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Abstract

:

Groundwater, an invaluable resource crucial for irrigation and drinking purposes, significantly impacts human health and societal advancement. This study aims to evaluate the groundwater quality in the Mnasra region of the Gharb Plain, employing a comprehensive analysis of thirty samples collected from various locations, based on thirty-three physicochemical parameters. Utilizing tools like the Pollution Index of Groundwater (PIG), Nitrate Pollution Index (NPI), Water Quality Index (WQI), Irrigation Water Quality Index (IWQI), as well as Multivariate Statistical Approaches (MSA), and the Geographic Information System (GIS), this research identifies the sources of groundwater pollution. The results revealed Ca2+ dominance among cations and Cl− as the primary anion. The Piper and Gibbs diagrams illustrated the prevalent Ca2+-Cl− water type and the significance of water–rock interactions, respectively. The PIG values indicated that 86.66% of samples exhibited “Insignificant pollution”. NPI showed notable nitrate pollution (1.48 to 7.06), with 83.33% of samples rated “Good” for drinking based on the WQI. The IWQI revealed that 80% of samples were classified as “Excellent” and 16.66% as “Good”. Spatial analysis identified the eastern and southern sections as highly contaminated due to agricultural activities. These findings provide valuable insights for decision-makers to manage groundwater resources and promote sustainable water management in the Gharb region.
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1. Introduction


Water resources play a pivotal role in fostering economic development and underpinning various socioeconomic sectors [1]. Despite covering about 70% of the Earth’s surface, freshwater—essential for life sustenance—constitutes a mere 3% of the total water available [2]. Groundwater, an indispensable and versatile resource, assumes a crucial role in supporting diverse human activities. Globally, it stands as the largest and most reliable freshwater source, catering to the drinking water needs of nearly 80% of the world’s population [3]. Notably, these groundwater reservoirs represent approximately 23% of the planet’s freshwater reserves [4]. Moreover, approximately half of the global drinking water supply and 43% of the water utilized in agriculture are derived from groundwater sources [5].



Globally, in many parts of the world, particularly in arid and semi-arid regions like Morocco, groundwater plays a pivotal role in fulfilling water requirements and forms a significant component of the country’s hydraulic heritage, owing to its relatively facile exploitation despite encountering notable challenges [6]. According to previous research, approximately 31% of Morocco’s groundwater has been affected by anthropogenic pollution and natural degradation [7]. The confluence of escalating water demands and diminished precipitation resulting from climate change has imposed a considerable strain on groundwater reservoirs within the nation [8]. At the national level, irrigated agriculture accounts for 93% of the total water demand and serves as the primary catalyst for ensuring food security and economic advancement. However, irrigated agriculture in Morocco has been linked to adverse effects on groundwater quality [9,10,11].



In recent decades, the Gharb Plain has experienced a surge in population, cultural activity, and industrial expansion. Within this Moroccan region, groundwater has emerged as the primary resource to meet escalating water demands across all sectors [12]. Agricultural practices, characterized by their intensity and crop diversity, are identified as potential contributors to water quality degradation in the area. Notably, the groundwater reservoirs of the Gharb are contaminated with organochlorine pesticides, ranging from 0.03 to 0.3 µg/L, attributable to the widespread use of various pesticide varieties in substantial quantities [13]. The excessive application of pesticides, fertilizers, and manure poses significant risks to both consumers of agricultural products and the overall degradation of groundwater quality [14]. The coastal region of Mnasra emerges as the most agriculturally productive area within the Gharb Plain. This region boasts easily accessible groundwater resources, swiftly tapped for irrigation through individual pumping mechanisms. The sheer quantity of wells drilled into the aquifer, surpassing 20,000, underscores its critical agricultural significance [15]. Furthermore, an assessment of pesticide usage in this locality reveals a total application rate of 16.3 Kg/ha, distributed across various categories including 8.8 Kg/ha in nematicides, 4 Kg/ha in insecticides, 2.6 Kg/ha in fungicides, and 0.9 Kg/ha in herbicides [16]. Previous research has demonstrated that agriculture plays a major role in groundwater pollution, representing 60% of the contributing factors [17]. Once groundwater becomes contaminated, restoring its quality by simply halting pollutants at the source is unfeasible. Therefore, the regular monitoring of groundwater quality and the implementation of protective measures are imperative. This alarming scenario has elevated concerns regarding groundwater contamination among researchers, governmental bodies, and environmental organizations [18].



Consequently, there has been increased global attention towards assessing groundwater quality to ensure its suitability for various applications. Various techniques, including binary plots, ionic ratios, Wilcox plots, Piper diagrams, Schoeller diagrams, USSL diagrams, and Gibbs diagrams have been employed to evaluate the hydrogeochemical behavior of groundwater [19,20,21,22,23]. Moreover, to ascertain groundwater suitability, hydrochemical characteristics and ionic concentrations are often assessed against the standards set by the World Health Organization (WHO) [24].



However, comprehensively understanding water quality across various parameters can be challenging. Therefore, to effectively summarize water quality while maintaining its scientific integrity, the WQI method proves invaluable. This approach provides reliable insights into water quality for both ordinary citizens and decision-makers, facilitating ongoing monitoring efforts. For instance, the WQI developed by the work presented in [25] serves as a robust tool for evaluating drinking water quality in any given area, offering a comprehensive assessment of overall water quality. The primary objective of the WQI is to combine vast datasets encompassing physio-hydrochemical elements and hydrogeological parameters, which exert significant influence on groundwater systems. By converting these complex datasets into quantitative and qualitative water quality data, the WQI enhances our understanding and evaluation of water quality. Calculating the WQI involves a series of computations aimed at synthesizing physicochemical element data into a single value that reflects the validity of water quality for drinking purposes. Furthermore, the PIG serves as an efficient method for assessing groundwater suitability in any given area and conveying comprehensive water quality information [26]. Past research endeavors have evaluated water quality for irrigation purposes by examining key parameters, including the Sodium Adsorption Ratio (SAR), Residual Sodium Carbonate (RSC), Residual Sodium Bicarbonate (RSB), Sodium Percentage (Na%), Permeability Index (PI), Corrosivity Index, Magnesium Hazard (MH), Puri’s Salt Index (PSI), Potential Salinity (PS), and Kelly’s Ratio (KR) [19,27,28,29,30].



