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INTRODUCTION

Fresh groundwater represents an essential 
natural resource (Pauw et al., 2012) that plays 
a crucial role in socio-economic progress and 
improving living conditions, especially in arid 
and semi-arid zones (Milnes, 2011). These wa-
ters, used for domestic, industrial and agricul-
tural needs (Lotfi et al., 2018), remain a reli-
able source of drinking water due to their low 
microbial content and low need for treatment 
before use (Elemile et al., 2021). Groundwater 
hydrochemistry is influenced by various natural 
factors, including chemical and biochemical in-
teractions with soil and sediments, as well as by 
human activities and exchanges between surface 

and groundwater (Rao et al., 2010). Increased 
exploitation of these resources to meet grow-
ing needs has led to declining water levels and 
deteriorating quality (Zhang et al., 2011). The 
main causes of groundwater quality degradation 
include human activities, geology, recharge qual-
ity, saline intrusion, water-rock interactions and 
ion exchange (Gharbi et al., 2019). 

Salinization represents a widespread threat to 
fresh groundwater and is one of the main pollu-
tion problems facing these resources worldwide 
(Milnes, 2011). It is characterized by an increase 
in salt concentration in groundwater or surface 
water systems (Pauw et al., 2012). This major 
global groundwater contamination phenomenon 
can be triggered by various processes, such as 
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seawater intrusion, agrochemical pollution, geo-
genic contamination and salinization due to irri-
gation (Milnes, 2011). Groundwater salinization 
represents one of the main environmental chal-
lenges in Morocco, resulting from a combination 
of factors including the dissolution of evaporitic 
rocks, seawater intrusion, agricultural pollu-
tion, and wastewater discharge. These elements 
can act separately or synergistically, leading to 
alterations in the quality of groundwater. Thus, 
a thorough understanding of salinization mech-
anisms and their impacts on water resources is 
crucial to guide sustainable management policies 
and maintain the availability of water resources, 
which are essential for the country’s socio-eco-
nomic development. The population living ad-
jacent to Lake Dayet Erroumi uses groundwater 
for domestic and agricultural purposes. The ob-
jective of this research was to study the salinity 
of groundwater in areas adjacent to Lake Dayet 
Erroumi using descriptive statistics and principal 
component analysis.

MATERIALS AND METHODS

Study area description 

Lake Dayet Erroumi, located 15 km southwest 
of Khemisset in Morocco, stands out as the coun-
try’s only permanent natural lowland lake (Fig. 
1). With a surface area of around 90 ha, the lake is 
characterized by its shallowness, reaching a max-
imum depth of 14 m. It is an elongated lake in the 

WSW-ENE direction, measuring 1.6 kilometers 
long and with a width varying from 400 to 700 
m (CEIBM, 2006). The Dayet Erroumi lake has 
an irregular geometry, linked to the presence of a 
network of NE-SW to EW-trending normal faults. 
The outcrops around this lake consist of red clays, 
sandstones, conglomerates and sandy marls (Ela-
bidi et al., 2015). The lake water is brackish (El 
Qryefy et al., 2020). Evaporation plays a major 
role in seasonal variations of the water chemistry 
(El Qryefy et al., 2021). Lake Dayet Erroumi has 
an irregular geometry, linked to the presence of a 
network of NE-SW to EW-trending normal faults 
that compartmentalize the Triassic and Miocene 
formations into horsts and grabens (Fig. 2). The 
outcrops around Lake Dayet Erroumi consist of 
red clays, sandstones, conglomerates and sandy 
marls (Elabidi et al., 2015).

Sampling and analysis methods 

Groundwater sampling was carried out in 
November 2019. The sampling points, numbered 
P1 to P9, were chosen so as to be dispersed and 
located close to the lake studied (Fig. 3). Water 
samples were placed in 1-liter polyethylene bottles 
and transported to the laboratory in a cooler at 4 
°C. The pH, dissolved oxygen (DO) concentration 
and electrical conductivity (EC) were measured in 
situ using Hanna Instruments HI 98280. Major ion 
concentrations were determined in the laboratory 
of the Office Régional de Développement Agricole 
du Gharb. Sodium (Na+), potassium (K+), nitrate 

Figure 1. Geographic location of Lake Dayet Erroumi based on Google Earth (2022)
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Figure 2. Geological cross-section at Lake Dayet Erroumi (ABHBC, 2015; Elabidi et al., 2015)

Figure 3. Geographical location of the wells (P1–P9) in the areas adjacent 
to Lake Dayet Erroumi, based on Google Earth (2021)

(NO3
-) and sulfate (SO4

2-) were identified using an 
atomic absorption technique. The calcium (Ca2+), 
magnesium (Mg2+), bicarbonate (HCO3

