
Citation: Azhari, H.E.; Cherif, E.K.;

Sarti, O.; Azzirgue, E.M.; Dakak, H.;

Yachou, H.; Esteves da Silva, J.C.G.;

Salmoun, F. Assessment of Surface

Water Quality Using the Water

Quality Index (IWQ), Multivariate

Statistical Analysis (MSA) and

Geographic Information System (GIS)

in Oued Laou Mediterranean

Watershed, Morocco. Water 2023, 15,

130. https://doi.org/10.3390/

w15010130

Academic Editor: William

Frederick Ritter

Received: 28 November 2022

Revised: 23 December 2022

Accepted: 24 December 2022

Published: 29 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Assessment of Surface Water Quality Using the Water Quality
Index (IWQ), Multivariate Statistical Analysis (MSA) and
Geographic Information System (GIS) in Oued Laou
Mediterranean Watershed, Morocco
Hamza El Azhari 1, El Khalil Cherif 2,* , Otmane Sarti 3 , El Mustapha Azzirgue 1 , Houria Dakak 4 ,
Hasna Yachou 4, Joaquim C. G. Esteves da Silva 5,* and Farida Salmoun 1

1 Laboratory of Physical Chemistry of Materials, Natural Substances and Environment, Chemistry Department,
Sciences, and Technology Faculty, Abdelmalek Essaâdi University, Tangier 90090, Morocco

2 Institute for Systems and Robotics, Instituto Superior Técnico, University of Lisbon, 1649-004 Lisbon, Portugal
3 Department of Chemical Engineering, University of Abdelmalek Essaadi, Tangier 90000, Morocco
4 Research Unit on Environment and Conservation of Natural Resources, Regional Center of Rabat,

National Institute of Agricultural Research (INRA), P.O. Box 6356, Instituts, Rabat 10101, Morocco
5 Centro de Investigação em Química (CIQUP), Instituto de Ciências Moleculares (IMS),

Departamento de Geociências, Ambiente e Ordenamento do Território, Faculdade de Ciências,
Universidade do Porto, Rua do Campo Alegre s/n, 4169-007 Porto, Portugal

* Correspondence: c.elkhalil@uae.ac.ma (E.K.C.); jcsilva@fc.up.pt (J.C.G.E.d.S.)

Abstract: Surface water is used for a variety of purposes, including agriculture, drinking water,
and other services. Therefore, its quality is crucial for irrigation, human welfare, and health. Thus,
the main objective is to improve surface water quality assessment and geochemical analysis to
evaluate anthropogenic activities’ impact on surface water quality in the Oued Laou watershed,
Northern Morocco. Thirteen surface water samples were characterized for 26 physicochemical and
biological parameters. In this aspect, emerging techniques such as multivariate statistical approaches
(MSA), water quality indices (WQI), irrigation water quality (IWQI), and Geographic Information
System (GIS) were employed to identify the sources of surface water pollution, their suitability
for consumption, and the distribution of surface water quality. The results showed that the major
ion concentrations were reported in the following order: Ca2+, Na+, Mg2+, and K+; and HCO3

−

> CO3
2− > Cl− > SO4

2− > NO3
− > F− > PO4

3− > NO2
−. It was also demonstrated that almost

all parameters had concentrations lower than World Health Organization (WHO) limits, except for
bicarbonate ions (HCO3

−) and the biochemical oxygen demand for five days (BOD5), which exceeded
the WHO limits at 120 mg/L and 3 mg/L, respectively. Furthermore, the types of Ca2+-HCO3

−

(Calcium-Bicarbonate) and Ca2+-Mg2+-HCO3
− (Calcium-Magnesium-Bicarbonate) predominated

in surface water. The Principal Component Analysis (PCA) indicates that the Oued Laou river was
exposed to two forms of contamination, the first being attributed to anthropogenic activities such
as agriculture, while the second reflects the water-sediment interaction. The Hierarchical Cluster
Analysis (HCA), reflecting the mineralization in the study area, has classified the samples into four
clusters. The Inverse Distance Weighting (IDW) of the WQI indicates that 7.69% and 38.46% of the
surface water represent, respectively, excellent and good quality for drinking. At the same time, the IWQI
revealed that 92.30% of the water surface is good for irrigation. As a result, the combination of WQIs,
PCA, IWQI, and GIS techniques is effective in providing clear information for assessing the suitability
of surface water for drinking and its controlling factors and can also support decision-making in
susceptible locations such as the Oued Laou river in northern Morocco.

Keywords: Morocco; Oued Laou watershed; WQI; IWQI; surface water quality; hydro geochemistry;
PDC; HCA; IDW
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1. Introduction

Water supply is considered a fundamental requirement for human activity and socioe-
conomic development as well as an essential condition of the natural world and human life
equilibrium, and it is essential for human well-being. The surface water consists of several
sources such as streams, rivers, springs, ponds, lakes, and reservoirs that are formed by precip-
itation in the watershed and can enter and settle in streams, rivers, and lakes [1], where the
rivers are considered the most often used sources of surface water in the world for domestic
consumption, agriculture, and industry [2] due to their abundance and accessibility, which
have led to rapid human population growth and progress near watercourses [3]. Therefore,
rivers, particularly in developing nations, have suffered from significant environmental
pressures associated with contamination from intensive agricultural pesticide runoff and
effluent from manufacturing processes, sewage, and other urban waste sources, which are
considered human effects [4,5]. In addition to natural causes such as air pollution deposi-
tion [6], climate change [7], water interaction with lithogenic structure [8], and geochemical
factors [9].

Morocco, like many other nations (African countries, India, etc.), suffers from surface
water pollution due to the semi-arid climate that pervades most of its areas, droughts,
and human pollution [10]. As a result, a significant risk threatens humans’ and animals’
lives [11], where Surface water is considered as one of the most important sources of
traditional agricultural usage in Morocco, where most farmers use surface water networks
to irrigate their fields. The irrigated area in Morocco is estimated at 1.46 million ha, which is
approximately 17% of the total agricultural area of the country [12], as well as for drinking
by a considerable portion of the population in some rural regions (big atlas, medium,
and small). However, excessive agricultural practices, geogenic pollution, and grown
urbanization have placed contentious pressure on surface water resources and have led
to potentially negative impacts on the physicochemical characteristics of water and water
quality [13].

The Oued Laou plays a vital role in maintaining the socioeconomic development of the
northern region of Morocco. As the primary source of water, it receives significant amounts
of residential and agricultural waste, all of which degrade the river’s water quality [14] and
constitute serious hazards to the aquatic system in the Oued Laou River [15]. Therefore,
identifying the gaps concerning the knowledge of water quality is an essential step in
understanding the natural and anthropogenic factors affecting the sustainability of these
resources., In Morocco, water quality monitoring and water resource management have
been recognized as national obligations for attaining sustainability. Other research and
studies must be supported to maintain adequate water resource management and long-term
sustainability.

Therefore, monitoring river water quality is a practical approach to ensuring the
effective management of water resources and environmental protection and determining
surface waters’ suitability for irrigation [16]. This traditional approach to water quality for
drinking and irrigation is costly, time-consuming, and human resource intensive. In addition,
many studies suggest using new tools for data preparation for modeling and prediction [17].
Present variations in river water quality simply and clearly, at certain times and locations,
so they may be presented in an approachable way [18].

Water quality is evaluated using physical and chemical properties that indicate water
characteristics and variables that impact water quality according to international stan-
dards [19]. Hence, physicochemical and bacteriological parameters such as Hydrogen
Potential (pH), Temperature (T), Turbidity (Turb), Salinity (Sal), Chemical Oxygen De-
mand (COD), Biochemical Oxygen Demand for 5 days (BOD5), Phosphate (PO4

3−), Nitrite
(NO2

−), Nitrate (NO3
−), Ammonium (NH4

+), Dissolved Oxygen (DO), conductivity (EC),
and FC (fecal coliform) provide an initial understanding of water facies [20], different
geochemical processes, and water categorization [21]. The Piper Diagram is an applicable
and commonly used method for defining the main geochemical control processes driving
the chemical composition of surface water [22]. Moreover, water quality indices (WQIs) are
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among the better approaches for explaining water quality [23] and have been developed
by many authors since Horton’s [24] work, as they convert original data from many water
quality parameters into a single number to understand water quality [25,26] and assist
strategic planning linked to water quality management programs through numerical index
values [27], which is calculated using a mathematical process based on various water
quality criteria [28].

The Irrigation Water Quality depends on its quantity and the type of salts in the water.
The most important issues related to the deterioration of water quality are increased salinity,
reduced permeability, and exposure to particularly toxic ions [16]. Therefore, assessments
of the quality of irrigation usage are defined by its physicochemical parameters using
imitative techniques such as the Wilcox Diagram [29]. This technique is applicable and
commonly utilized to estimate water quality for irrigation purposes.

Therefore, the aforementioned techniques for assessing irrigation water quality and
WQIs are used to evaluate water quality, which presents a useful understanding of the
quality of water used for irrigation. The individual water quality index parameter is not
appropriate for assessing the validation of water for irrigation because it can be restrictive
and can often produce inadequate performance in the assessment [30]. Several studies have
proposed a water quality index based on the weighted score of each variable [31]. WQIs
that contain the Irrigation Water Quality (IWQ), Na%, SAR, PI, KI, and RSC can satisfy the
requirements for effective monitoring and assessment of irrigation water suitability [32].
The main concept in the development of WQIs is to combine several variables into a single
numerical value. The goal of the WQIs is to identify the waters in relation to their potential
uses and chemical and physical characteristics and to control their allocations [26]. For this
reason, the analytical parameters need to be weighted and aggregated. Therefore, WQIs
are used to evaluate water quality in this study. Previous studies have used the WQI to
determine surface water quality. For e.g., Gad et al. [21], reported that the DWQI values
of the two Nile (Egypt) branches revealed that 53% of samples varied from excellent to
good water, 43% of samples varied from poor to very poor water, and 4% of samples were
unsuitable for drinking. Ferahtia et al. [33], mentioned that the WQI values of the studied
Wadis were higher than 100, indicating that the El Hodna watershed (Algeria) waters are
unfit for human consumption, irrigation, and aquatic life. Additionally, Elsayed et al. [31]
found that several WQI values across two years revealed that 82% of samples represent a
high class and the remaining 18% constitute a medium class of water quality for irrigation
use with respect to the Irrigation Water Quality (IWQ) value, while the Sodium Percentage
(Na%) values across two years indicated that 96% of samples fell into a healthy class and
4% fell into a permissible class for irrigation. In addition, the Sodium Absorption Ratio
(SAR), Permeability Index (PI), Kelley Index (KI), and Residual Sodium Carbonate (RSC)
values revealed that all surface water samples were appropriate for irrigation use in the
Northern Nile Delta, Egypt.