To comprehend the factors influencing groundwater quality, MSA have been widely utilized. These include Correlation Analysis (CA), Principal Component Analysis (PCA), and Hierarchical Cluster Analysis (HCA) [21].



In recent years, GIS techniques, coupled with the Inverse Distance Weighting (IDW) interpolation method, have been employed in the assessment and monitoring of groundwater quality [20,21,22,23]. This approach has demonstrated its efficacy as a potent tool for evaluating and analyzing spatial information pertaining to water resources. The application of GIS in mapping crucial parameters of groundwater quality significantly influences regional water management strategies and informs future decision-making processes.



The primary objectives of this exploratory study are as follows: firstly, to conduct a comprehensive hydrogeochemical characterization and analysis of the physicochemical properties of groundwater in the Mnasra region within the Gharb Plain; secondly, to assess the groundwater quality utilizing MSA, alongside key indicators including the PIG, NPI, WQI, and IWQI, supplemented by GIS technology; and thirdly, to evaluate water quality specifically for irrigation purposes by considering agricultural indices such as SAR, Na%, RSC, PI, and MH.




2. Materials and Methods


2.1. Study Area


The Mnasra region, situated within the Gharb plain, is renowned as the most agriculturally productive area along the Atlantic Ocean, spanning an expanse of 488 km2. Its boundaries extend from the city of Kenitra in the south to the Sebou River, delineated by a parallel line which passes through Sidi Allal Tazi in the east, and stretches to Merja Zerga near Moulay Bouselham in the north. This region constitutes an integral component of the Gharb-subsidized sedimentary basin, which is nestled in the northwestern part of Morocco. Defined by distinctive geographical and geological attributes, the Gharb Plain is flanked by the Drader-Souier plain to the north and the Maamora plateau to the south, while being bounded by the expansive Atlantic Ocean to the west.



Characterized by a Mediterranean climate with a pronounced oceanic influence, the study area experiences an average annual precipitation of approximately 551 mm. The rainy season generally extends from October to the end of April, peaking during November, December, and January. Temperature variations range from 12 °C during winter to 23 °C in summer. Notably, the potential evaporation exceeds 150 mm per month during the dry months from June to September, whereas it remains below 80 mm from December to February. Elevation levels fluctuate across the region, with the highest point reaching approximately 70 m above sea level (Figure 1).



The hydrological network within the Gharb region is predominantly shaped by the Sebou river, a significant watercourse in the kingdom, along with its tributaries including Ouerrha, Beht, Rdom, and Tiflet.



The geological composition of the Gharb region is characterized by schists and quartzites in the central plain, with a notable impermeable layer of “blue marls” acting as a barrier within the aquifer system [31]. Sedimentation patterns in the area have exhibited a regressive trend since the Pliocene era, marked by the deposition of lumachelles, sandstone, and conglomerates. Along the coastal zone, marine-derived Pelocene sediments, approximately 200 m thick, prevail. These sediments primarily consist of sands, sandstones, and calcareous sandstones, interspersed with thin layers of clayey silt (Figure 2). Sandy soils extensively cover the coastal zone of the Gharb Plain, encompassing around 39,000 hectares or 15% of the total area. These sandy soils significantly influence groundwater recharge and the overall hydrological behavior of the region [15].




2.2. Sampling Analysis of Groundwater


In November 2023, a total of thirty well samples were carefully collected from various locations within the designated study area, as illustrated in Figure 1, to analyze 23 physicochemical parameters. The sampling sites were selected at regular intervals with minimal deviation, taking into account geographical features and focusing on areas known for intensive agricultural practices and geological importance. The selected wells are used for agricultural and domestic purposes and drinking water. To ensure the accuracy of the collected samples in reflecting the actual groundwater chemistry, the groundwater from the wells was pumped out for more than three minutes prior to sampling. Subsequently, on-site measurements of the Temperature, pH, Electric Conductivity (EC), Salinity (Sal), Total Dissolved Solids (TDS), and Dissolved Oxygen (DO) were conducted using a Portable Multi-parameter Water Quality Meter (Bante 900P Portable pH/Conductivity/Dissolved Oxygen Meter, Multiparameter Water Quality Meter). In situ measurements of these parameters were taken, followed by the immediate filtration of the sampled water through a 45 μm filter. Additionally, the depth of the water level was determined using a two-hundred-meter piezometric sound probe. The sampling procedures adhered strictly to the Standard Methods for the Examination of Water and Wastewater [32]. Following the standards’ protocols, precautions were taken to prevent cross-contamination by cleaning the sampling bottles with distilled water before filling and washing them with local sample water three times. Subsequently, the water samples were collected and transported in portable coolers, maintaining a constant low temperature of 4 °C, to the laboratory for further analysis.



The chemical measurements were conducted in triplicate to ensure the precision of the sample analysis. Potassium (K+) and sodium (Na+) concentrations were determined using flame photometry, employing the Jenway PFP7 model apparatus. Chlorides (Cl−) were quantified using Mohr’s method [33]. Calcium (Ca2+), magnesium (Mg2+), and Total Hardness (TH) levels were measured using the complexometric method with EDTA titration. Carbonate (CO32−) and bicarbonate (HCO3−) concentrations were determined via titrimetric techniques. Nitrate (NO3−) and ammonium (NH4+) were analyzed through distillation using a distillation apparatus (VELP SCIENTIFICA, Kjeldahl distillation unit, UDK 129). Phosphate (PO43−) levels were assessed using UV-visible spectrophotometry, specifically the JENWAY 6405 model, at 880 nm. Sulfate (SO42−) concentrations were determined using the nephelometric method and were measured using a UV-visible colorimeter at 650 nm (JENWAY6405 Model) [33]. Furthermore, concentrations of iron (Fe), zinc (Zn), copper (Cu), and manganese (Mn) were quantified utilizing an atomic absorption spectrophotometer (novAA 800 D Analyzer).