-) and chlo-
ride (Cl-) concentrations were analyzed using the 
volumetric method. Groundwater physicochemi-
cal data were processed using XLSTAT (2023) 
software to determine descriptive statistics and 
perform a principal component analysis (PCA). In 
the case of a large number of samples described by 
several variables, it is useful to use multivariate sta-
tistical analysis methods to characterize the results 
obtained. PCA is a multivariate analysis technique 

designed to decompose and reduce any data set 
into a series of components describing its main 
properties (Vialle, 2011). PCA is a well-known 
statistical approach in groundwater research (Ali et 
al., 2024). It is a method of multivariate data analy-
sis (Gharbi et al., 2019) in which variables from 
composite datasets are reduced into explanatory 
principal components (Elemile et al., 2021). In-
deed, the various principal components are related 
to each other, providing certain advantages, such 
as dimensionality reduction and simplification of 
the involved problems (Zhang et al., 2011). 
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Table 1. Descriptive statistics for physicochemical parameters
Variable Minimum Maximum Mean Std. deviation

Ca2+ 112.000 514.400 200.044 125.650

Mg2+ 71.930 227.690 129.656 60.002

Na+ 138.000 1081.000 579.856 429.993

K+ 0.390 1.960 0.937 0.502

Cl- 203.770 2272.000 1041.570 765.188

SO4
2- 31.200 374.880 149.333 125.893

HCO3
– 301.950 1087.020 675.812 235.928

NO3
- 10.540 76.260 42.573 20.649

EC 1640.000 9210.000 4513.333 2778.003

pH 7.250 8.180 7.679 0.250

DO 4.300 12.800 9.500 2.993

Figure 4. Box plots of the physicochemical parameters
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RESULTS AND DISCUSSION

Descriptive statistics

The results of the statistical analysis of 
groundwater in the study area are presented in 
Table 1 and Figure 4. The average concentrations 
of Ca2+, Mg2+, Na+, K+, Cl-, SO4

2-, HCO3
- and NO3

- 
in groundwater are 200.04, 129.65, 579.85, 0.93, 
1041.57, 149.33, 675.81, and 42.57 mg/L respec-
tively. According to the concentration averages, 
the abundance of cations is Na+ > Ca2+ > Mg2+ 

> K+ and that of anions is Cl- > HCO3
– > SO4

2- > 
NO3

-. The dominance of the Na+ cation and Cl- 
anion in groundwater is explained by the leaching 
of Triassic evaporitic rocks. The pH values range 
from 7.25 to 8.18, which indicate the presence 
of slightly basic water. The values of electrical 
conductivity state a huge variability from 1640 
to 9210 μS/cm. Dissolved oxygen concentration 
in groundwater ranges from a minimum of 4.3 
mg/L to a maximum of 12.7 mg/L. These results 
show that groundwater in the study area is well 
oxygenated. According to El Qryefy et al. (2023), 

Figure 5. Spatial distribution of major ions
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the high mineralization of water in certain wells 
(P1, P2, P3, P4 and P9) remains the main factor 
in the deterioration of water quality for human 
consumption. In addition, three wells (P3, P6 and 
P8) recorded nitrate contamination. The spatial 
distributions of the physicochemical parameters 
are illustrated in Figures 5 and 6.

Principal component analysis 

In the conducted study, PCA was used to 
establish associations between physico-chemi-
cal variables and to note any correlations. The 
PCA results are presented in Tables 2, 3 and 4. 
Two main factors (F1 and F2) were identified 

Figure 6. Spatial distribution of pH, DO and electrical conductivity

Table 2. Distribution of variance along the different PCA factorial axes
Parameter F1 F2 F3 F4 F5 F6 F7 F8

Eigenvalue 5.761 2.092 1.270 0.892 0.520 0.396 0.057 0.013

Variability (%) 52.377 19.017 11.546 8.105 4.729 3.597 0.514 0.116

Cumulative % 52.377 71.393 82.939 91.044 95.773 99.370 99.884 100.000

Table 3. Correlation matrix (Pearson (n))
Variables Ca Mg Na K Cl SO4 HCO3 NO3 EC pH DO

Ca 1 0.544 0.615 0.135 0.755 0.828 0.426 0.273 0.765 -0.623 0.072

Mg 0.544 1 0.710 0.028 0.761 0.668 0.583 0.370 0.795 -0.161 -0.365

Na 0.615 0.710 1 0.577 0.976 0.913 0.371 0.201 0.970 -0.139 0.142

K 0.135 0.028 0.577 1 0.467 0.558 -0.181 0.212 0.452 0.134 0.274

Cl 0.755 0.761 0.976 0.467 1 0.959 0.401 0.211 0.996 -0.237 0.094

SO4 0.828 0.668 0.913 0.558 0.959 1 0.273 0.291 0.957 -0.279 0.091

HCO3 0.426 0.583 0.371 -0.181 0.401 0.273 1 0.277 0.455 -0.688 -0.203

NO3 0.273 0.370 0.201 0.212 0.211 0.291 0.277 1 0.264 -0.209 -0.425

EC 0.765 0.795 0.970 0.452 0.996 0.957 0.455 0.264 1 -0.272 0.056

pH -0.623 -0.161 -0.139 0.134 -0.237 -0.279 -0.688 -0.209 -0.272 1 0.165

DO 0.072 -0.365 0.142 0.274 0.094 0.091 -0.203 -0.425 0.056 0.165 1
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for assessing the salinity and physicochemical 
composition of the water. These two factors ac-
count for 71.39% of the total variance. The first 
factorial axis F1 accounts for 52.37% of total 
variance. It shows a strong positive correlation 
with EC, Na+, Cl-, SO4