Multivariate statistical approaches (MSA) have been commonly used to understand
the mechanisms that affect surface water quality [34], in particular, correlation analysis
(CA), factor analysis (FA), discriminant analysis (DA), and principal component analysis
(PCA) [35]. Those tools have been extensively used to describe water quality [36].

Therefore, CA is a multivariate technique to classify the physicochemical parameters
into classes according to the interrelation between the chemical constituencies of surface
water resources [37] while the PCA is an extensively employed multivariate analytical
approach that reduces a range of original variables, such as geochemical data, to a minimal
figure of indices (i.e., principal components or factors) for interpreting variations between
observed data that are not observable from the simple correlation analysis [38]. Thus, the CA
and PCA are efficient methods for identifying common trends and anomalies of dispersion,
reducing the initial dimension of datasets, and improving understanding of the geogenic
and environmental origins of soluble ions and metals in water [39].

In various investigations, PCA has been utilized to identify anthropogenic and natural
factors affecting surface water quality [40]. At the same time, hierarchical cluster analysis
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(HCA) classifies the water samples based on their similar hydro chemical characteristics.
This approach is most commonly utilized in earth sciences [41]. GIS can also help to
alleviate some of these issues, particularly the combination of a water quality assessment
method and a spatial analysis tool, such as the IDW technique, which can greatly improve
the visualization of research results [42].

Understanding the processes that control surface water quality remains a complex
challenge for researchers, given the large amount of data collected during a particular
study. At the end of the twentieth century, a better understanding was obtained through
the surface WQI [43], and the goal of it is to identify the waters in relation to their potential
uses and physical-chemical characteristics and to control their allocations [44].

The objective of this exploratory study is to (1) assess the physicochemical and bacte-
riological properties of the Oued Laou watershed, (2) assess surface water quality using
MST, WQIs, and GIS techniques; (3) discuss water suitability for drinking, health and
safety compatibility of water for agriculture and consumption, and (4) evaluate various
agricultural parameters such as Sodium Adsorption Rate (SAR), Permeability Index (PI),
Magnesium Hazard (MH), Sodium Ratio (% Na), and Sodium Carbonate (SCR).

2. Materials and Methods
2.1. The Study Area

The Oued Laou watershed is a Mediterranean basin located between the provinces
of Tetouan and Chefchaouen in northwest Morocco. It is located in the heart of the Rif
chain (High Rif). It is a tiny basin with an area of 930 km2, and a length of 154 km [45]. It is
considered one of the key watershed and hydrological networks of northern Rif, carrying
substantial volumes of water during the rainy season. Oued Talembote, Oued Ouarra, and
Oued Maggo are the three most major wadis that feed Oued Laou (Figure 1).

 
 

 
 

Figure 1. The study area of the Oued Laou watershed, northern Morocco, with the locations of
13 surface water sample points (QZ1, QZ2, QZ3, QZ4, QZ5, QZ6, QZ7, QZ8, QZ9 QZ10, QZ11,
QZ12, QZ13).
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The climate in this region varies from sub-humid Mediterranean in the mountains to
semi-arid along the coastal edge. The annual average temperature is 18.6 ◦C, with 700 mm
of annual average rainfall in humid, relatively cold winters and dry, warm summers. The
majority of precipitation occurs between November and March [45]. The region’s climatology
is impacted by the relief’s altitude and position regarding the sea. The region’s diversified
plant cover includes woods, meadows, scrub, and agriculture. Agriculture covers 30% of the
region’s land area, with just 5% being irrigated and 25% being non-irrigated [46].

In terms of hydrogeology, the geological formations of the study area are primarily
made up of impermeable or low-permeability facies. Only the limestone chain, the plains,
the alluvial valleys, and a few small, isolated basins benefit from rainwater infiltration.
These elements limit the groundwater reservoirs of the area, with the exception of the
following hydrogeological units: the limestone range, Rhiss-Neckor, Mar-til-Allila, and
Oued Laou [47].

In addition, the Oued Laou watershed belongs to the Rif domain; the terrain is metamor-
phic and consists of gneiss, schists, limestone, and dolomites of primary and Permo-Triassic
ages: The Sebtides and Ghomarides. a material that extends from the Strait of Gibraltar
to the Jebha Accident and is composed mainly of limestone and dolomitic facies (Trias,
Lias). In the east, the Beni Idder layer is made up of clayey-marly limestone and flyschs of
sandy micaceous marl (Cretaceous and Tertiary), which extends from the Strait of Gibraltar
to Chaouen (Figure 2). The mountains are the consequence of a relatively modern forma-
tion, and they are all excessively rocky, varying in altitude from 0 m to 2122 m above sea
level [47].

Figure 2. Geologic carte of the study area.

2.2. Sampling and Chemical Analysis

In this study, surface water samples were collected in June 2021 at 13 different locations
(three samples were collected at each location) (Figure 1) for 26 physicochemical and
bacteriological parameters. The sampling stations were chosen with uniform spacing and
little variation. Based on the geographical conditions and accessibility of the Oued Laou
area and according to the most known sites for human activities (tourism, urbanism, and
agriculture) and geological significance (Figure 1).



Water 2023, 15, 130 6 of 34

Temperature and pH were measured in the field using a mercury thermometer and
a pH meter, respectively (HANNA Hi 8519N; HANNA Instruments, Woonsocket, RI,
USA). Dissolved oxygen (DO), electric conductivity (EC), and salinity (Sal) were measured
immediately using oxygen meters CO411 (FLMETRON, Witosa, Poland), Thermo ORION
105 (USA), and EUTECH Instruments SAL6+ (CAKTON, Bethesda, MD, USA), while
turbidity (Tur) was measured by a turbidity meter model HACH 2100P (Hach, Lognes,
France). All of these parameters were measured in situ and filtered immediately with a
45 µm filter.

In order to obtain high-quality homogenized samples at locations of strong water flow,
the water samples were taken at a depth of 30 cm in 500 mL polyethylene bottles [48].

To prevent cross-contamination, the bottles were cleaned with distilled water be-
fore filling and washed with local sample waters three times. The sampling was carried
out according to Standard Methods for the Examination of Water and Wastewater [49].
Transportation and storage were carried out at a temperature of 0 ◦C to 4 ◦C.

The total dissolved solids (TDS) and BOD5 were analyzed using a HANNA HI 2550
multi-parameter (HANNA Instruments, USA) and a WTW Oxitop IS 6 inductive stirring
system (USA). Chemical Oxygen Demand (COD), alkalinity (ATC), and total hardness
(TH) were measured according to the following protocols: NF T.90.101; NF EN ISO 9963-1
(2/1996); and EDTA titration methods, respectively. The concentrations of Ca2+, Mg2+,
carbonate, and bicarbonate were determined using the titrimetric technique. Na+ and K+

cations were estimated using a microprocessor flame photometer (graphical display) (LT
671, New Zealand). Chloride (Cl−), fluoride (F−), nitrate (NO3

−), ammonium (NH4
+), and

sulfate (SO4
2−) were measured using particular ion electrodes HANNA HI 4007, HANNA

HI 4010, HANNA HI 4013, HACH ISENH4181, HANNA HI 4012 (HANNA Instruments,
USA), respectively. Total coliforms (TC) and fecal coliforms (FC) were analyzed using
the membrane filtration technique [50]. The chemical measurements were carried out in
triplicate to guarantee the sample analysis’s precision.

2.3. Multivariate Statistical Analysis

Using IBM SPSS Statistics 25, multivariate statistical analyses were conducted in
this study on a dataset of 26 physical-chemical parameters from 13 stations, including:
T, EC, pH, TDS, COD, BOD5, Turb, Sal, Cl−, SO4

2−, PO4
3−, NO3

−, NO2
−, NH4

+, Ca2+,
Mg2+, Na+, K+, CaCO3, CO3

2−, DO, TH, TAC, FC, TC, and HCO3
−, which are used

for PCA and HCA extraction. The PCA is defined as a statistical approach focused on the
interdependencies of variables [51]. The degree of correlation between the values was assessed
using Spearman’s test.

The correlation coefficient of +1 indicates a perfect relationship between the variables;
−1 means a perfect relationship. Still, the variables move in opposite directions; a value
of zero means that there is no relationship between the variables. An r value between
0.5 and 0.7 is regarded as a moderate correlation, while a significance level of p = 0.7 is
regarded as a high correlation and was produced by employing Kaiser normalization and
an orthogonal rotation factor [52].

For HCA, Ward’s method [53] using Euclidean distance was used as a similarity
measure to perform clustering [51]. A similarity measure to perform cluster analysis (CA).
Each cluster is based on a set of physicochemical parameters to find similarities between
sampled locations. Based on the computed WQI value, water quality distribution maps
were created using ArcGIS software (ver. 10.6).

2.4. Water Quality Index WQI

Through the water quality indexes, surface water quality assessments and adjustments
to needs are reliable [54]. The WQI is a method used to categorize water sources into dif-
ferent classes based on the comparison of water quality parameters with international or
national standards. In 1965, Horten became the first scientist to modify the WQI [24]. He
selected the 10 most common parameters and included them in a mathematical equation
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to analyze the quality of drinking water. This concept is used to evaluate water quality.
In many parts of the world so far, a lot of researchers have modified the approach based
on the weighting of each water quality parameter [55]. Many scientists and experts have
discussed the importance of WQI in providing an overview of water quality. This signif-
icance is demonstrated by incorporating all water quality measures into a single, easily
comprehensible, and easily interpreted value [56].

