally used to evaluate
groundwater usability for drinking or domestic purpose. High
hardness is usually undesirable because it can cause lime
buildup (scaling) in pipes and also in water heaters, which
over the time will decrease water heater efficiency and de-
crease lathering of soap. Furthermore, water with TH greater
than 80 mg/L cannot be used for domestic purposes, because
it coagulates soap lather [19].

Total dissolved solids (TDS) is an important quality param-
eter that is widely used to assess the quality of water for human
consumption but also for other uses [20]. It reflects the overall
amount of dissolved salts in water. High TDS values influence
groundwater suitability for drinking and agricultural use. Further-

more, high concentration of TDS can cause gastrointestinal irri-
tation in human and may also lead to laxative effects [11]. The
TDS is obtained using the formula from the Table 2.

WQI is an important parameter for assessing the overall
quality of water and evaluating its suitability for human con-
sumption based on the chemical parameters of the water. WQI
is defined as a technique of rating that provides the composite
influence of individual water quality parameters on the overall
water quality [21]. It is widely used, for the past few decades,
by several studies worldwide [4, 6, 7, 22-27] to assess the suit-
ability of waters for drinking purpose. The standards for drink-
ing purposes as recommended by [28] have been used for the
calculation of WQI. The calculation of the Water quality index
is generally done in three steps. In the first step, each of the 12
physico — chemical parameters like pH, TDS, TH, Ca*, Mg?",
Na*, K*, HCO;-, SO4*, NO5, F~ and CI') has been assigned a
weight (wi) ranging from 1 to 5 according to its relative im-
portance in the overall quality of water for drinking purposes
(Table 1). The maximum weight of 5 has been assigned to ni-
trate, fluoride and TDS due to their major significance in water
quality assessment. For this study, the lowest weight of 1 was
assigned to potassium because of its weak influence on the
assessment of groundwater quality. The other parameters of
quality such as pH, TH, Ca?', Mg?', Na", K*, HCOj3", SO4*
and Cl” were assigned a weight between 2 and 4 according to
their importance on the water quality determination. In the
second step, the relative weight (Wi) of the water quality pa-
rameter was computed from the Eq. (2).

wi

Z?:l wi

Wi =

2)

where Wi is the relative weight, wi is the weight of each pa-
rameter, n is the number of parameters. Calculated relative
weight (Wi) values of each parameter are also given in Table 1.

Table 1. Relative of chemical parameters in the study area.

Relative weight (Wi)

Chemical Parameters  Units WHO standard 2006 and 2011 Weight (wi) Wi = E;Ziwi
pH - 6.5-8.5 3 0.075

TDS mg/L 500 5 0.125

TH mg/L 200 3 0.075

Ca? mg/L 75 3 0.075

Mg?* mg/L 30 3 0.075

Na* mg/L 200 2 0.05

K* mg/L 12 1 0.025
HCOs mg/L 350 3 0.075

SO4* mg/L 250 3 0.075

NOs- mg/L 50 5 0.125
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Relative weight (Wi)
Chemical Parameters Units WHO standard 2006 and 2011 Weight (wi) Wi=_"
T wi
F- mg/L 1.5 5 0.125
Cr mg/L 250 4 0.1
Y wi =40 Ywi=1

In the third step, a quality rating scale (qi) for each param-
eter is consigned by dividing its concentration in each water
sample by its respective standard according to the guidelines
laid down by [28] and then the result was multiplied by 100
Eq. (3):

qi = g* 100 Eq. 3)

where qi is the quality rating, Ci is the concentration of each
chemical parameter in each water sample in milligrams per
liter and Si is the WHO drinking water standard for each
chemical parameter in milligrams per liter except for pH. Be-
fore computing the WQI, the SI is first calculated for each
chemical parameter and then used to determine the WQI using
the equations (4) and (5).

SIi = Wixqi Eq. 4)

WQI = ¥, SIi Eq. (5)

where Sli is the Sub-Index of ith parameter, qi is the rating
based on concentration of ith parameter, n is the number of
parameters.