2.3. Multivariate Statistical Analysis


Multivariate statistical analyses were performed using IBM SPSS Statistics 25 on a dataset comprising 22 physical-chemical parameters, including (pH), (EC), (TDS), (DO), (K+), (Na+), (Cl−), (Ca2+), (Mg2+), (TH), (HCO3−), (NO3−), (NH4+), (PO43−), (SO42−), (Fe), (Zn), (Cu) and (Mn), which were then subjected to PCA and HCA extraction. Pearson’s test was utilized to assess the degree of correlation between the values.



The spatial distribution maps of various physicochemical parameters were generated using GIS techniques and contouring methods with Arc-GIS 10.6. The spatial distribution maps for each parameter were prepared utilizing IDW interpolation techniques to illustrate variations across the study area. Furthermore, the PIG, NPI, WQI, and IWQI were elaborated upon based on these spatial distribution maps.




2.4. Groundwater Quality: The Pollution Index of Groundwater (PIG)


The PIG, devised by Subba Rao in 2012 [34], presents a methodological approach to evaluate groundwater quality by assessing the influence of specific variables on its overall quality [35]. This index serves to gauge the relative impact on individual water quality parameters, as detailed in Table 1. The computation of the PIG involves a systematic procedure encompassing five key steps [36].



2.4.1. Assigning Weight Rw


Individual chemical parameters are assigned weights (Rw) ranging from 1 to 5 based on their relative importance in groundwater, as indicated in Table 1.




2.4.2. Weight Parameter Wp


The Weight Parameter (Wp) is calculated using the following Equation (1):


  W p =   R w     ∑  i = n   n    R w      



(1)




Wp, the weight parameter, is determined based on the Rw, the weight of each constituent, as presented in Table 1.




2.4.3. Status of Concentration Sc


The Status of Concentration (Sc) for each parameter is computed by dividing the concentration of individual chemical variables in each water sample by the corresponding drinking water quality standard [37].


  S c =   C   W Q S    



(2)








2.4.4. Overall Chemical Quality of Water


The overall chemical quality of water (Ow) is determined by Equation (3):


  O w = W p × S c  



(3)




Ow, representing the overall chemical quality of water, is calculated using the Wp, the weight parameter, and Sc, the concentration status.




2.4.5. Pollution Index of Ground Water


The groundwater potion index is derived by summing the Ow values for all parameters analyzed in each water sample.


  P I G =   ∑  i = n   n    O w    



(4)







Water classification based on the PIG includes five categories, as outlined in Table 2 [34].





2.5. Groundwater Quality: Nitrate Pollution Index (NPI)


Nitrate is a crucial element which significantly impacts groundwater quality, as highlighted in the work presented in [38]. The NPI serves as an index value utilized to assess the extent of nitrate pollution in groundwater. It can be calculated using the following formula Equation (5):


  N P I =   C s − H A V   H A V    



(5)




where Cs represents the measured concentration of nitrate in the sample, and HAV denotes the human acceptable value of nitrate, which is typically set at 20 mg/L. Subsequently, the NPI values for all groundwater samples were categorized into one of five classes as presented in Table 3.




2.6. Groundwater Quality: Water Quality Index (WQI)


The WQI serves as a crucial parameter in assessing groundwater quality and its suitability for drinking purposes, as outlined in the work presented in [26]. Three consecutive phases are involved in the calculation of the WQI to determine the suitability of drinking water. The initial step involves “assigning weight”, wherein a weight (wi) is assigned to each of the 13 parameters based on their relative importance to drinking water quality compared to the WHO recommendations (2017), as detailed in Table 1. Each criterion receives a specific weight (Wi) ranging from 1 (indicating the lowest impact) to 5 (indicating the highest impact). The second step involves calculating the relative weight using the following Equation (6):


  W i =   w i     ∑  i = n   n    w i      



(6)







The third phase entails the “quality rating (Qi)” assessment, which is determined using Equation (7):


  Q i =   C i   S i   × 100  



(7)




where Qi represents the quality index, “Si” denotes the standard norm, and “Ci” signifies the concentration of the sample in mg/L. The “SI” sub-index for each parameter is computed using the following Formula (8):


  S I = Q i × W i  



(8)




where “Qi” represents the parameter value, and “Wi” signifies the relative weight. The WQI score for each sample is then determined as the sum of all sub-indices computed for all variables using the subsequent Equation (9):


  W Q I =   ∑  i = n   n    S I   =   ∑  i = n   n    Q i   × W i  



(9)







Subsequently, the WQI scores for all groundwater samples are categorized into one of five water quality classes, as depicted in Table 4 [39].




2.7. Irrigation Quality: The Irrigation Water Quality Index (IWQI)


In this study, eight indicators were selected for comprehensive analysis to evaluate whether groundwater is suitable for irrigation, containing Electrical Conductivity (EC), Sodium Adsorption Ratio (SAR), Residual Sodium Carbonate (RSC), Sodium Percentage (%Na), Magnesium Adsorption Ratio (MAR), Permeability Index (PI), Residual Sodium Bicarbonate (RSBC), Kelly Ratio (KR), and Potential Salinity (PS) (Table 5).



Electrical Conductivity (EC) serves as a key indicator of salinity hazard, reflecting water quality suitability for irrigation [40].



The Sodium Adsorption Ratio (SAR) indicates the relative activity of Na+ adsorption in groundwater, predicting Na+ hazards in high carbonate waters [41]. SAR also serves as an indicator of groundwater alkalization ability, with higher SAR values indicating a stronger alkalization potential.



Residual Sodium Carbonate (RSC) gauges the harmful effects of carbonate and bicarbonate on groundwater quality for irrigation [42]. Elevated levels of carbonate, bicarbonate, calcium, and magnesium in groundwater can affect its suitability for crop cultivation [43].



Sodium concentration, usually expressed as %Na, influences soil permeability and structure [44]. High sodium levels restrict water and airflow in soil, altering its permeability structure and hindering crop growth.