In this study, we used WQI according to the classical method to estimate the influence
of natural and anthropogenic factors on water quality, based on 14 key parameters of the
surface water chemistry of Oued Laou, such as pH, EC, BOD5, TH, Cl−, PO4

3−, FC, TDS,
SO4

2−, Ca2+, Mg2+, NH4
+, NO3

−, and NO2
− mentioned in Table 1. Using the criteria that

the WHO recommends (2017) According to the potential influence on human health, each
criterion is given a particular weight (Wi), ranging from 1 “the lowest impact on water
quality” to 5 “the highest impact” (Table 1) [57].

Table 1. Relative weight assigned to physicochemical parameters.

Water Quality Parameters WHO 2017 Weight Wi Wr

EC 1000 4 0.074074074
pH 6.5–8.5 4 0.074074074
TH 500 3 0.055555556
Cl− 250 3 0.055555556

PO4
3− 5 3 0.055555556

NO2
− 3 3 0.055555556

NO3
− 50 5 0.092592593

NH4
+ 35 3 0.055555556

Ca2+ 75 2 0.037037037
Mg2+ 50 2 0.037037037
DO 5 5 0.092592593

SO4
2− 250 4 0.074074074

TDS 1000 5 0.092592593
HCO3

− 120 3 0.05555556
TC 100 3 0.05555556

BOD5 3 2 0.03703704

The parameters with the highest weights of “5” have been associated with adverse
health effects, such as NO3

− and TDS, whereas “4” will be given to pH, EC, FC, SO4
2−, and

TH. The parameters BOD5, Mg2+, Ca2+, NH4
+, NO2

−, and Cl− are given a minimum weight
of “2” to “3” because of their lower or indirect influence in surface water [58]. The relative
weight (Wi) for each parameter was determined using the following Equation (1) [59]:

Wi =
wi

∑n
k=0 wi

(1)

Wi is the weight of parameter “i”, and “n” represents the total number of parameters.
The quality score was then determined by dividing the variable concentration by the
parameter standard established by WHO 2017 [60], and multiplying the result by 100 using
the Equation (2) [57]:

Qi =
Ci
Si
× 100 (2)

Qi is the quality index, “Si” is the standard norm, and “Ci” is the concentration of the
sample in mg/L. Because the pH criterion ranged from 6.5 to 8.5 [60], the rating scale was
derived by the Equation (3) [58]:

Qi =
(CpH− 8.5)
(6.5− 8.5)

(3)
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The following formula is used to determine the “SI” sub-index for each parameter [61].

SI = Wi×Qi (4)

“Qi” is the parameter value, while “Wi” is the relative weight. According to the
following equation, the WQI score for each sample was determined as the sum of all
sub-indices computed for all variables [61]:

WQI = ∑n
k=1 Wi×Qi = ∑n

1 SI (5)

The WQI scores for all surface water samples were then categorized into one of five
water quality classes [62], as indicated in the figure (Table 2).

Table 2. Classification of water quality [56].

Ranking WQI Value Explanation

<50 Excellent water Good for human health
50–100 Good water Suitable for human consumption

100–200 Poor water Water in poor condition
200–300 Very poor water Needs special attention before use

>300 Unsuitable for drinking Requires too much attention

2.5. Irrigation Water Quality IWQI

The amount of dissolved salts or other unwanted elements determines the appro-
priateness of irrigation water. The physical and chemical qualities of major river water
parameters, such as T, pH, EC, TDS, hardness, sodium, potassium, calcium, magnesium,
chloride, sulfuric acid, salts, nitrates, carbonates, bicarbonates, and other substances, are
used in this evaluation to establish irrigation suitability [63]. The following section presents
several calculations that might help in determining the appropriateness of irrigation water.

Salt risk related to calcium and magnesium concentrations is determined by the
sodium adsorption ratio (SAR). Increased salt levels in water can have a negative impact
on soil properties and decrease soil permeability [64]. The following Equation (6) is used to
compute SAR [63]:

SAR =
Na+√

Ca2++Mg2+

2

(6)

Furthermore, understanding that excess calcium and magnesium have detrimental
effects on the soil, the residual sodium carbonate (RSC) plays an essential part in the
categorization of irrigation water, which is computed by the below Formula (7) [65].

RSC =
[(

HCO3
− + CO3

−)− (Ca2+ + Mg2+
)]

(7)

The percentage of sodium (%Na) and the risk of magnesium “MH” are often used to
measure the appropriateness of water for agricultural applications. A higher soluble salt
concentration in irrigation water lowers permeability. While the high concentration of Mg2+

ion in water has a detrimental impact on soil quality, making the soil alkaline, resulting in
low crop production, is estimated using the following Equations (8) and (9) [16].

Na% =

(
Na+ + K+

)
∗ 100(

Ca2+ + Mg2+ + Na+ + K+
) (8)

MH =

(
Mg2+ ∗ 100

)
(

Ca2+ + Mg2+
) (9)
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The adequacy of irrigation water is also evaluated using the permeability index, or
“PI”. According to, excess Ca2+, Mg2+, and bicarbonate create soil permeability problems.
The index is computed as follows [32]:

PI =
(

Na+ +
√

HCO3−
)
∗ 100

(Ca2+ + Mg2+ + Na+)
(10)

The Kelly Index (KI) is used to determine irrigation water quality. Sodium is compared
to calcium and magnesium. A KI > 1 indicates an excess of salt, whereas a KI < 2 indicates
a shortfall in water and is computed using the following Formula (11) [64]:

KI =
Na+

Ca2+ + Mg2+ (11)

Salinity Potential (PS): Salt constantly dissolves in irrigation water, increasing salinity.
The salinity of the river progressively increases year after year. It is a serious issue for
downstream water consumers [66]. The term “potential salinity” refers to the quantity of
salt that builds up in the soil as determined by the formula below [64].

PS = Cl− +
1
2

SO4
2− (12)

Residual sodium bicarbonate (RSBC) Because most natural waters lack substantial
levels of carbonate ions and bicarbonate ions do not precipitate magnesium ions, the danger
of alkalinity will be measured by an indicator known as residual carbonic acid. Sodium
hydrogen: and computed using the Equation (13) [65].

RSBC = HCO3
− −Ca2+ (13)

All ionic concentrations are measured in meq/L in all of these Equations (6)–(13).
The various irrigation water quality indicators discussed above have various reper-

cussions and may influence choices. That’s why the irrigation water quality indicator
(IWQI), which was developed using Equations (2) and (5) and the variables EC, Na%, PI,
SAR, RSBC, and MH, was developed to overcome this lack. These irrigation water quality
requirements were weighted (Wi) based on how important they are for irrigation (Table 3).

Table 3. Weight of each parameter and the appropriate limit for irrigation [67].

Parameter Reference Unit Suitable Limit
for Irrigation

Unit Weight
(Wn)

MH Pawal (1972) No unit 50 0.110
RSC Eaton (1950) meq/L 2.5 0.793
Na% Wilcox (1955) % 60 0.040
SAR Richard (1954) No unit 18 0.033
EC Wilcox (1955) µS/cm 2250 0.023
PI Doneen (1964) No unit 85 0.001
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3. Results and Discussion
3.1. Hydro Chemical Characteristics of Surface Water

The findings of the statistical summaries of the physicochemical and biological prop-
erties of the investigated surface water samples indicate a wide variation in the different
individual parameters listed in Table 4. The surface water temperatures ranged from 17.7
to 24.8 ◦C, with an average temperature of 20.78 ◦C (Figure 3). Most of the samples in
the study area showed almost neutral to alkaline properties, with a pH ranging from 7.2
to 8.4, lower than the maximum value recommended by [60]. In general, the high pH
values were due to the natural existence of carbonates and bicarbonates [68]. The EC value
ranges between 301 and 524 µs/cm, with a mean value of 435 µS/cm. EC values of surface
water were below the WHO limit of 1000 µs/cm (Figure 3). The TDS ranged from 180.6
to 314.4 mg/L (Table 4), and all samples were below the maximum permissible amount
recommended by WHO (2017). All samples showed values above the WHO threshold for
DO, set at 2 mg/L, indicating a higher degree of oxygenation in surface waters. The DO
concentration varied from 6.83 to 10.22 mg/L (Table 4). The BOD5 levels were higher than
the 3 mg/L standard set by the WHO, ranging from 4.02 to 14.94 mg/L. The concentrations
of COD vary from 31.31 to 59.81 mg/L, with the highest values observed at sites QZ12 and
QZ13 (Table 4). The samples’ turbidity readings vary from 0.12 to 9.33 NTU, and exceed
the WHO’s threshold is set at 5 NTU in some locations [60]. The results indicate that, in
comparison to the river downstream, the upper portion of the river is narrower and has a
faster flow. The turbidity levels exceeded the range prescribed by WHO at three locations
QZ10, QZ12, and QZ13.

At locations QZ10, QZ12, and QZ13, he forms of nitrogen, such as NO2
− and NH4

+,
exhibited significantly too low concentrations, with an average concentration of 0.03 mg/L
and 0.68 mg/L, respectively, which were below the levels of 3 and 35 mg/L suggested by
WHO for drinking water [60]. NO3

− can originate from domestic wastewater, agricultural
effluents such as fertilizers, and soil erosion [69]. Only two samples, QZ12 (12.42 mg/L)
and QZ13 (19.9 mg/L) (Table 4), showed significant amounts but were still less than the
50 mg/L limit established by the (WHO, 2017) [60]. Similarly, fluoride (F−) levels at 13
locations range between 0.21 and 1.01 mg/L (Figure 3), which fall within the acceptable
range of 1.5 mg/L. Geogenic sources such as apatite, clay, and biotite, as well as extended
interaction with the aquifer in an alkaline environment, are major contributors to the higher
fluoride content in this area [70]. Water contamination by fluoride could cause diseases such
as infant methemoglobin, thyroid disease, neural tube defects, abdominal pain, diarrhea,
vomiting, hypertension, gastric cancer in adults, and infant blue baby syndrome if their
concentrations exceed the allowable limits [71].