The study area is an area of high agricultural activity since
it is located in the heart of the Senegalese groundnut basin.
Therefore, groundwater is used extensively for agriculture. An
evaluation of their suitability for irrigation is necessary to in-
crease agricultural production but also to ensure efficient man-
agement of water and soil resources. Numerous groundwater
quality parameters such as EC (Electrical Conductivity), SAR
(Sodium adsorption ratio), MR (Magnesium Ratio), KR (Kel-
ley Ratio),% N (Sodium percent), PI (Permeability Index) are
widely used in previous studies [7, 9, 10, 29, 30] to assess the
suitability of water for irrigation. In this study, quality param-
eters such as%N, SAR, MR, KR, PI, and RSC (Residual so-
dium carbonate) were used to assess the suitability of waters
for irrigation purpose (Table 2). USSL diagram (SAR versus
EC plot) and Wilcox diagram (Na% versus EC plot) were also
applied to evaluate the irrigation suitability of groundwater.
All ionic concentrations are expressed in meq/L.

Table 2. Common indices for drinking and irrigation water quality evaluation.

SI N° Water quality formula
1 TH (as CaCO3) mg/L = (Ca?" + Mg?*) meq/L * 50
2 TDS (mg/L) = 0.67 * Electrical conductivity (uS/cm)
3 wQl = Y-, Sli
_ [Nat+ KT]
4 % Na= [Ca?*+Mg2*++Nat+K+]
Na*
5 SAR = Ca?t+Mg2t
2
6 RSC = (HCOs™ + CO3%) — (Ca?* + Mg?")
_ (Na*+,/HC03™)
7 Pl = [(Ca2++Mg2++Na++K+) x 100
Na*
8 KR = Ca?*+Mg2+
_ Mgz+
9 MR = [—(Ca2++Mg2+)] x 100

references

[9, 31]
[11]
[21]

(32]

[33]

(33]

[34]

[35]

[36]
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4. Results and Discussion

4.1. Groundwater Chemistry

The chemical analysis results of groundwater samples of
the study area are presented in Table 3. The pH of groundwater
samples ranges from 6.73 to 8.3 with an average value of 7.6
suggesting mildly acidic to slightly alkaline nature of ground-
water. Electrical conductivity is an important water parameter
that gives an idea on the degree of water mineralization. It in-
creases according to the content of dissolved ions and the na-
ture of the dissolved salts [37]. The electrical conductivity (EC)
of groundwater samples varies between 390 and 4750 pS/cm
with an average value of 1,291.6 uS/cm, indicating low to
highly mineralized water. Calcium (Ca>") constitutes the most
abundant cation in the groundwater and ranges from 41.60 to
232.04 mg/L with an average value of 105.02 mg/L. Sodium
(Na") is the most abundant cation in water after Ca?" and high
Na* contents in water are generally related to several factors
such as weathering of rock, sea water intrusion and anthropo-
genic sources like domestic and animal waste [19]. Na* con-
centration ranged from 4.68 to 576.62 mg/L with an average
value of 76.85 mg/L. Magnesium (Mg?") and potassium (K*)
are the least abundant cations in groundwater samples. Their
concentrations vary respectively from 6.32 to 183.63 mg/L
and from 1.34 to 30.17 mg/L with respective average values
0f 42.02 mg/L and 6.32 mg/L. The general dominance of cat-
ions in groundwater was in the order of Ca?" > Na* > Mg?" >
K. For the anions, bicarbonate (HCO3") is the most abundant
anion in the groundwater samples with values that vary from
67.1 to 610 mg/L with an average value of 307.47 mg/L. It is