The Magnesium Adsorption Ratio (MAR) values in groundwater contribute to soil alkalinity, resulting in reduced crop productivity. Excessive Mg2+ levels in irrigation water can impact soil structure and adversely affect crops.



The Permeability Index (PI) assesses water movement capability in soil based on Ca2+, Mg2+, Na+, and HCO3− concentrations [45]. It is a criterion for evaluating water quality suitability for agricultural irrigation, indicating soil permeability and drainage capacity [46].



The Kelly Index (KI) compares sodium to calcium and magnesium levels to determine irrigation water quality. A KI > 1 indicates salt excess, while KI < 2 suggests water deficiency.



Salinity Potential (PS) measures the accumulation of salt in soil due to continuous dissolution in irrigation water, leading to increased salinity.



Irrigation water quality is further classified using an irrigation water classification diagram (USSL and Wilcox diagrams) based on standards from the U.S. Department of Agriculture [47,48]. The USSL diagram illustrates the relationship between EC and SAR, while the Wilcox diagram depicts the relationship between EC and %Na. The IWQI, developed using Equations (6) and (9) with variables EC, SAR, RSC, Na%, MAR, PI, RSBC, KR, and PS, weighs irrigation water quality requirements based on their importance for irrigation, as outlined in Table 6.



Water quality is classified into five categories according to the IWQI values: excellent quality (IWQI < 50), good quality (50 < IWQI < 100), poor quality (100 < IWQI < 200), very poor quality (200 < IWQI < 300), and improper quality (IWQI > 300).





3. Results and Discussion


3.1. Hydrochemical Analysis of Groundwater


Statistical descriptions of various parameters employed to assess the suitability of groundwater for irrigation in the research area are presented in Table 7.



Groundwater temperatures ranged from 17.30 °C to 25.40 °C, averaging 21.57 °C. The measured pH values ranged from 5.00 to 8.40, with a mean of 7.40, indicating a slightly acidic to alkaline nature, mostly falling within the WHO-recommended range of 6.5 to 8.5 (Table 1). However, at locations P3, P5, and P9, pH levels were lower than the drinking water standard of 6.5, as indicated in Table 7.



The Electrical Conductivity (EC) values ranged from 257 to 7330 µs/cm, with a mean of 891.17 µS/cm, mostly below the WHO limit of 1000 µs/cm (Table 1). However, the highest EC values were observed at sites P2, P4, P5, and P7 (Table 7), with spatial analysis revealing values exceeding 750 µs/cm in the southeast side of the study area (Figure 3). The increased levels of EC in the groundwater at the sampled sites are mainly driven by water–rock interactions, as well as seawater intrusion. These occurrences are especially significant in coastal regions, where seawater intrusion can further elevate EC levels in groundwater [3]. Such increases in EC can hinder water uptake by plants, leading to reduced productivity and yield losses, especially in sensitive crops [49]. The TDS in the groundwater varied from 131.2 to 926 mg/L, with a mean concentration of 276.48 mg/L (Table 7). At two locations, namely P2 and P7 in the southeast side of the study area, the TDS levels exceeded the range recommended by the WHO (Table 1). This could potentially be attributed to interactions between rock and water, as well as agricultural activities in the area. DO concentrations ranged from 3.52 to 15.2 mg/L, with an average of 11.26 mg/L. The majority of samples exhibited DO values above the threshold set by the WHO (Table 1), indicating a well-oxygenated condition in the groundwater. However, a lower DO value was observed at location P12 in the northern part of the study area (Table 7).



The concentrations of K+ and Na+ in groundwater exhibit a wide range, varying from 0.60 to 35.50 mg/L and from 3.30 to 55.20 mg/L, respectively, with mean values of 7.32 mg/L and 19.95 mg/L (Table 7). While all samples remained below the WHO limit of 200 mg/L for Na+, most K+ concentrations surpassed the WHO threshold of 10 mg/L, except at sites P6, P9, P11, and P12. Although these ions are typically harmless at normal levels, their excess can pose health risks such as hypertension, heart disease, or kidney problems. Excessive K+ may result in salt transformation and percolation into groundwater, potentially contaminating it, and can induce magnesium deficiencies in crops [3,50]. Sodium in groundwater may originate from geological leaching or silicate rock decomposition, influencing groundwater’s electrical conductivity characteristics. Sodium concentrations can vary significantly due to leaching, marine influences, saltwater intrusion, and industrial activities [13]. In irrigation contexts, high sodium concentrations can lead to ion exchange processes in soil, reducing permeability and resulting in poorly drained soil conditions. Chloride (Cl−) values ranged from 81.65 to 692.25 mg/L, with an average of 244.95 mg/L. Elevated chloride levels were observed at multiple locations in the southeast side of the study area (Figure 3), not meeting WHO standards (Table 1). Chlorides in groundwater mainly originate from weathering, salt deposits dissolution, irrigation water infiltration, and agricultural activities, potentially introducing NaCl into groundwater [51]. While chlorides are typically conservative elements in groundwater, their high levels in coastal aquifers may indicate saltwater intrusion [52].



The concentrations of calcium (Ca2+) and magnesium (Mg2+) in groundwater exhibited a range from 36 to 260 mg/L and 2.4 to 213.6 mg/L, respectively, with mean values of 80.8 mg/L and 39.36 mg/L, respectively. Eleven sites displayed elevated levels of Ca2+ which surpassed the standard value of 75 mg/L, while seven locations recorded high concentrations of Mg2+, exceeding the standard value of 50 mg/L (Table 7). Although high calcium levels in tap water pose no health risk, they may affect the water’s taste. The presence of Mg2+ and Ca2+ in groundwater is attributed to the lithology of the aquifer and the hydrolysis of silicate minerals, which are common constituents of groundwater [53].



Chemical weathering and the erosion of rocks and minerals containing these ions, such as limestone, magnetite, calcite, dolomite, and fluorite, primarily influence the concentrations of Mg2+ and Ca2+ in natural water, significantly contributing to groundwater hardness. All samples exhibited total hardness (TH) values above the WHO threshold of 400 mg/L, ranging from 38.4 to 385.60 mg/L, with a mean value of 120.16 mg/L (Table 7).