The concentrations of Ca2+ and Mg2+ ranged from 41.6 to 73.4 mg/L and 24.96 to 48.24
mg/L, respectively, with the highest values recorded at QZ11, QZ13, and QZ10 (Table 4).
None of the samples surpassed the drinking water standard limit of Ca2+ and Mg2+ set at 75
and 50 mg/L [60], respectively. Disorders including Alzheimer’s, diabetes, and cardiovas-
cular diseases could be generated by high water hardness (over 300 mg/L) [72]. Calcium
and magnesium are formed via the dissolution of carbonate minerals and ferromagnesian
minerals in igneous and metamorphic rocks, and magnesium carbonate (dolomite) in
sedimentary rocks [73].
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Table 4. The physicochemical and bacteriological in situ measurement results at 13 sample points in the Oued Laou watershed.

Samples T EC pH TDS DO BOD5 COD Tur SAL TH TAC PO4
3− Cl− NO2

− NO3
− SO4

2− HCO3
− CO3

2− CaCO3 F− NH4
+ Na+ K+ Ca2+ Mg2+ FC TC

QZ1 21.4 399 7.74 239.4 8.59 11.23 32.2 1.51 0.3 2.9 5.3 0.14 49.6 0.01 10.92 28.65 323.3 159 265 0.31 0.91 26.67 0.34 58 34.8 117 32
QZ2 21.6 436 7.91 261.6 6.83 14.94 31.9 1.87 0.32 2.8 5.2 0.26 59.8 0.09 10.23 30.76 317.2 156 260 0.34 0.74 28.52 0.52 50 33.6 180 49
QZ3 24.8 328 8.07 196.8 7.21 12.32 44.6 0.06 0.2 2.08 4.9 0.01 27.3 0 0.9 15.13 298.9 147 245 0.21 0.001 9.27 0.7 41.6 25 147 24
QZ4 22.2 422 7.91 253.2 8.72 11.13 36 1.73 0.31 2.6 5 0.18 101 0.02 4.37 41.5 305 150 250 0.51 0 51.13 3.56 52 31.2 99 127
QZ5 21.9 445 7.78 267 9.64 10.87 36.5 1.89 0.31 2.63 5.4 0.33 79.4 0.07 7.75 40.9 329.4 162 270 0.43 0 57.71 3.92 52.6 31.6 123 134
QZ6 19.4 432 7.94 259.2 8.89 11.07 42.5 4.67 0.30 2.58 6.3 0.17 127 0.01 7.92 45.37 384.3 189 315 0.66 0 92.87 1.53 51.6 31 89 32
QZ7 19.1 487 7.97 292.2 8.31 11.03 46.9 3.54 0.33 2.44 6.5 0.32 121.3 0.01 8.21 43.12 396.5 195 325 0.29 0 89.76 1.43 48.8 29.3 126 79
QZ8 17.7 429 7.77 257.4 7.95 12.19 49.7 1.9 0.301 2.4 6 0.31 129.3 0.013 8.11 47.45 366 180 300 1.01 0 55.09 1.34 48 28.8 45 119
QZ9 18 488 7.5 292.8 8.05 12.05 50.7 1.12 0.331 2.39 5.7 0.27 98.38 0.011 6.94 45.34 347.7 171 285 0.94 0 51.67 1.65 47.8 28.7 187 84
QZ10 22.7 503 8.17 301.8 9.37 10.26 53.8 8.87 0.35 2.72 5.1 1.15 113 0.04 8.24 68.2 311.1 162 255 0.78 0 36.02 3.5 54.4 32.6 220 189
QZ11 20.1 301 7.86 180.6 7.66 4.21 31.1 0.09 0.19 3.67 4.7 0.01 24 0 0.5 19.2 286.7 141 235 0.34 0.001 8.45 0.59 73.4 48.2 78 6
QZ12 20.4 467 8.16 280.2 9.96 9.85 59.8 9.33 0.32 2.67 5.23 0.94 110 0.04 12.42 71.13 319 156.9 261.5 0.88 4.06 71.32 4.55 53.4 32 276 47
QZ13 20.9 524 8.11 314.4 10.22 8.89 56.2 9.02 0.36 2.79 5.71 1.2 136 0.12 19.9 74.8 348.31 171.3 285.5 0.76 3.2 82.13 5.23 55.8 33.5 227 58

Max 24.8 524 8.17 314.4 10.22 14.94 59.8 9.33 0.32 3.67 6.5 1.2 136 0.12 19.9 74.8 396.5 195 325 1.01 4.06 92.87 5.23 73.4 48.2 276 189
Min 17.7 301 7.5 180.6 6.83 4.21 31.1 0.06 0.2 2.08 4.7 0.01 24 0 0.5 15.13 286.7 141 235 0.21 0 8.45 0.34 41.6 25 45 6

MEAN 20.78 435 7.91 261.3 8.57 10.77 44 3.50 0.25 2.66 5.46 0.40 90.46 0.03 8.18 43.96 333.3 164.6 273.23 0.57 0.68 50.81 2.22 52.8 32.3 147 75
STDV 1.97 64.6 0.19 38.77 1.04 2.44 9.82 3.39 0.04 0.37 0.54 0.41 38.80 0.03 4.96 18.62 33.32 16.07 27.312 0.27 1.35 28.24 1.69 7.43 5.44 67 53
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The concentrations of sodium and potassium were below the maximum allowable
value of portability suggested by the WHO (2017), noting that the concentration of Na+ and
K+ varies respectively between 8.45 and 92.87 mg/L and between 0.34 and 5.23 mg/L, the
maximum values of Na+ and K+ recorded respectively in stations QZ6 and QZ13 (Figure 3).
The alteration of silicate minerals is the main source of concentrations of Na+ and K+ [74].
These ions are not harmful at normal levels, but when they exceed the allowed limits, they
can harm human health, such as hypertension, heart disease, or kidney problems.

The proportions of bicarbonate (HCO3
−) and carbonate (CO3

2−) control alkalinity in
water. Alkalinity uptake in the samples was below 200 mg/L, the levels allowed by WHO
2017. Furthermore, CO3

2− and HCO3
− concentrations ranged from 145 to 195 mg/L and

286.7 to 396.5 mg/L, respectively, with a notable maximum value in QZ7 (Table 4). The
main causes of carbonate alteration are changes in calcite and dolomite rocks [75].

In QZ7, QZ6, QZ8, and QZ13, chloride levels ranged from 24 to 136 mg/L, which
is lower than the 250 mg/L drinking water standard. Phosphate is a necessary nutrient
for plant growth. Except for QZ13, all surface water samples had low phosphate PO4

3−

concentrations. QZ10 and QZ12 showed maximum values, ranging from 1.2, 1.15, and
0.94 mg/L, respectively, and did not exceed the standard value of 5 mg/L. The bacterial
contamination indicators, such as coliforms, are one of the most crucial characteristics
for assessing the water quality since they provide insight into the presence of fecal and,
consequently, the possibility for pathogen contamination [76]. According to the data, a
station close to QZ12 and QZ13 recorded high amounts of fecal coliform, measuring 276
and 227 CFU/100 mL, respectively (Table 4). These levels were not in compliance with the
WHO standard. The other stations have shown low fecal coliform contamination of surface
water, which could be attributed to animal or human feces and can induce gastroenteritis in
patients. To be declared drinkable, no pathogens should be present per 100 mL of drinking
water [77]. While total coliform (TC) concentrations were high at stations QZ5 and QZ10
(Table 4), the significant prevalence of total coliforms in the waterways indicates that the
pollution is due to residential sewage (feces) [78]. Human activity and area geology are
two major elements of river hydrology and water quality in general [75].

The variability of the data assessment was used to analyze the principal ions in the
surface water samples. The concentrations of the sample’s principal cations were sorted
in the following order based on the analytical data: Ca2+ > Na+ > Mg2+ > K+ > NH4

+.
The higher Ca2+ concentrations indicate the presence of large amounts of limestone and
other dissolved substances. While the relatively higher concentration of Na+ and K+ in
the upper part of the Oued Laou valley could be related to chemical fertilizers or other
anthropogenic activities.

HCO3
− > CO3

2− > Cl− > SO4
2− > NO3

− > F− > PO4
3− > NO2

− are the primary
anions found in surface water samples, as shown in Figure 3, which depicts a change in
the concentrations of Cl−, SO4

2−, HCO3
−, and NO3

−. The research area’s increase in Cl−

levels can be attributed to Pliocene sediments. SO4
2− levels may rise due to the depletion

of sulfate minerals (such as gypsum), fertilizer inputs, and municipal waste.
HCO3

− is formed when carbonic acid dissolves carbonate minerals and silicate miner-
als in the exploration area. However, some sample sites have detected changes in the order
of the ions “SO4

2− > HCO3
− > CO3

2− > Cl−”, especially in the samples QZ13, QZ12, and
QZ10. At sites QZ11, QZ13, QZ5, and QZ4, the cation order is Ca2+, Na+, Mg2+, and K+. In
general, the content of major ions changed in response to water-rock interaction. However,
at some sites, anthropogenic pollutants predominate.

3.2. Hydro Chemical Evolution and Surface Water Types

To better understand the geochemical mechanisms that govern water quality, hydro-
chemical data were analyzed through imitative approaches, which were proposed by M.
Piper in 1944 [79].

Based on analytical data from the most dominated parameters of the physicochemical
analysis (Ca2+, Mg2+, Na+, K+, Cl−, NO3

−, HCO3
−, CO3

2−, SO4
2−), Piper’s trilinear
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diagram was used to define the geochemical facies and surface water types in the Oued
Laou watershed and their interaction with rocks (Figure 4a).
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Based on the cation plot, all samples fell in the center (Zone B), indicating no apparent
dominance of any cation in the surface water. However, Na+ and Ca2+ were found at
significant concentrations in most sample sites, showing apparent carbonate alteration.
On the other hand, the anion diagram revealed that all samples were found in Zone E,
indicating HCO3

− dominance and paralleling the weathering of the carbonate-dominated
lithology. The chemical properties of the analyzed surface water samples revealed Ca2+-
HCO3

− and Ca2+-Mg2+-HCO3
− type water, which indicates that all the samples fall into the

non-alkaline carbonate domain. In general, the alkaline earth metal content (Ca2+ + Mg2+)
outnumbers the alkali (Na+ + K+), and the weak acid level (CO3

2− + SO4
2−) outnumbers

the strong acid level (CO3
2− + HCO3

−), which vary from 60% to 90% and 70% to 95%,
respectively. However, bicarbonate is a by-product of the dissociation of carbonic acid from
the solubility of atmospheric carbon dioxide and humic acids present in the soil or the
weathering of silicates [80]. The observed chemical changes may be regulated by natural
sources, such as rock-water interactions, anthropogenic sources, irrigation returns, and
chemical fertilizers.