followed by chloride with concentrations ranging from 21.6 to
1447.91 mg/L with an average value of 194.96 mg/L. Sulfate
(SO4%) contents ranged from 0.92 to 485.8 mg/L with an av-
erage value of 78.80 mg/L. Nitrate (NO3") is a chemical pollu-
tant of water that generally derives from anthropic activities,
degradation of organic matter, wastewater, fertilizers, human
and animal waste, leakage of septic tanks [38-42]. High NO3
concentration is a danger to human health, especially for chil-
dren. According to [27], the consumption of water with high
NOs™ concentration causes blue babies or methemoglobinemia
disease in infants, gastric carcinomas, abnormal pain, central
nervous system birth defects, and diabetes. In the study area,
nitrate concentrations are relatively low, except for a few
points that have NOs™ values above the WHO limit for drink-
ing water supply. NOs3™ concentration ranged from 0.41 to
577.81 mg/L with an average value of 32.9 mg/L. In the study
area majority of groundwater samples (83.8%) have NOs™ con-
centration lower than the recommended desirable limit of 50
mg/L for drinking water indicating the usability of this water
for drinking use. The abundance of anions is in the following
order: HCOj5™ > CI-> SO4* > NOs". Fluoride concentrations are
very low in groundwater of the study area. Fluoride values
ranged from 0.08 to 0.48 mg/L with an average value of 0.27
mg/L. All groundwater samples of the study area have fluoride
content below the allowable limit of 1.5 mg/L suggested by
the WHO for drinking purpose.

The Eocene formation was marked by major tectonic phe-
nomena that affected the sedimentary basin. The density of ac-
cidents is very high, but their reject is generally modest [43].
It will result in the general retreat of the sea but thus promote
the trapping of seawater in certain parts of the upper horizons
of the Eocene aquifer.

Table 3. Physico-chemical parameters of groundwater samples of the study area.

Libellé Samples Aquifer pH CE HCOs; Cr
P33 Baity eocene 7.9 1040 4453  75.03
P12 Boundou eocene 736 1375 366 161.77
P27 Bousrah eocene 6.89 490 67.1 85.49
P2 Coky ocene 724 997 244 135.1
Ndiaguéne
pig  Darou cocene  7.88 1727 3782  162.55
Ndiaye
Darou
P22 eocene 7.72 950 195.2 133.9
Salam Typ
P4 diokoul 2 eocene 691 1786 610 270.02
P28 Diorel eocene 7.92 1015 4758 75.1
P25 Fassel eocene 7.7 760 152.5 94.5
P21 Gallé eocene 7.33 818 335.5 71.78
P3 Keur Awa  €ocene 7.21 900 253.15 80.83

SO NOy F Na* K*  Mg* Ca**  Fe*
104.5 0.58 0.27 24.13 323 4992 109.82 0.21
178.56 1.24 0.2 75.95 7.28 66.74 96.14 0.06
6.91 66.4 0.15 30.09 1.77 1272 44.06 1.38
105.23 0.81 0.31 45.77 7.23 4596 68.35 0.11
320.77 3.45 0.4 71.55 8.46 86.47 129.67 0.21
0.92 119.8 0.24 39.14 6.26 19.99 103.09 0.46
65.32 2.06 0.41 133.65 9.51 80.28 119.86 0.83
47.96 3.68 0.23  28.97 2.44 5376 91.5 0.07
98.7 0.72 0.18 46.53 453 9.27 88.74 0.14
38.77 0.61 0.2 26.93 4.08 18.01 10235 0.18
57.7 62.56 0.35 41.65 6.82 3393 68.14 0.14
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Libellé