Bicarbonate (HCO3−) and carbonate (CO32−) proportions regulate alkalinity in water. The concentrations of CO32− and HCO3− ranged from 3 to 36 mg/L and 6.1 to 73.2 mg/L, respectively, with average values of 11.15 mg/L and 22.67 mg/L (Table 7). None of the samples exceeded the drinking water standard limit for these ions.



The concentrations of nitrate (NO3−) and ammonium (NH4+) in groundwater varied between 49.6 to 161.2 mg/L and 7.2 to 25.2 mg/L, respectively, with mean values of 85.97 mg/L and 15.36 mg/L, respectively (Table 7). All samples exceeded the WHO standard for NO3− set at 50 mg/L, while concentrations of NH4+ in all groundwater samples were above the WHO threshold of 35 mg/L (Table 1). NO3− are natural components of the nitrogen cycle, primarily originating from fertilizers and organic waste, absorbed by plants during growth for nitrogen compound synthesis. Excessive nitrate production disrupts this cycle, leading to soil nitrate accumulation and migration into water resources, with intensive agricultural practices and livestock farming major contributors to nitrate pollution [54,55].



Phosphate (PO43−) concentrations in groundwater remained low, not exceeding the WHO standard of 5 mg/L, with measured concentrations ranging from 0.97 to 1.92 mg/L and an average value of 1.56 mg/L (Table 7). However, most samples exceeded the WHO threshold for sulfate (SO42−) at 250 mg/L (Table 1), with sites P4 and P5 recording elevated values of 315.96 mg/L and 432.40 mg/L, respectively. SO42− concentrations ranged from 1.13 to 432.4 mg/L, with a mean value of 53.58 mg/L (Table 7), naturally occurring and closely associated with major cations such as Ca2+, Mg2+, and Na+ [3]. Additionally, urban pollution, industrial activities, and agricultural practices can introduce sulfates into groundwater [56].



In the groundwater samples analyzed, concentrations of iron (Fe) ranged from 0.29 to 0.47 mg/L, while zinc (Zn) concentrations varied from 0.07 to 0.79 mg/L, with mean values of 0.35 mg/L and 0.32 mg/L, respectively (Table 7). Specifically, sites P22, P25, P29, and P30 exhibited minimum iron concentrations, measuring 0.29, 0.30, 0.29, and 0.30 mg/L, respectively, all below the standard value of 0.3 mg/L. Zinc levels in all sites remained below the WHO standard of 3 mg/L (Table 1). Iron in groundwater is primarily derived from the weathering of iron-bearing minerals and rocks, occurring naturally in the reduced Fe2+ state within the aquifer. Its dissolution leads to increased concentrations in groundwater. Additionally, the concentrations of copper (Cu) and manganese (Mn) in the analyzed samples were notably low, with average concentrations of 0.02 mg/L and 0.01 mg/L, respectively.




3.2. Correlation Coefficient Matrix Analysis


Correlation analysis serves as a fundamental statistical approach in water quality studies, offering insights into the inter-relationships among different ions and their influence on water chemistry [57]. Essentially, it quantifies the degree to which one variable predicts changes in another. The correlation matrix, as described in the work presented in [58], is a statistical tool used to assess the associations between physiochemical variables in groundwater. A correlation coefficient (r) close to +1 or −1 indicates a strong positive or negative correlation, respectively, between two variables. Conversely, an R-value near zero suggests a weak or nonexistent correlation [59]. In practice, correlations with R-values exceeding 0.7 are considered high, while those falling between 0.5 and 0.7 indicate moderate correlations [60].



The results of a Pearson correlation matrix obtained from the statistical analysis of 22 selected variables are presented in Table 8.



The correlation matrix analysis reveals significant relationships among various ions in groundwater, shedding light on the underlying processes influencing water chemistry [21]. Notably, a strong positive correlation (r = 0.703) between EC and TDS suggests that water conductivity is influenced by total dissolved solids (TDS), indicating the dominance of mineral dissolution, solubility, ion exchange, and anthropogenic activities in shaping groundwater chemistry. Moreover, positive correlations were observed between EC and TDS with several ions including Na+, Cl−, Ca2+, Mg2+, CO32−, HCO3−, NO3−, NH4+, PO43−, SO42−, Fe, and Cu, underscoring their role in controlling groundwater chemistry. The presence of Na+ and Cl− ions, often associated with saline intrusion or anthropogenic activities, can elevate both EC and TDS levels. Similarly, the dissolution of carbonate and bicarbonate minerals in the aquifer can increase these parameters due to the release of ions such as Ca2+ and HCO3−. Additionally, the presence of nutrients like NO3− and NH4+ from agricultural activities or sewage contamination can also impact EC and TDS levels. Furthermore, a notable positive correlation (r = 0.835) between Ca2+ and Mg2+ suggests their common source from carbonate minerals like calcite and dolomite [61]. This finding is supported by a high correlation (r > 0.8) between Ca2+, Mg2+, and TH, indicating that water hardness is primarily defined by the combined concentration of calcium and magnesium ions. Moreover, the strong relationship (r = 0.820) between NH4+ and NO3− suggests that low NH4+ concentrations in groundwater may be attributed to their interdependence. Conversely, the association between SO42− and Fe (r > 0.7) may indicate anthropogenic contamination, possibly from agricultural or domestic sources [62].



Additionally, a high positive correlation (r > 0.7) between NO3− and SO42− suggests groundwater contamination from excessive fertilizer use. Furthermore, the high correlation (r = 0.760) between Na+ and Cl− highlights the influence of irrigation practices, evaporation, and coastal activities on aquatic ecosystems [63].