Total Ionic Salinity (TIS) analysis was performed to determine the salinity content of
the water samples based on Cl−, HCO3

−, and SO4
2− [81]. Figure 4b shows the comparable

salinity, which ranges from 5 to 10.35 meq/L, knowing that the majority of samples (1, 2,
4, 5, 9, 10, and 12) have TIS between 5 and 9 meq/L, while samples 3 and 11 showed a
TIS < 6 meq/L. It was noted that the highest TIS > 10 meq/L was observed in samples 6,
7, 8, and 13, which had the highest values of Cl−, SO4

2−, TDS, EC, PO4
3−, and EC in all

the samples.

3.3. Correlation Matrix

A correlation matrix serves to investigate the interactions between water quality
indicators and the origin of water-soluble compounds in the Oued Laou watershed [82].
A Pearson correlation matrix was created using the actual values of the 26 variables
chosen for statistical analysis (Table 5), including pH, EC, DO, BOD5, COD, TDS, TH, TAC,
Sal, Turb, Na+, K+, Ca2+, Mg2+, F−, SO4

2−, Cl−, FC, TC, NO3
−, NO2

−, SO4
2−, PO4

3−,
CO3

2−, HCO3
− and CaCO3. The effects of various hydrological, geological, and human

activities on water quality may result in high or low correlations between hydrochemical
parameters [83].



Water 2023, 15, 130 15 of 34

Table 5. Pearson correlation matrix of water parameters.

Variables EC pH TDS DO COD BDO5 Turb PO4
3− Cl− NO2

− NO3
− NH4

+ Ca2+ Mg2+ SO4
2− F− SAL TH TAC HCO3

− CO3
2− Ca CO3 FC TC Na+ K+

EC 1
pH 0.135 1
TDS 1.000 0.135 1
DO 0.596 0.363 0.596 1

COD 0.635 0.412 0.635 0.523 1
BDO5 0.782 0.383 0.782 0.811 0.601 1
Turb 0.693 0.690 0.693 0.770 0.741 0.744 1

PO4
3− 0.738 0.590 0.738 0.733 0.749 0.775 0.937 1

Cl− 0.823 0.177 0.823 0.587 0.671 0.670 0.647 0.588 1
NO2

− 0.535 0.303 0.535 0.412 0.171 0.553 0.492 0.615 0.266 1
NO3

− 0.748 0.242 0.748 0.617 0.467 0.749 0.703 0.722 0.587 0.741 1
NH4

+ 0.360 0.471 0.360 0.571 0.523 0.615 0.692 0.652 0.262 0.529 0.728 1
Ca2+ −0.311 −0.004 −0.311 0.155 −0.344 −0.255 0.036 0.032 −0.290 0.005 −0.046 0.116 1
Mg2+ −0.388 −0.023 −0.388 −0.021 −0.434 −0.382 −0.062 −0.055 −0.391 0.029 −0.115 0.065 0.975 1

SO4
2− 0.846 0.418 0.846 0.802 0.799 0.833 0.917 0.918 0.825 0.500 0.737 0.612 −0.061 −0.175 1

F− 0.564 −0.065 0.564 0.429 0.720 0.434 0.508 0.545 0.704 0.124 0.396 0.317 −0.130 −0.207 0.735 1
SAL 0.283 0.029 0.283 0.273 −0.041 0.339 0.337 0.351 −0.040 0.669 0.688 0.669 0.211 0.232 0.278 0.073 1
TH −0.310 −0.006 −0.310 0.043 −0.427 −0.298 0.004 0.008 −0.343 0.106 −0.019 0.119 0.975 0.992 −0.109 −0.187 0.323 1

TAC 0.529 −0.164 0.529 0.163 0.325 0.213 0.173 0.054 0.710 −0.022 0.373 −0.058 −0.370 −0.420 0.307 0.289 −0.160 −0.403 1
HCO3

− 0.529 −0.164 0.529 0.163 0.325 0.213 0.173 0.054 0.710 −0.022 0.373 −0.058 −0.370 −0.420 0.307 0.289 −0.160 −0.403 1.000 1
CO3

2− 0.588 −0.104 0.588 0.202 0.378 0.249 0.250 0.140 0.751 −0.015 0.381 −0.083 −0.368 −0.426 0.373 0.330 −0.186 −0.404 0.988 0.988 1
CaCO3 0.529 −0.164 0.529 0.163 0.325 0.213 0.173 0.054 0.710 −0.022 0.373 −0.058 −0.370 −0.420 0.307 0.289 −0.160 −0.403 1.000 1.000 0.988 1

FC 0.554 0.482 0.554 0.444 0.615 0.568 0.714 0.757 0.191 0.525 0.544 0.712 −0.126 −0.142 0.621 0.285 0.539 −0.093 −0.182 −0.182 −0.135 −0.182 1
TC 0.534 0.027 0.534 0.338 0.268 0.493 0.260 0.409 0.477 0.162 0.061 −0.266 −0.244 −0.311 0.458 0.394 −0.265 −0.278 0.064 0.064 0.165 0.064 0.068 1

Na+ 0.703 0.137 0.703 0.594 0.499 0.578 0.534 0.383 0.870 0.242 0.567 0.316 −0.246 −0.342 0.649 0.420 0.040 −0.300 0.817 0.817 0.809 0.817 0.138 0.157 1
K+ 0.619 0.450 0.619 0.877 0.579 0.841 0.741 0.784 0.573 0.583 0.548 0.586 0.004 −0.114 0.819 0.464 0.231 −0.064 −0.013 −0.013 0.022 −0.013 0.563 0.459 0.500 1

Note: The significant correlations (alpha = 0.05) are in boldface.
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According to the Pearson correlation matrix analysis in Table 5, the high significant
correlation coefficient (r = 1) between EC and TDS indicates that the conductivity of water
depends on TDS. EC and TDS had positive correlations with PO4

3−, Cl−, NO3
−, SO4

2−,
and Na+, which provide information on the main parameters controlling the salinity and
mineralization of Oued Laou surface water.

A high correlation (r > 0.9) was observed between Ca2+, Mg2+, and TH, indicating that
water hardness is defined as the combined concentration of calcium and magnesium ions
in water samples.

The sampled surface water was high in sodium, bicarbonate, chloride, and sulfate.
The strong correlation (r > 0.8) between sulfate and chloride is due to several factors, such
as natural and human activities. There was also a significant positive correlation (r > 0.741)
between the main cation Na+ and the bicarbonates (Cl−, HCO3

−, CO3
2−, CaCO3), as

well as between (Cl− vs. SO4
2−) and (Na+ vs. SO4

2−). This significant association gives
information on the chemical weathering and leaching of salts in surface waters and suggests
that salt dissolution in the surface water is the main source of Na+ and Cl−.

The strong relationship between NH4
+ and NO3

− (r > 0.7) could explain the low NH4
+

concentrations in surface waters. As previously stated, there is a significant relationship
between DO and NO3

−, implying that oxygen levels control the nitrification process in
the river. While the high correlation between SO4

2− and (Cl−, K+) may be due to a long
history of evaporation and seasonal impacts [84]. Other significant correlations were also
found (r > 0.735) between F− and SO4

2−, due to the dissolution of fluorite and some silicate
minerals, such as mica (the principal source of F− in surface water) [85]. The association
between NO3

− and PO4
3− in water samples may indicates anthropogenic contamination,

primarily from agricultural and/or domestic wastes [86].
The presence of ammonium in the water is an indicator of possible microbiological

contamination. Turbid water provides information about the suspension or dissolution
of organic and inorganic particles in water. The significant positive correlation between
ammonium and turbidity with FC (r = 0.712) could inform the parameters controlling
the organic contamination of the Oued Laou river caused by wastewater discharge from
human activities and the application of agricultural fertilizers. Therefore, a low dissolved
oxygen environment will lead to an increase in fecal coliforms [87]. Additionally, high
turbidity allows the fixation of microorganisms on suspended particles. Consequently, the
bacteriological quality of turbid waters is questionable [88].

The significant relationship between COD and Cl−-SO4
2−-PO4

3− (r > 0.7) suggests
that COD concentration may influence the occurrence of Cl− and SO4

2− in the Oued
Laou river.

3.4. Principal Component Analysis

The PCA loading for 26 parameters allows the extraction of five principal components,
explaining 89.73 percent of the overall variance of the data (Table 6).
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Table 6. Rotated factor loadings of principal components on physicochemical and biological parame-
ters.

Parameters Components

PC1 PC2 PC3 PC4 PC5
EC 0.858 0.004 0.002 0.004 0.076
pH 0.114 0.198 0.042 0.033 0.306
TDS 0.858 0.004 0.002 0.004 0.076
DO 0.530 0.148 0.033 0.044 0.000

BOD5 0.028 0.300 0.391 0.182 0.037
COD 0.626 0.002 0.035 0.085 0.110
Tur 0.696 0.185 0.000 0.013 0.041
Sal 0.066 0.289 0.000 0.552 0.035
TH 0.115 0.425 0.396 0.002 0.030

TAC 0.305 0.500 0.159 0.021 0.009
PO4

3− 0.665 0.247 0.009 0.019 0.000
Cl− 0.796 0.071 0.035 0.037 0.005

NO2
− 0.267 0.199 0.014 0.197 0.085

NO3
− 0.637 0.061 0.014 0.219 0.004

SO4
2− 0.877 0.072 0.001 0.032 0.002

HCO3
− 0.305 0.500 0.159 0.021 0.009

CO3
2− 0.359 0.466 0.138 0.004 0.004

CaCO3 0.305 0.500 0.159 0.021 0.009
F− 0.422 0.000 0.001 0.088 0.029

NH4
+ 0.301 0.354 0.000 0.108 0.125

Na+ 0.639 0.103 0.124 0.002 0.016
K+ 0.526 0.205 0.010 0.068 0.008

Ca2+ 0.093 0.405 0.468 0.011 0.014
Mg2+ 0.166 0.385 0.399 0.000 0.016

FC 0.321 0.286 0.164 0.030 0.023
TC 0.164 0.011 0.077 0.300 0.373

Eigenvalue 11.039 5.918 2.833 2.097 1.444
Variability (%) 42.459 22.761 10.896 8.064 5.555

Cumulative 42.459 65.220 76.116 84.180 89.735

The F1-F2 duo accounts for more than 65.22% of the data (Figure 5). Based on these
percentages, the processes governing the chemical development of the region’s waters are
essentially contained in these five components.