P8

F3
P31
P23
F1
P36
P16

P6

P34

P13

P11

P26
F5
P7

P20

P1
P29

P17

P24
P19
P35
P30
P5
P9

P14

P32

4.2. Groundwater Suitability for Drinking

Samples
Loumene

Keur
Mousseu

Kewré
Khandiar
Koba Diop
Lappe
Lougoul
Magagne

Mbarane
Thiam

Mbary 2

Medina
Touré

Merina
Dieng

Ndary Diop
Ndiégué
Ndjiss
Ngaraf Mba-
yene
Ngascop
Ngogom

Peulh
Ndiaye

Sakal
Sandatou
Sandiara
Satte
Siguidiadji
Thialle

Touba
Guédé

Touba
Mboul

Aquifer

cocene

cocene
€ocene
cocene
€ocene
cocene

cocene
€ocene
€ocene

€ocene

€ocene

€ocene
cocene

€ocene
€ocene

c€ocene

€ocene
€ocene

€ocene
c€ocene
€ocene
c€ocene
€ocene

€ocene

c€ocene

cocene

pH

7.41

7.68
7.88
8.09
7.41
6.73
7.83

7.55
7.95

7.15

7.33

7.8
7.79
7.46

7.54

7.29
8.1

8.25

7.77
7.37

7.27
7.2
8.26

7.33

7.28

CE

1070

700
745
754
530
3680
1376

737

1190

2740

780

915
681
700

1480

4750
700

2370

901
898
790
390
400
946

2710

1110

HCOs

366

262.3
311.1
268.4
237.9
128.1
384.3

305

427

109.8

292.8

341.6
305
366

274.5

381.25
384.3

427

427
3355
396.5
128.1
183
298.9

314.15

198.25

Cr

136.2

75.26
53.83
72.06
54.03
1263.37
180.18

71.85

126

541.29

82.8

107.84
57.59
21.73

135.7

144791
28.8

287.74

54.15
45
32.44
64.76
21.6
126.34

628.69

150.21

In the study area, all groundwater samples have TH values
higher than 80 mg/L indicating a limit of use for domestic pur-

SO+ NOs F Na* K*  Mg* Ca?*  Fe**

92.08  0.63 0.3 73.82 621 4475 7634  0.07

13.84  3.09 0.17 4143 3.65 743 9177 0.16
2644 855 024 3227 2.68 851 96 0.12
2386 17.16 0.19 3083 3.87 17.10 79.86 0.31
3.1 1.17 024 185 3.14 7.14 7825 0.14
131.6  5.73 039 3004 1696 183.63 177.73 0.12
120.22  2.78 037 8289 833 4222 1105 0.15

2203 2.151 028 21.8 5.6 2423 84.12  0.07
79.56 191 025 6447 3.78 3733 11855 0.18

11.9 577.81 048 2294 1482 55.81 212.13 0.08

4372 3.15 027 3217 53 3247 7255  0.17

1726 2.59 025 5755 6.61 991 107.69 0.46
5.42 0.65 023 2032 3.02 9.72 96 0.05
2885 0.42 0.3 10.78  3.12 3698 70.6 0.18

28524 3.7 0.3 14135 8.1 13.72 12529 0.12

165.12  1.78 041 576.62 30.17 13596 2242  0.07
3.47 5.12 0.14 692 1.89 2694 87.65 0.49

4858  2.59 0.45 23317 1142 6571 163.84 0.28

4392  0.49 021 276 2.19 3351 10391 0.03
95.9 4.45 023 2424 323 4122 80.15 0.28
29.01  3.76 0.18 31.05 1.89 30.22 8134 0.1

3.32 0.41 0.08 2945 2.03 632 41.6 0.37
12.78  2.19 022 4.68 1.34  17.19 437 0.03
79.81 1.36 029 69.14 6.69 38.63 7041 0.21

394 181.02 033 92.6 13.16 125.22 232.04 0.25

26.6 120.09 0.33 2555 292 2570 13777  0.07

pose without treatment. The total hardness values of ground-
water samples in the study area ranged from 129.8 to 1198.9
mg/L with an average value of 434.9 mg/L. High TH values
can be related to the high content of calcium which constitute
the most abundant cation in groundwater samples. Based on
the total hardness values, the classification of groundwater of
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the study area, according to the method proposed by [44],
shows that the majority (75,68%) of groundwater samples be-
longs to the very hard water category, 21,62% and 2.7% of
groundwater samples belongs respectively to the hard and
moderate hard category (Table 4). The hardness of these wa-
ters is closely linked to the geological nature of the aquifer
formation with the presence of calcite and dolomite.