2- (> 0.90) and a weaker 
correlation for Ca2+ and Mg2+ (Table 4 and Fig. 
7). This factor indicates the salinization of the 

water, which depends on abiotic factors (geol-
ogy of the region). The dominant groundwater 
ions (Na+ and Cl-) are highly positively correlat-
ed, confirming that these two chemical elements 
have the same origin (halite). The second factor 
explains 19.01% of the information and shows a 
positive correlation with DO and pH and a nega-
tive correlation with HCO3

- (Table 4 and Fig. 7). 

Table 4. Correlation between parameters and PCA factorial axes
Parameter F1 F2 F3 F4 F5

Ca 0.823 -0.141 0.323 0.165 -0.391

Mg 0.798 -0.280 -0.275 -0.430 0.016

Na 0.928 0.290 -0.051 -0.123 0.143

K 0.424 0.660 -0.256 0.441 0.235

Cl 0.969 0.189 0.015 -0.134 -0.021

SO4 0.952 0.227 -0.011 0.068 -0.182

HCO3 0.539 -0.637 0.253 -0.071 0.479

NO3 0.373 -0.363 -0.587 0.509 0.035

EC 0.984 0.130 -0.005 -0.116 0.006

pH -0.405 0.608 -0.504 -0.404 0.005

DO -0.018 0.681 0.599 0.084 0.164

Figure 7. Correlations between variables
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This factor indicates parameters dependent on 
biotic factors. The projection of observations 
into factorial planes (Fig. 8) highlighted two 
groups of wells: the first group (P1, P2, P3, and 
P9) consists of the wells characterized by very 
high salinity, and the second group (P4, P5, P6, 
P7, and P8) comprises the wells with lower sa-
linity. The high mineralization of groundwater is 
explained by the leaching of Triassic evaporitic 
rocks. Indeed, the study area is located on the 
Khemisset plateau, which is characterized by 
Triassic-age evaporitic formations (Et-Touhami 
et al., 2000). The study by El Qryefy et al. (2023) 
shows that the water from the wells located to 
the north of the lake is suitable for irrigation, 
while the water from the wells on the opposite 
shore is unsuitable for irrigation due to its high 
salinity. Generally, these waters are suitable for 
irrigating salt-tolerant crops on well-drained 
soils. In similar research conducted in Morocco, 
the salinization of groundwater could be attrib-
uted to the dissolution of evaporitic rocks (Bahir 
and Ouhamdouch, 2020; Elgettafi et al., 2012; 
Ouarani et al., 2023; Rochdane et al., 2022), sea-
water intrusion (Mountadar et al., 2018; Najib 
et al., 2016; Ouarani et al., 2023), agricultural 
pollution (Fakir et al., 2002; Re et al., 2013), or 
the combined presence of these three factors (El 

Mandour et al., 2008; Fakir et al., 2002). Waste-
water can also infiltrate aquifers, contributing to 
the salinization of groundwater (Elmeknassi et 
al., 2022; Jilali et al., 2015). 

CONCLUSIONS 

This work was based on the geochemistry 
of groundwater in the areas adjacent to Lake 
Dayet Erroumi. It aimed to assess water salin-
ity using descriptive and multivariate statistical 
methods. Averages of major ion concentrations 
showed that cation abundance is Na+ > Ca2+ > 
Mg2+ > K+ and anion abundance is Cl- > HCO3

- > 
SO4

2- > NO3
-. Principal component analysis re-

vealed a significant positive correlation between 
electrical conductivity, sodium and chloride and 
sulfate. These parameters indicate water miner-
alization and depend on abiotic factors (lithol-
ogy of local rocks). The F1 factor, which ac-
counts for more than half of the total variance 
(52.37%), is an axis of water mineralization. The 
second axis explains 19.01% of the information 
and shows a positive correlation with parameters 
(pH, DO) controlled by biotic factors. Analysis 
of the observations revealed two distinct groups 
of wells: the first (P1, P2, P3 and P9) includes 

Figure 8. Projection of observations in the first factorial plane
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the wells with extremely high salinity, while the 
second (P4, P5, P6, P7 and P8) includes those 
with lower salinity. The salinization of ground-
water adjacent to Lake Dayet Erroumi is of 
natural origin, due to the dissolution of Trias-
sic evaporitic rocks. This high salinity is a key 
factor in the degradation of groundwater quality 
for human consumption and irrigation. Gener-
ally, these waters are suitable for irrigating salt-
tolerant crops on well-drained soils.
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