The first component (PC1) accounts for 42.45% of the total variation, with large positive
loadings of EC, TDS, Cl−, and SO4

2− and moderate loadings of K+, COD, PO4
3−, NO3

−,
Na+, Tur, and DO. This component indicates that EC in the surface water is influenced
by the amounts of TDS, SO4

2−, NO3
−, and Na+. These are the primary ions regulating

surface water mineralization at the research site due to the significant positive charge of EC,
NO3

−, and the medium charge of Na+. Taking everything into account, the most abundant
elements in surface water are Na+, Cl−, HCO3

−, and TDS. This is explained by the presence
of clays and limestones across the research region.
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Figure 5. Classification of water quality based on the principal component analysis (a,b).

DO and COD are used to assess the amount of pollution in surface waters by lowering
organic and inorganic components [83]. Because all other forms of inorganic nitrogen have
been oxidized, resulting in an increase in NH4

+ and FC, which are routinely used to determine
the level of fecal contamination, the significant positive loading of DO for this component
could indicate a fluctuation of nitrates in surface waters. The considerable positive presence
of NO3

− and PO4
3− is mostly associated with the use of chemical or biological fertilizers

and wastewater. Although SO4
2− is primarily derived from soluble inorganic nitrogen

and inorganic salts, it is affected by agricultural activities (sulfate fertilizers) and bacterial
oxidation of sulfur compounds [16]. While the moderate NO2

− charge in the study area of
natural aquifers is linked to anthropogenic factors based on the denitrification process [89],
because of its limited solubility, the ion fluorine is frequently inactive in pH-neutral surface
waters and is absorbed by other materials that replace clay. However, in an alkaline environ-
ment, hydroxyl (OH) groups are easily exchanged into F-, and interaction with water in dry
climates would be the primary cause of the fluoride concentration increase. This suggests
that fluoride-added water is often excessively alkaline and soft [90]. QZ1, QZ3, QZ11,
and QZ13 had the greatest effect on the PC1 score (>0.5), whereas QZ10 and QZ12 had a
modest effect.

With moderate positive loadings of HCO3
−, CO3

2−, CaCO3, and alkalinity, the second
component (PC2) explains 22.76 percent of the overall variance. The presence of TAC and
HCO3

− in this component suggests that surface water alkalinity is related to bicarbonate
ions, which are the result of a natural disintegration process of the calcareous sedimentary
rocks that dominate the Oued Laou catchment basin. The sources of pollution on this axis
include both natural and anthropogenic (domestic, industrial, and agricultural).

The fact that CO3
2− has a moderate loading on the PC2 factor indicates that it is

formed through weathering, carbonate dissolution, gypsum dissolution, and bacterial
decomposition of organic pollution, among other processes [91]. Stations QZ6, QZ7, and
QZ8 also had the greatest impact on the PC2 score.

PC3 accounts for 10.89% of total variability and is distinguished by significant positive
Mg2+, Ca2+, and BOD5 loading. This component’s substantial Ca2+ loading may explain
why Ca2+ predominates over Mg2+ in surface water samples, and it may also suggest that
Ca2+ has a comparable source to nitrate in surface water. This component is generally
associated with anthropogenic contamination induced by agricultural operations in the
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study region. The presence of Mg2+ ions in the research area suggests that they were formed
as a result of interactions between the dolomitic limestone and water, which explains the
increase in Mg2+.

The fourth component (PC4) indicates that 8.06% of the total variance was mostly
caused by salinity with a moderate load, which was caused by lithology or highly dry
climate features that naturally cause substantial evapotranspiration and concentrate the
soil solution [92]. Stations QZ2 and QZ4 accounted for the majority of PC4 scores.

The PC5 has a moderately positive pH and TC load, accounting for 5.55 percent of
the overall variability. This demonstrates how the pH variation in the research region
serves as a gauge for the concentration of key ions in surface water. The pH being close
to neutral might encourage the development of bacteria in surface water, especially total
coliforms. This high TC load may result from a spillover phenomenon whereby all human
and animal waste is discharged into the river water. Similar observations have been made
by Zegmout [93].

The positive loads of factors 1 and 2 are greater than those of factors 3, 4, and 5. This
demonstrates that they are the result of rock-water interaction. PCA results show that
dissolved inorganic nitrogen (NH4

+, NO3
−, and NO2

−) significantly contributes to PC1
and PC5, and that human activities may have a considerable impact on the amounts of
dissolved inorganic nitrogen in surface waters.

3.5. Hierarchical Cluster Analysis

The sample stations are geographically categorized using the Euclidean distance and
ward linkage approach as a measure of similarity or dissimilarity [94]. Hierarchical cluster
analysis (HCA) was employed in this study to corroborate the results of PCA [95]. The HCA
findings for the physicochemical parameters indicated four types of clustering (Figure 6).
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Figure 6. Dendrogram of water surface samples based on physicochemical parameters (Ward
method).

Cluster 1 is divided into two sub-clusters. The first covers QZ1-QZ2 and QZ4-QZ5,
whereas the second just includes QZ3. It represents the northwestern and southern regions
of the Oued Laou basin, which is composed of limestone and shale. This zone’s water
quality examination revealed considerable amounts of Cl−, NO3

−, SO4
2−, TC, and Na+.

It represents the greatest concentrations of these chemicals in the research area. Except for
QZ3, the placement of QZ1-QZ2 and QZ4-QZ5 in this group is owing to the high concen-
tration of Ca2+, which is presumably connected to the dissolution of the bicarbonate rocks.
Only QZ3 was classified as the cleanest sample in Group 1 since all physicochemical and
biological characteristics were present in low quantities and no WHO limits were exceeded.

Cluster 2 has two sub-clusters (QZ6-QZ7) and (QZ8-QZ9), which represent the central
and northwest regions of the Oued Laou basin near Akchour. Analyses of the water quality
in this location reveal increased levels of PO4

3−, Cl−, SO4
2−, and TC. Cluster 2 has similar

qualities to Cluster 1, but they are more apparent.
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Cluster 3 is made up of QZ10, QZ12, and QZ13. These three sites had greater EC, pH,
Sal, FC, and Na+ levels than the other samples. However, the amounts of PO4

3−, NO3
−,

SO4
2−, and NH4

+ were greater in cluster 3 than in clusters 1 and 2, indicating that high
levels of phosphates in surface water are produced by human pollution, notably detergent-
containing residential wastewater [96]. Furthermore, the average salinity in cluster 3 was
lower than in clusters 1 and 2, and the Ca2+ concentration was greater in cluster 3 than in
clusters 1 and 2.

Cluster 4 contained a single sample (QZ11) found in the northwestern portion of
Oued Laou near the urban center. This sample contains the lowest quantities of nitrates,
indicating that the area is not influenced by agricultural operations or anthropogenic
contamination. Given the highest Ca2+ and Mg2+ concentrations, the load of Mg2+ ions
indicate that they can be derived from rock-water interaction processes. In general, the
clustering results are based on the rate of surface water mineralization, which resulted in
four classes in the following order of mineralization: Cluster 1 > Cluster 4 > Cluster 2 >
Cluster 3.

3.6. Water Quality Index

The suitability of surface water sources was assessed using the Water Quality Index
method, which leads to a friendly interpretation of water quality by assembling different
parameters into a single number. The WQI was calculated using the concentration of 15
parameters as per their relative significance in the overall quality of water for drinking,
domestic, and irrigation purposes (Table 1) and Figure 7 and their permissible limits for
water according to the International Regulations (WHO 2017). The surface water quality
index divides water bodies into four groups based on pollution levels [22]. This approach
also provides a more accurate assessment of drinking water quality [97].
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Figure 7. WQI results in the study area.

The results of the calculated WQI, as displayed in Figure 7, suggest that the WQI
ranged from 49.01 to 149.27, indicating that the overall water quality of the studied rivers
was graded into three categories: “excellent-green”, “good-yellow”, and “bad-blue”. Ac-
cording to this classification, except for one sampling site taken from the Oued Laou River
that was within the limits of class 1 (excellent quality) with a relatively stable contribution
of pH to the WQI, all the WQI values were more than 50.

Whereas 38.46 percent belong to class 2 (good quality), and 53.48 percent fall into the
poor-quality category.

Sample QZ11 contained water of excellent quality, scoring 49.01, and is thus classified
as excellent for rural consumption. While QZ1, QZ2, QZ3, QZ4, QZ6, and QZ9 were rated
as good drinking water, ranging from 50 to 100. In contrast, the samples QZ5, QZ7, QZ8,
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QZ10, QZ12, and QZ13 were classified as poor water types with a value greater than 100,
which can be attributed to their contact with anthropogenic activities.

The highest value, 149.27, was recorded at QZ13 because it was related to high nitrate,
calcium, and phosphate levels and, secondarily, to organic and oxidizable materials ex-
ceeding requirements in some places. The WQI assessment indicated that the eastern and
southern areas of the study area were unfit for drinking (Figure 7). Previous studies that
used the WQI to determine surface water quality discovered similar results. For example,
Sudhakaran et al. [98] reported and interpreted that the WQI values of the water in the
Netravati River range from 33.21 to 298.66, indicating that the water quality ranges from
excellent to very poor. While Hou et al. [99] indicated that WQI values ranged from 17.8 to
77.8 in five reservoirs, which indicated “good” to “very poor” water quality in the reser-
voirs. No significant differences in WQIs were found between the mountain and Yellow
River (China) reservoirs. As is the case for Taloor et al. [100], a record that, according to
the Water Quality Index (WQI), 45% of samples fall into the excellent category, and 50% of
spring samples fall into good categories for drinking purposes for the Basantar watershed
of the Jammu Himalaya (Kashmir, India).