The computed values of TDS were compared to the recom-
mended values of [45]. TDS value in groundwater samples
ranged from 276 to 2,964 mg/L with an average value of
844.81 mg/L. Based on [45], the maximum acceptable con-
centration of TDS in groundwater for a domestic purpose is

500 mg/l and excessive permissible limit is 1,000 mg/L. Ac-
cording to these values, only 7 samples out of 37 (19%) has
TDS values below the maximum acceptable concentration
which can be used for drinking purpose without any risk and
5 samples (13.5%) has TDS values above the excessive per-
missible limit. [46] classify water into fresh (TDS < 1,000
mg/L), brackish (1,000 — 10,000 mg/L), saline (10,000 —
100,000 mg/L) and brine (> 100,000 mg/L) categories on the
basis of TDS concentration. According to this classification,
81.1% of groundwater of the study area belongs to freshwater
and thus can be used for drinking purpose and the remaining
18.9% to brackish water category (Table 4).

Table 4. Classification of groundwater based on TH and TDS.

Parameters Range

<75
75-150
TH [18]
150 - 300

>300
<1000

1000 — 10 000

TDS [20] 10000 — 100 000

> 100 000

The WQI of groundwater samples in the study area ranged
from 20.2 to 231.3 mg/L with an average value of 58.3 mg/L.
According to [4, 25, 47, 48] water can be classify as excellent
water type if the WQI is less than 50, good water type if the
WQI ranged from 50 to 100; poor Water if the WQI ranged
from 100 to 200; very poor water if the WQI ranged from 200
to 300 and unsuitable for drinking purpose if the WQI higher

Water type Number of samples % of samples
Soft 0 0

Moderately hard 1 2.7

Hard 8 21.62

Very hard 28 75.68

Fresh 30 81.08
Brackish 7 18.92

Saline 0 0

Brine 0 0

than 300 (Table 5). Based on this classification, 8% and 67.5%
of groundwater samples fall respectively under excellent and
good category indicating that majority of groundwater sam-
ples are suitable for drinking purpose. However, 13.5% and
11% of groundwater samples belong respectively to poor and
very poor water quality category.

Table 5. Classification of groundwater based on WQI.

WQI values Water quality status

<50 Excellent water

50-100 Good water

100 —200 Poor water

200—-300 Very poor water

>300 Unsuitable water for drinking

20

Number of samples % of samples
3 8

25 67.5

5 13.5

4 11
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4.3. Groundwater Suitability for Irrigation

The percent sodium (% Na) is one of the most substantial
and widely used to estimate the suitability of groundwater for
irrigation purpose. Sodium combines with inorganic carbon
(HCO3 and CO3%) to form alkaline soils and combines with
Cl- to form saline soils. Both these soils are not favorable for
plant growth [11]. High concentration of sodium may cause
the changes in soil permeability [32].

The sodium percent (% N) in the groundwater of the study
area ranged from 5.03 to 53.61% with an average value of
23.59%. The classification of groundwater samples based on%
N values is shown in Table 6. According to this classification,

43.24% of groundwater samples fall in the field of excellent
water for irrigation use, 45.95% and 10.81% of groundwater
sample were respectively good and permissible category. [32]
proposed a diagram for evaluating the suitability of water for
irrigation. In this diagram% Na is plotted against EC. The plot
of analytical data in this diagram reveal that most of the
groundwater samples fall in excellent to good and good to per-
missible categories of water indicating that the majority of
groundwater samples were suitable for irrigation purpose.
However, three groundwater samples (8.11%) fall in the field
of doubtful to unsuitable and two samples (5.40%) belong to
unsuitable category of water (Figure 3).
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Figure 3. Wilcox diagram of groundwater samples of the study area.