3.3. Principal Component Analysis (PCA)


PCA serves as a valuable statistical tool in analyzing complex datasets containing a multiple of parameters with wide-ranging data. In PCA, the principal component loadings are categorized as strong, moderate, or weak, based on their absolute loading values: values exceeding 0.75 indicate strong loadings, those between 0.75 and 0.50 signify moderate loadings, and values ranging from 0.50 to 0.30 represent weak loadings [64]. In our study, PCA was applied to 22 physicochemical parameters, resulting in the identification of five principal components that collectively explain 85.03% of the total variance in the data (Table 9). Notably, the PC1—PC2 combination accounts for over 60.14% of the dataset’s variability (Figure 4), suggesting that the chemical evolution of groundwater is predominantly captured within these two components.



The PC1 contributes significantly to the overall variance, explaining 48.99% of the overall variation, whereas PC2 represents 10.89% of the total variability. These components are typically linked to anthropogenic contamination, resulting from agricultural activities in the research area. The PC1 demonstrates large positive loadings for parameters such as EC, SAL, Cl−, Ca2+, Mg2+, TH, HCO3−, CO32−, CaCO3, NO3−, NH4+, SO42−, Fe, and Cu. The results indicate that PC1 mainly reflects the mineralization and ion content of groundwater, influenced by natural geological processes and human activities like agricultural runoff and industrial discharge. Notably, PC1 shows moderate loadings for TDS and Na+. Surprisingly, pH shows negative correlations with most parameters, suggesting an inverse relationship between pH and the presence of ions and minerals in groundwater. Lower pH values are associated with higher mineralization and salinity levels. The PC3 is characterized by a high positive loading for PO42−, indicating its influence on water quality variability. PO42− levels in groundwater can be attributed to agricultural practices, such as fertilizer application, and sewage contamination. In contrast, PC4 explains the variance associated with K+ and DO. The high positive loading for K+ suggests its contribution to groundwater variability, possibly originating from natural weathering processes or agricultural activities. Finally, the PC6 explains the variance related to Mn, highlighting its contribution to groundwater quality variability. Elevated manganese levels can result from both natural sources and anthropogenic inputs, such as industrial discharges and agricultural practices.




3.4. Hierarchical Cluster Analysis (HCA)


As part of our research, HCA was employed to delineate between distinct groundwater groups based on their physicochemical characteristics. HCA ensures that each cluster exhibits homogeneity in specific qualities while being distinguishable from other clusters based on the same characteristics. The dendrogram, a graphical representation, was utilized to determine the number of homogeneous units and illustrate the proximity of the groups. In this study, the [65] linkage method with a Euclidean distance was employed to conduct HCA, as described in previous research [7]. The analysis revealed the classification of groundwater samples into four clusters according to their physicochemical attributes (Figure 5).



Cluster 1 comprised two sub-clusters. The first sub-cluster consisted of samples P1 and P2, while the second sub-cluster included seven samples (P2, P6, P8, P3, P4, P9, and P17). These samples exhibited elevated levels of various parameters such as EC, TDS, K+, Na+, Cl−, Ca2+, Mg2+, TH, NO3−, NH4+, PO43−, SO42−, and Fe.



In contrast, Cluster 2 consisted of a single sample (P5) characterized by the highest concentrations of EC, SAL, Cl−, Ca2+, Mg2+, TH, CO32−, HCO3−, CaCO3, NO3−, NH4+, PO43− and SO42−. The distribution of samples in Clusters 1 and 2, primarily located in the southeast side of the Mnasra region, suggests the influence of agricultural activities and intensive fertilizer usage in this area.



Cluster 3 encompassed seven samples (P10, P11, P12, P13, P14, P15, P16) located in the northwestern side of the study area, exhibiting medium mineralization levels lower than those in Clusters 1 and 2.



Cluster 4 comprised thirteen samples (P18, P19, P20, P21, P22, P23, P24, P25, P26, P27, P28, P29, and P30) found in the western and southwest portions of the study area, indicating weak mineralization. Overall, the southeastern part of the study area exhibited the highest mineralization compared to other coastal regions (northwestern, western, southwest). This multivariate statistical approach involving PCA and HCA suggests that water–rock interactions, agricultural activities, and irrigation systems are the primary sources of pollution. Further investigation utilizing index methods will refine and validate these hypotheses in the subsequent sections of our study.




3.5. Groundwater Type: Piper Diagram


In assessing groundwater chemistry, hydrochemical facies play an essential role in determining the interactions between the main anions and cations and their behavior. This classification makes it possible to identify the origin and categorization of different types of water [23]. Piper introduced a trilinear diagram, a widely utilized tool in hydrogeology, to depict the geochemical evolution of groundwater [66]. This diagram comprises two triangular plots at the base, representing major cations and anions, and a diamond-shaped plot at the apex symbolizing the chemistry of water samples. To determine the hydrogeochemical facies of groundwater, we utilized the concentrations of major anions (Cl−, SO42−, NO3− and HCO3−) and cations (Ca2+, Mg2+, Na+, and K+) in meq/L, plotted on the Piper diagram as illustrated in (Figure 6). The diagram delineates six distinct water types, including Ca2+-HCO3−, Na+-Cl−, mixed Ca2+-Na−-HCO3−, mixed Ca2+-Mg2+-Cl−, Ca2+-Cl−, and Na+-HCO3− types.



Upon critical evaluation of the diagram, all samples were categorized under the calcium–chloride facies, indicative of a predominant Ca2+-Cl− water type, hinting at the hypothesis of groundwater interaction with saline waters. The distribution of samples towards the chloride pole on the anions triangle suggests the potential influence of seawater intrusion [7].



In terms of cations, calcium (Ca2+) emerged as the dominant ion in 56.66% of samples, followed by magnesium (Mg2+) at 20%, with 23.33% showing no dominance. Sources of calcium in water encompass various minerals such as calcite, dolomite, gypsum, and others [3]. Multiple studies have highlighted the impact of diverse factors, including agricultural activities (such as irrigation return flows and chemical fertilizer usage), natural processes such as water–rock interactions, and mixing with marine waters on water types [9,23,38].