3.7. Hierarchical Cluster Analysis and WQIs

We examined the categorization of the two criteria using the surface water quality
index, whose findings show that the WQI is divided into three appropriate groups, and
the HCA findings (Figure 8). This comparison allows us to evaluate the similarity between
the two methods. The samples with the most comparable WQI values were found to be
categorized into the same cluster and subsequently into sub-clusters. When cluster 2 (QZ6,
QZ7, QZ8, and QZ9) is compared to cluster 3 (QZ10, QZ12, and QZ13), it is clear that the
classification is based on WQI results. where QZ13 had the highest value (149.29), followed
by QZ12 (131.46), and QZ10 (124.82) was assigned to cluster 3. while the sub-clusters (QZ7
and QZ8) of cluster 2 were grouped into different sub-clusters. They are, however, all in
the same category (blue). classified as “poor water quality”.
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Figure 8. Schematic comparison and combination between HCA (a) and WQI (b) classification.

On the contrary, the sample QZ11, which has the lowest WQI value (49.01), was placed
alone in Cluster 4, which is distinguished by “good water quality” (green). as is the case
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with Cluster 1, which contains QZ1, QZ2, QZ4, QZ5, and QZ3, which have slightly different
WQI scores of (95.2), (84.74), (114.29), (120.82), and (71.83), respectively. In this case, HCA
could group QZ4 and QZ5 into the same sub-cluster, different from the QZ1, QZ2, and QZ3
“good quality water” group (yellow), due to the almost identical WQI values with slight
differences. It was also noted that the good water quality zones QZ3 and QZ11 are close to
each other.

The HCA, on the other hand, can identify and segregate them into two groups since
it establishes additional categories. Despite this, both approaches produce comparable
findings, and combining them can lead to a more accurate surface water quality evaluation
and interpretation.

3.8. Irrigation Water Quality Assessment

The surface water suitability for irrigation purposes is calculated to determine the
influence of minerals and salts in surface waters on plants and soil, which may affect plant
growth by chemically lowering water intake via osmotic pressure changes or metabolic
responses such as those caused by hazardous chemicals. The same is true for soil structure,
permeability, and aeration. The IWQI purpose is calculated (Table 7), according to the
cumulative effect of the nine hazard groups: EC, Na%, SAR, RSC, RSBC, PI, KI, PS, and
MH [98].

Table 7. Water quality parameters for irrigation in Oued Laou surface water samples.

Sample SAR RSC Na% MH PI RSBC KI PS EC

QZ1 0.68 4.8 16.76 50 33.20 2.4 0.19 2.13 399
QZ2 0.76 5.1 19.12 52.83 34.98 2.7 0.23 2.45 436
QZ3 0.27 5.64 9.18 50 48.40 2.82 0.09 1.25 328
QZ4 1.37 4.8 30.80 50 30.05 2.4 0.42 3.31 422
QZ5 1.54 5.54 33.16 50 29.84 2.77 0.47 2.69 445
QZ6 2.51 7.44 44.13 50 27.61 3.72 0.78 3.90 432
QZ7 2.49 8.12 44.66 50 29.35 4.06 0.79 3.71 487
QZ8 1.54 7.2 33.60 50 34.21 3.6 0.49 0.72 429
QZ9 1.45 6.62 32.37 50 34.09 3.31 0.46 3.28 488

QZ10 0.94 5.06 23.33 50 32.04 2.38 0.28 3.93 503
QZ11 0.18 1.71 4.73 52.27 26.90 1.03 0.05 1.69 301
QZ12 1.89 5.12 37.59 50 27.08 2.56 0.58 3.88 467
QZ13 2.13 5.84 39.90 50 26.12 2.92 0.65 4.73 524

Min 0.18 1.71 4.738 50 26.12 1.03 0.04 0.72 301
Max 2.51 8.12 44.66 52.83 48.40 4.06 0.79 4.73 524

Average 1.37 5.61 28.41 50.39 31.84 2.82 0.42 2.90 435.46

Notes: SAR sodium absorption ratio, RSC residual sodium carbonate, Na% percent sodium, MH magnesium
hazard, IP permeability index, RSBC, residual sodium bicarbonate, PS potential salinity; KI Kelley index.

The electrical conductivity levels reflected by salinity damage are essential consid-
erations in evaluating the suitability of water used for irrigation because of their effect
on the osmotic pressure of the soil solution and the ability of plants to absorb water via
their roots [101]. According to Wilcox (1955), C1 surface water (low salinity risk) can be
used to irrigate most crops and soils. In the case of moderate leaching, secondary water C2
(moderate salinity risk) can be used for irrigation. Water with relatively high salinity (class
C3) may be suitable for salt-tolerant plants but not for normal watering, especially in soils
with limited drainage. Water with high salinity (C4) cannot be used in soils with limited
(Table 8) [102].

Based on the results of the samples studied in our study area, it was determined
that all the samples were classified as moderately brackish, ranging from values below
750 µS/cm, consistent with Richards’ value, which indicates good to acceptable irrigation
water quality according to the EC value (Table 7).
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The salt concentration, or “alkali danger”, which is expressed in the SAR, is a crucial
factor for assessing the suitability of surface water for irrigation. Sodium Adsorption Rate
(SAR) affects the soil, so irrigation water with high salt levels is of special concern and
symbolizes the sodium danger because salt affects the soil. SAR also takes water from
plants and decreases soil permeability [103].

This activity is particularly sensitive to finely structured soils, particularly those with
high clay content. Some modifications may be required to achieve a stage with a high SAR.
Ca2+ and Mg2+, when present in sufficient amounts in the soil, help balance the effects of
Na+ and maintain healthy soil properties [104]. SAR is used to categorize surface waters
into four groups. Excellent (SAR < 10), Good (10 < SAR <18), Suspicious (18 < SAR < 26),
and Unsuitable (SAR > 26). Water sample SAR varied from 0.18 to 2.51, with an average
of 1.37 (Table 7). As a result, according to a USSL diagram [105], the categorization of
irrigation water quality is in the form of EC against SAR values. EC is used as the salinity
risk index, and SAR gives the sodium risk for irrigation water.

According to the Richards classification [105], the plot revealed that about 15.35%
of the surface water samples fell into the C2-S1 category. In comparison, approximately
84.62% of the samples fell into the C3-S1 category, which shows that the surface waters in
the investigated area have a medium salinity and low sodium content (Figure 9). According
to the US Salinity Laboratory classification [106], the surface waters in the study area are
within a low salinity field (<2250 µa/cm); thus, the water is highly appropriate for irrigation.
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Similar results were found by Elsayed et al. [31], SAR revealed that most surface
water samples fell into the C2-S1 category and a few samples fell into the C3-S1 category,
which shows that the surface waters in the Nile River are suitable for irrigation. While
Pivić et al. [102] found a different result for SAR, whose values varied between 0.01 and
10.34 meq/L. The obtained SAR values showed that all tested irrigation water samples,
except one, were of excellent quality, and one sample was of good quality in the Republic
of Serbia.

The sodium percentage (Na%) is also used to assess the risk of sodium in soil and
particle clogging. An excess of sodium with carbonate ions will help turn the soil into
alkaline soil; in contrast, sodium mixed with chloride ions will accelerate the formation
of saline soil, which ultimately worsens the infiltration capacity of the soil and reduces
plant growth [95]. According to the classification of Wilcox (1955) [29], surface waters are
divided into five types (Table 8).

Table 7 shows that the Na% in the water samples for irrigation in the study area ranged
from 4.73 to 44.66%, with an average of 28.41%. Therefore, the Wilcox plot [29] related to the
percentage of sodium and total concentration displayed in Figures 10 and 11d reveals that
30.76% of the water samples are in good condition. In comparison, 69.24% are classified as
“excellent to permitted” with excessive content.
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Similar results were found by Amrani et al. [107] in the region of Timahdite-Almis
Guigou, Middle Atlas, Morocco. The water contained less than 60 percent sodium, which
is considered healthy and was recommended for irrigation [16]. The high concentration of
Na+ in irrigation water tends to be absorbed by clay particles, displacing Mg2+ and Ca2+

ions. The exchange of soluble Na+ for Ca2+ and Mg2+ in the soil reduces permeability
and ultimately leads to poor internal drainage. The restriction of air and water circulation
during wet conditions affects soil hardness after drying [108].

Water with large quantities of these ions tends to precipitate as calcium carbonate
or magnesium carbonate from soil solutions, increasing the salt content and, therefore,
the danger of alkalinity. Excessive bicarbonate and carbonate concentrations other than
calcium and magnesium are alluded to as residual sodium carbonate (RSC) [109].

RSC is a valuable tool for examining the applicability of irrigation water. It is divided
into three levels, according to the Eaton 1950 classification (Table 8) [110]. The RSC values of
the 13 samples in our investigation varied from 1.71 to 8.12 meq/L, with an average value of
5.61 meq/L (Table 7). According to this result, 92.31% of the water samples had a value higher
than 2.25 meq/L, which falls under the “unsuitable for irrigation” category based on the
classification of Knowing that 7.69% (QZ11) of the water samples showed a marginally suit-
able category for irrigation, the water samples with positive RSC infer that the cumulative
concentration of CO3

2− and HCO3
− is higher than the combined concentrations of Ca2+

and Mg2+, which would indicate the presence of residual carbonate [102], which causes a
decrease in soil fertilization. The exact variations in RSC values were shown by the IDW
interpolation map (Figure 11g).

The residual sodium bicarbonate index (RSBC) has been proposed by Gupta et al. [111]
to express the risk of alkalinity. Generally, a bicarbonate concentration above 10.0 meq/L
affects plant growth in several ways. while RSBC values less than 5 meq/L were considered
satisfactory [111]. In this study, RSBC values ranged from 1.03 to 4.06 meq/L (Table 7),
with an average of 2.82 meq/L, which shows that all samples had RSBC values much lower
than the acceptable level and may be used safely for irrigation.