Sodium adsorption ratio (SAR) is considered as a better
measure of sodium (alkali) hazard in irrigation area as SAR of
water is directly related to the adsorption of sodium by soil [7].
It is an important parameter widely used to evaluate the suita-
bility of water for irrigation purposes because it influences the
permeability of soils. Indeed, excessive sodium content, com-
pared to calcium and magnesium contents, lead to a reduction
of soil permeability and thus inhibits the supply of water
needed for the crops [7, 9]. Sodium replacing adsorbed cal-
cium and magnesium is a hazard as it causes damage to the
soil structure resulting in compact and impervious soil [49].
According to [33], groundwater samples having SAR values
less than 10 are considered to be excellent quality for irriga-
tion, 10 to 18 as good, 18 to 26 as fair, and above 26 are un-
suitable for irrigation use (Table 6). The SAR values, in the
study area, ranged from 0.15 to 7.99 with an average value of
1.41 (Table 6). Based on the classification of [33], 100% of
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groundwater samples, in the study area, fall in excellent cate-
gory of (S1) which can be used for irrigation on almost all
soils. The US salinity diagram is widely used for representing
sodium alkalinity hazards. The plot of analytical data on the
US salinity diagram (Figure 4) show that most of the ground-
water samples fall under C3S1 (59.46%) indicating high sa-
linity and low sodium water, which can be used for irrigation
for almost all types of soil with little danger of exchangeable
sodium [9, 31]. However, this kind of water requires good
drainage because the high salinity may affect crop growth and
can cause osmotic effects and nutritional disorders. Ten
groundwater samples (27.03%) falls in the field of C2S1 indi-
cating medium salinity and low sodium hazard water which
can be used for irrigation if a moderate amount of leaching
occurs. It was also found that three groundwater samples
(8.1%) fall in the C4S1 field indicating water with very high
salinity but low alkalinity hazard which can be used to irrigate
crops having good salt tolerance. Only one groundwater sample
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fall respectively in the C4S2 and C4S3 field indicating respectively
very high salinity and medium alkalinity hazard and high alkalinity
hazard. These kinds of water are not suitable for irrigation except if
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special management of soil for salinity control is taken into account
and crops with good salt tolerance are selected [9].
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Figure 4. US salinity diagram of groundwater of the study area.

The residual sodium carbonate (RSC) is an irrigation qual-
ity parameter widely used to assess the hazardous effects of
carbonate and bicarbonate on the irrigation water quality. The
suitability of groundwater for irrigation is influenced by ex-
cess content of HCO5™ and COs* over Ca?" and Mg?". When
the excess carbonate concentration in groundwater becomes
very high, the carbonate combines with Ca?>" and Mg?" to form
scale which settles out of the water [29]. The classification of
irrigation water according to the RSC values is presented in
Table 6. If the RSC of water is greater than 2.5 meq/L, water
is unsuitable for irrigation purpose. Groundwater having RSC
between 1.25 to 2.5 meq/L is doubtful for irrigation purpose
whereas values of RSC lower than 1.25 indicates that water is
good thereby suitable for irrigation purpose [33]. The RSC
values of groundwater samples in the study area ranged from
-21.88 to -0.05 with an average value of -3.66. All groundwa-
ter samples have negative values of RSC indicating the occur-
rence of high concentrations of calcium and magnesium in
groundwater due to nature of geological formation. Based on
the computed values of RSC, all groundwater samples (100%)
fall in good water type indicating the suitability of groundwa-
ter for irrigation purpose (Table 6).

The permeability index (PI) is also an important water qual-
ity parameter which is widely used to assess the suitability of
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groundwater for irrigation, as the soil permeability is affected
by long-term use of irrigation water, influenced by the Na*,
Ca?", Mg*", and HCO; contents of the soil. The PI is com-
puted using the formula in Table 2. Based on the permeability
index, [34] classified water into three classes. Groundwater
with PI value greater than 75% belongs to Class I which indi-
cates excellent quality of water for irrigation. If the PI value
of water is between 25 and 75%, they belongs to Class II and
indicate good quality of water for irrigation and Class III in-
cludes water that have a PI less than 25% indicating unsuitable
water for irrigation. The PI values of the study area ranged
from 24 to 69.42% with an average value of 46%. According
to Doneen’s classification, 97% of groundwater samples are
classified into Class II indicating good quality of water for ir-
rigation and only 3% fall in Class III showing unsuitable water
for irrigation and characterize sample P14 (Touba Guede).
Sodium content measured against calcium and magnesium
is known as Kelley’s ratio (KR). It is an important water pa-
rameter used to determine the suitability of water for irrigation.
Water with a KR value greater than 1 is considered unsuitable
for irrigation due to excessive Na* concentrations and the risk
of dispersive soils, whereas water with a KR value less than 1
is suitable for irrigation [22]. The KR of groundwater samples
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ranged from 0.05 to 1.12 with an average value of 0.32. Ac-
cording to Kelley’s Ratio (KR) values, 97.3% of groundwater
in the study area are less than one (1) indicating good quality
of water for irrigation purpose while only one (1) groundwater
sample representing 2.7% has a KR greater than 1 indicating
unsuitable water for irrigation purpose (Table 6).