3.6. Groundwater Type: Gibbs Diagram


The Gibbs diagram, introduced by the work presented in [67], offers insights into the chemical dynamics of water and its interactions within the subsurface environment, particularly with various rock lithologies. This classification system comprises three main types: Type-I, characterized by evaporation dominance driven by the rate of surface and subsurface evaporation; Type-II, exhibiting rock dominance attributed to the chemical weathering of rocks by water; and Type-III, indicating precipitation dominance resulting from surface or subsurface precipitation.



In Figure 7, the Gibbs plot for anions and cations is presented. Notably, all groundwater samples fall within the field of rock dominance, underscoring the significant role of rock weathering and water–rock interactions in shaping the chemistry of groundwater in both plots. This observation suggests that the concentrations of sodium and the ratio of calcium to sodium may experience augmentation due to the leaching of salts from rocks, thereby contributing to the overall chemical composition of groundwater.




3.7. Pollution Index of Groundwater (PIG)


The PIG serves as a comprehensive metric, considering the collective impact of various chemical variables on groundwater quality, thus providing a singular value indicative of the overall groundwater pollution rate [68]. The calculated PIG values, outlined in Table 10, ranged from 0.51 to 1.92, delineating the water quality into three distinct categories: “Insignificant pollution”, “low pollution”, and “moderate pollution”.



An analysis of the results reveals that a significant majority, approximately 86.66% of the wells, fall within the “Insignificant pollution” category (PIG < 1), signifying excellent suitability for rural consumption. Conversely, around 10% of the wells, specifically P2, P4, and P7, are classified as experiencing “low pollution” (1 < PIG < 1.5). Notably, the highest PIG value of 1.92 was recorded at P5, attributed to its exposure to anthropogenic activities, thus categorizing it as “moderate pollution” (1.5 < PIG < 2).



The spatial distribution of PIG values, depicted in (Figure 8a), elucidates the geographical variation in groundwater pollution. Specifically, samples collected from the northwest, western, and southwest regions of the study area exhibit “Insignificant pollution”, whereas the southeast part of the Mnasra region demonstrates “moderate pollution”, attributed to agricultural practices, excessive fertilizer usage, and geological attributes.




3.8. Nitrate Pollution Index (NPI)


The NPI serves as a valuable index for assessing groundwater pollution resulting from heightened nitrate concentrations [38]. The analysis of the NPI values (Table 10) reveals that samples collected from locations P21, P28, and P29 exhibit values of 1.79, 1.48, and 1.79, respectively, categorizing them under “Moderate pollution” (ranging from 1 to 2), comprising 10% of the total samples. Notably, 40% of the sample locations fall within the classification of “Significant pollution” (ranging from 2 to 3), while the remaining 50% are categorized as experiencing “Very significant” pollution (exceeding 3). Across the study area, the NPI ranges from 1.48 to 7.06, with an average value of 3.29, indicative of a pronounced and concerning level of nitrate pollution prevailing in the region.



The spatial distribution depicted in Figure 8b illustrates the NPI values, revealing that the southeastern region of the area exhibits significantly high levels of nitrate pollution. This observation underscores the global significance of nitrate contamination in the Mnasra region, characterized by sandy soils known for their high permeability and infiltration rates, which facilitate the accumulation of nitrate [69]. In agricultural regions with sandy soils, the capacity to retain such elements is generally low, thereby allowing nitrate ions to easily percolate into groundwater through rainfall or irrigation. However, inadequate irrigation management can exacerbate water misuse and lead to adverse environmental impacts, including nitrate pollution and eutrophication [70,71]. Numerous studies conducted in the Mnasra region consistently report elevated levels of nitrates [13,15,16].



Agricultural activities have been identified as significant contributors to groundwater pollution in various studies [72,73]. Factors such as limited soil coverage, excessive fertilization, runoff and infiltration of surplus fertilizers, drainage systems, and the utilization of organic fertilizers from animal husbandry and wastewater reuse all contribute to nitrate pollution [74].




3.9. Water Quality Index (WQI)


The WQI was employed to assess the suitability of groundwater for drinking purposes in accordance with World Health Organization standards. The computed WQI values are presented in Table 10, revealing a range from 48.42 to 180.46 across the 30 samples, with an average of 75.39. The analysis indicates that the majority of samples fall within the “good” water quality class for drinking, accounting for 83.33% of the total. Sample P12 exhibited excellent water quality with a WQI below 50, specifically scoring 48.42, thus classified as “excellent” for consumption. Conversely, samples P2, P4, P5, and P7 are deemed unsuitable for drinking purposes, classified as “poor” water quality with WQI values ranging from 100 to 200, collectively representing 13.33%. The spatial distribution of WQI, as depicted in Figure 8c, highlights that groundwater samples collected from the southeast region of the Mnasra area are unfit for drinking purposes.




3.10. Irrigation Water Quality Index (IWQI)


It is essential to assess the suitability of groundwater for irrigation purposes as it constitutes the primary water source for agricultural activities [75]. In this study, several parameters including EC, SAR, RSC, Na%, MAR, IP, RSBC, KI, and PS are considered to determine the suitability of groundwater for irrigation. The classification of groundwater samples based on these parameters is presented in Table 11. Additionally, a graphical representation illustrating the suitability of water samples for irrigation purposes was constructed using the US Salinity and Wilcox classification systems.



The EC is a key parameter for assessing the salinity hazard and determining the suitability of irrigation water, as it directly influences plant growth and crop production [19]. Based on Wilcox’s classification system, irrigation water salinity is categorized into five classes according to EC values (Table 11). The analysis of groundwater samples revealed that the majority (76%) fell within the “good” class, covering most of the studied area, while five samples were classified as “doubtful” and only two samples as “unsuitable”.



The SAR provides valuable insights into the relative activity of sodium cations in ion exchange reactions with soil properties [76]. Elevated SAR values can adversely affect soil properties such as permeability and soil particle dispersion [77]. The SAR values in our study ranged from 0.09 to 1.74 meq/L, with an average of 0.47 meq/L, with higher values observed in the northwest and southeast regions (Figure 9a).