Potential salinity (PS), which is the concentration of Cl− plus half the concentration
of SO42−, is used as one of the classifications for assessing the suitability of water for
irrigation [112]. In the examined irrigation water samples, the potential salinity of water
samples from the river Oued Laou ranged from 0.72 meq/L to 4.37 meq/L, with an average
of 2.90 meq/L (Table 7). This means that 46.15% of the samples (QZ1, QZ2, QZ3, QZ5, QZ8,
and QZ11) are excellent. while 53.85% of the samples are classified as good (Table 8). These
variations in potential salinity levels might be attributed to the presence of chlorides in
agricultural and wastewater discharges.

The RSBC and PS analytical data are shown geospatially on the IDW maps (Figure 11e,f).
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The use of water with high quantities of salt, calcium, magnesium, and bicarbon-
ate alters soil permeability over time [104]. The Permeability Index (PI), developed by
Doneen et al. [112], can better reflect the effects of irrigation. Based on the parameters
employed, water can be divided into three classes: excellent, good, and poor (Table 8).
Class I (>75%) and Class II (25–75%), respectively, are deemed suitable and moderate for
irrigation, whereas Class III (25%) is deemed unsuitable [113]. The computed permeability
index for water samples in the Oued Laou watershed spans from 26.12% to 48.40%, with
an average of 31.48%. The analytical results are projected geospatially onto the IDW map
(Figure 11a), revealing that all samples are dispersed in class II. This means that surface
water is suitable for irrigation, and long-term irrigation will not affect soil permeability.

Paliwal et al. [114] developed the Magnesium Danger Index (MH) to assess the mag-
nesium in irrigation water.Ca2+ and Mg2+, in general, keep the water balanced, although
they behave differently in physiological systems. The high Mg2+ content is usually due
to the presence of replaceable Na+ in the irrigated soil, which negatively affects soil qual-
ity and causes it to become alkaline due to the adsorption of large amounts of water
between magnesium and clay particles, reducing the soil’s ability to infiltrate and crop
production [115].

The MH values in our study varied from 50 to 52.83%, indicating that only 15.38%
of the water samples (QZ3, QZ11) had a value of more than 50, which might have a
detrimental influence on agricultural output and soil alkalinity. However, most of the
tested samples (84.63%) had MH values greater than 50 and were appropriate for irrigation.
The IDW variants of MH values are depicted in Figure 11c.

The Kelley index (KI) [116] was used in the research region to assess irrigation water
quality. The levels of Na+, Ca2+, and Mg2+ in water are used to calculate the value of KI.
A KI value >1 indicates that excess salt is hazardous for irrigation, but a KI value less than
one indicates that water is good for irrigation [59]. The observed KI values in our study
varied from 0.04 to 0.79 meq/L, with a mean of 0.42 meq/L (Table 7). According to Kelly’s
analysis (Table 8), the surface water at 13 locations was deemed enough for irrigation,
and long-term irrigation will not negatively impact soil permeability potentially resulting
from insufficient cation exchange, which results in a minor Na+ surplus [117]. The IDW
differences in KI values are seen in Figure 11b.

The irrigation water quality indicator is based on the ideal limits of nine indices: CE,
Na%, PI, PS, KI, SAR, RSC, RSBC, and MH (Table 7). The calculated IWQI ranges from 28.52
to 79.76, with an average value of 58.45 displayed in the graph (Table 7). demonstrating
that the surface water quality at this location is outstanding or acceptable and suitable for
irrigation. According to the results, one of the thirteen water samples was exceptional,
while the other twelve were good. The samples with the highest IWQI values are QZ7,
QZ6, QZ8, and QZ13, which mostly belong to the hydrochemical types Ca2+-Mg2+-HCO3

−,
which are close to Ca2+-Na+-HCO3

− (Figure 4), indicating that Na+ is the dominant factor
affecting irrigation water quality in this area.
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Table 8. Classification of waters based on salinity hazard EC and SAR values and sodium hazard
classes based on USSL classification [118].

Index
Classification Range Reference Range

(No. of Samples) Remark on Quality Water Type Salinity Hazard
Class

Salinity 100–250 - Excellent Low salinity water C1
hazard 250–750 301–524 (13 samples) Good Medium salinity C2

EC (µS/cm) 750–2250 [29] - Doubtful High salinity water C3
>2500 - Unsuitable Very high salinity C4

<10 0.18–2.51 (13 samples) Excellent Low sodium water S1
SAR 10–18 [105] – Good Medium Sodium S2

19–26 – Doubtful High sodium water S3
>26 – Unsuitable Very high Sodium S4 And S5

<20 4.73–9.18 (4 samples) Excellent – –
20–40 23.33–39.90 (7 samples) Good – –

Sodium (%) 40–60 [29] 44.13–44.66 (2 samples) Permissible – –
60–80 Nil Doubtful – –
>80 Nil Unsuitable – –

<1.25 Nil Safe/Good – –
RSC 1.25–2.5 [110] 1.71 (1 sample) Marginal/Doubtful – –

>2.5 4.8–8.12 (12 Samples) Unsuitable – –

RSBC <0 Nil Non-alkaline –
0 Nil Normal –

0–2.5 1.03–2.4 (4 Samples) Satisfactory Low alkalinity
2.5–5 [118] 2.56–4.06 (9 Samples) Medium alkalinity
5–10 Nil Marginal High alkalinity
>10 Nil Very high alkalinity

<3 0.72–2.69 (6 samples) Excellent – –
PS 3–5 [112] 3.28–4.73 (7 samples) Good – –

>5 Nil Unsuitable – –

>75% Nil Good
PI 25–75% [112] 26.12–48.40 (13 samples) Suitable

<25% Nil Unsuitable

KI <1 [116] 0.04–0.79 (13 samples) Suitable – –
>1 Nil Unsuitable – –

MH <50 [114] 50 (11 samples) suitability for irrigation – –
>50 50–52 (2 samples) Unsuitable for irrigation – –

3.9. Spatial Division

To show the regional distribution of water quality at each site, the geospatial distribu-
tion maps of WQI and IWQI were created using the inverse interpolation technique (IDW)
to produce a database of surface water quality for consumption and irrigation water in
the study area (Figure 12a,b). As a result, these maps have been proven beneficial and can
be used to assess surface water quality and determine the best locations with the fewest
dangerous pollutants [60].

According to Figure 12a, the water quality indices indicate that 7.69% of surface
water samples were considered excellent for human consumption because of low local
anthropogenic or agricultural activities, which are situated in the northwestern region
(QZ11). In comparison, 38.46% of the samples were considered good quality in the central
and western areas, especially the QZ1, QZ2, QZ3, QZ6, and QZ9 samples. However,
because the zone is adjacent to anthropogenic activity, the water quality deteriorates with
time because it is near irrigated fields, whereas 53.84 percent of the samples are considered
poor quality in the central and southern parts of the zone study due to the influx of tourists
as well as local residents.
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According to Table 9, the good water quality samples for irrigation are situated in
the same area as the IWQ. The eastern and southern sections, as well as the center part,
are dominated by high-quality water. The research region has a sub-humid climate with
substantial winter precipitation, resulting in low evaporation as the primary factor affecting
surface water chemistry. Anthropogenic inputs significantly influence the central area,
particularly through the discharge of untreated wastewater. In numerous places, little
trenches containing untreated sewage may be seen, through which effluent is leached into
the river.

Table 9. Classification of surface water samples based on IWQI.

Samples IWQI Usage Restriction

QZ1 50.75 Good
QZ2 56.34 Good
QZ3 56.78 Good
QZ4 51.83 Good
QZ5 57.91 Good
QZ6 73.87 Good
QZ7 79.35 Good
QZ8 71.09 Good
QZ9 66.46 Good
QZ10 51.02 Good
QZ11 28.52 Excellent
QZ12 54.96 Good
QZ13 60.92 Good

These operations have contaminated sample numbers QZ4, QZ5, QZ7, and QZ8.
Before the area’s tourism operations, the water was utilized for drinking, but it is now
solely used for residential and agricultural purposes. During the rainy season, effluents are
dumped into natural drains and precipitation, damaging surface water supplies.

The southern portion is the most impacted by agricultural runoff and human activity
due to the prevalence of agricultural land and wastewater from the cities of Chefchaouen
and Dchar Akarat. As sample number QZ13 in Dchar Akarat is characterized by increased
concentrations of nitrates, potassium, and chloride, which are likely contributed by sources
of rock nature or domestic wastewater, there is a need to control the discharge of anthro-
pogenic effluents affecting surface water quality in this area.
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4. Conclusions

This study aims to assess and identify the sources of surface water pollution in the
Oued Laou watershed in northern Morocco using hydrochemical methods, WQI and
IWQI, multivariate statistics, and GIS. To this end, 26 physicochemical and bacteriological
parameters were analyzed, and an assessment of the surface water adequacy of irrigation
was carried out. The results showed that the major ion concentrations were reported in the
following order: Ca2+, Na+, Mg2+, and K+; and HCO3

− > CO3
2− > Cl− > SO4

2− > NO3
− >

F− > PO4
3− > NO2

−. The Piper diagram projection revealed that the dominant water type
is Ca2+-Mg2+-HCO3

−. The WQI results in the study area resulted in the classification of
surface water into three groups: (QZ11) excellent water, (QZ1, QZ2, QZ3, QZ6, and QZ9
good water), and (QZ4, QZ5, QZ7, QZ8, QZ10, QZ12, and QZ13 poor water). The water
suitability for irrigation based on SAR, % Na, RSC, PI, MH, PS, and Kelly Ratio showed
that the surface water was appropriate for agricultural purposes, except for RSC, which
indicated that 23.07% of samples were categorized as “good/safe”, and for MH, which
revealed that 84.61% of samples were categorized as suitable. Those parameters led to the
determination of irrigation water quality (IWQI), indicating that the majority of samples
(92.31%) had “good quality” while 7.69% of the samples were categorized as “excellent
quality”. Coupled approaches have proven effective and robust in assessing surface water
quality in the Oued Laou watershed. This will help decision makers in monitoring and
managing water resources in northern Morocco. The results of this study may be relevant to
areas with similar characteristics in Morocco and elsewhere. In perspective, other analyses
such as heavy metals and other bacteriological analyses are necessary to develop a control
approach in order to limit the negative impacts of surface water pollution in the context of
sustainable development and the preservation of water resources.
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