Magnesium content in water is one of the most important water
quality parameters used to determine the quality of water for irri-
gation. In most waters, magnesium and calcium maintain generally

a state of equilibrium [7]. When the magnesium content in waters
becomes very high, the quality of soil is affected adversely render-
ing it alkaline and thereby decrease the yield of crops [9]. Based on
the Magnesium Ratio, water with a MR greater than 50% is con-
sidered as suitable for irrigation purposes. The computed MR, in
the study area, ranged from 11.77 to 63.01% with an average value
0f 35.24% and show that 13.51% of water are suitable for irrigation
purposes and the reminding (86.49%) are unsuitable for irrigation.

Table 6. Classification of groundwater for irrigation purpose based on several parameters.

Parameters Range Water type
<10 Excellent
SAR 10-18 Good
18 - 26 Fair
>26 Unsuitable
<20 Excellent
20 -40 Good
%N 40 - 60 Permissible
60 - 80 Doubtful
>80 Unsuitable
>T75% Class I
PI 75-25% Class 11
>25% Class III
<1.25 Good
RSC 1.25-2.50 Doubtful
>2.50 Unsuitable
<1 suitable
KR
>1 unsuitable
<50% Unsuitable
MR > 50% Suitable

5. Conclusion

Groundwater is the main water resource in the study area
that is available for human consumption, agriculture, livestock,
and industry. In this study, the results of chemical analyses of
groundwater samples were used to determine the quality of
groundwater and to assess its suitability for human drinking
water and agricultural use. The hydrogeochemical analysis re-
veals that the majority of the groundwater samples (83.8%)
have a nitrate content below the recommended desirable limit
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Number of samples % of samples
37 100
16 43.24
17 45.95
4 10.81
36 97

1 3

37 100
36 97.3
1 2.7
32 86.49
5 13.51

of 50 mg/1 for drinking suggested by the WHO. Furthermore,
all water samples have a fluoride concentration lower than the
allowable limit of 1.5 mg/L suggested by the WHO for drink-
ing purpose. More than 75.68% of the samples show ground-
water with high hardness. The water quality assessment shows
that groundwater is suitable for drinking, with 81.1% of sam-
ples classified as freshwater according to TDS and 67% clas-
sified as good quality by WQI. The plot of chemical data on
the US salinity Laboratory and Wilcox diagrams shows that
most of groundwater samples fall respectively under C3S1
(59.46%) indicating high salinity and low sodium water,
which can be used for irrigation for almost all types of soil and
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in excellent to good and good to permissible categories of wa-
ter indicating the suitability of the majority of groundwater
samples (89.2%) for irrigation purpose. Furthermore, others
irrigation quality parameters such us KR, PI, SAR,%N and
RSC reveal that majority of groundwater are excellent or good
quality, except for the MR where more than 80% of the sam-
ples are unsuitable for agriculture. This aspect is very indica-
tive of a probable limit of this approach in carbonate for-
mations. The results of this study show groundwater suitable
for human consumption and agricultural use. However, due to
the high agricultural activity in the area, an assessment of the
spatial and temporal evolution of groundwater quality is nec-
essary to ensure effective and sustainable management of wa-
ter resources, but also implement water transfer or treatment
approaches in the area.

Abbreviations
%N Sodium Percent
ANSD National Agency of Statistics and Demography
EC Electrical Conductivity
KR Kelly Ratio
MR Magnesium Ratio
PI Permeability Index
RSC Residual Sodium Carbonate
SAR Sodium Absorption Ratio
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TH Total Hardness
WHO  World Health Organisation
WQI Water Quality Index
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