All samples were classified as “good” according to Richards [78] classification system (Table 11). Utilizing the USSL diagram, which plots EC against SAR values (Figure 10), we categorized the irrigation water quality. Approximately 76.66% of groundwater samples fell into the C2-S1 category, indicating low to medium salinity and low sodium content. Additionally, 16.66% of samples fell into the C3-S1 category, representing medium salinity and low sodium content in surface waters. Two samples, P4 and P5, were categorized as C4-S1 and C5-S1, respectively, indicating medium salinity groundwater within the study area (<2250 μs/cm).



The elevated sodium content in groundwater poses a significant threat to soil structure, soil permeability, and crop productivity. The Na% values from collected samples were categorized into five classes following the recommended [47] guidelines. The analysis of the Wilcox graph scatter plot (Figure 11) indicates that the majority (76.66%) of groundwater samples are classified as excellent to good, while 16.66% fall within the good to permissible range. However, 6.66% of samples (P4 and P5) are categorized as doubtful and unsuitable for irrigation purposes. Further classification based on Na% is presented in Table 11, revealing that 83.33% of samples are rated as “excellent”, and 16.66% as “good”. The Na% values range from 5.54% to 38.92%, with an average of 15.11%. Notably, the highest Na% values are observed in the northwest, western, and southeast regions of the study area (Figure 9c).



The RSC serves as a crucial parameter in assessing groundwater suitability for irrigation, focusing on the potential hazards posed by carbonate and bicarbonate ions to calcium and magnesium levels [77,79]. A negative RSC value indicates a minimal risk of sodium accumulation, signifying a balance between calcium and magnesium levels, whereas positive values signify sodium buildup due to bicarbonate and carbonate ions [30]. In our study area, all groundwater samples exhibited negative RSC values, indicating low risk and categorizing them as “good” for irrigation (Table 11).



The MAR categorizes water suitability into two classes: MAR > 50% denotes suitability for agricultural purposes, while MAR < 50% indicates unsuitability. Our findings reveal that approximately 70% of samples are deemed suitable for irrigation, as indicated in (Table 11). The spatial analysis of MAR values indicates that unsuitable water (MAR < 50%) is predominantly located in the northwest and southeast regions of the study area (Figure 9d).



The PI is a crucial parameter in assessing irrigation water, directly influenced by sodium, calcium, magnesium, and bicarbonate concentrations, which significantly affect soil permeability [80]. Following the classification presented in [81], PI is categorized into three classes: class I (>75%) is suitable, class II (25–75%) is good, and class III (<25%) is unsuitable for irrigation. Our study reports PI values ranging from 8.94% to 52.96%, with an average value of 21.44%. Table 11 illustrates that 16.33% and 83.33% of samples fall under suitable to unsuitable categories for irrigation, respectively. Higher PI values are observed in the northwest, southeast, and south regions of the study area (Figure 12a).



The RSBC serves as an indicator of alkalinity risk [82]. In our study, all groundwater samples exhibited negative RSBC values, indicating their suitability for irrigation use (Table 11).



Kelly (1957) introduced the KR, where a KR value < 1 indicates suitable irrigation water, while values > 1 are deemed unsuitable. Our findings show KR values ranging from 0.03% to 0.63%, with an average value of 0.16%. Consequently, all 30 water samples in our study area were classified as unsuitable for irrigation (Table 11).



The PS for assessing groundwater salinity was introduced by the work presented in [81], calculated as the concentration of Cl− plus half the concentration of SO42−. In our analysis, the potential salinity ranged from 2.34 meq/L to 22.20 meq/L, with an average of 7.76 meq/L (Table 11). This categorizes 60% of samples as unsuitable, 33.33% as good, and samples P15 and P16 as excellent. The elevated values observed in the southeast region could be attributed to the increased concentration in chloride, potentially influenced by seawater intrusion (Figure 12d).



The IWQI considers nine indices (Table 11), with values ranging from 13.63 to 108.18 and an average of 37.34 for all samples (Table 10). Comparing with water quality classifications, 80% of samples were deemed “excellent”, 16.66% “good” (samples P2, P3, P4, P6, P30), and sample P5 classified as “poor”. Spatial analysis of the IWQI indicates low-quality water predominating in the eastern and southern sections, with the southern portion particularly affected by agricultural activities such as fertilizer overuse, irrigation, and wastewater (Figure 8d). Sample P5 exhibits high contamination and salinization, likely attributed to geological sources or rock formations.



Geologically, the presence of permeable layers, such as sands and sandstones, facilitates contaminant movement, while impermeable layers offer some degree of protection. Hydrological factors, including groundwater flow direction and velocity, significantly influence the spread and transport of pollutants within aquifers.





4. Conclusions


Groundwater serves as a vital resource for meeting the water demands in Morocco, yet it confronts significant challenges. The confluence of escalating water needs and diminished precipitation resulting from climate change has placed a substantial strain on groundwater reservoirs across the nation. The quality of groundwater is a pivotal factor in assessing human well-being and development. This study endeavors to evaluate and delineate the origins of groundwater contamination associated with both natural and anthropogenic sources in an agricultural region of the Gharb Plain, employing hydrochemical methodologies, index techniques (such as PIG, NPI, WQI, and IWQI), multivariate statistical analyses, and GIS approaches. The originality of this research lies in its comprehensive approach, integrating diverse methodologies to identify and understand the sources of groundwater pollution. The investigation encompasses thirty groundwater samples collected from various locations to assess their characteristics, focusing on 23 physicochemical parameters.



The study findings reveal that Ca2+ and Cl− are the predominant cation and anion, respectively, within the study area. The analysis using the Piper diagram indicates a prevailing water type of Ca2+–Cl−, while the Gibbs diagram highlights that water–rock interactions significantly influence groundwater chemistry, with all samples falling within the field of rock dominance. The PIG values range from 0.51 to 1.92, with the majority (86.66%) falling under the category of “Insignificant pollution”, indicating suitability for rural consumption. However, some wells exhibit “low pollution”, with the highest PIG value of 1.92, attributed to anthropogenic activities, marking it as “moderate pollution”. The NPI ranges from 1.48 to 7.06, signifying concerning levels of nitrate contamination linked to anthropogenic activities such as fertilizers and sewage intrusion. The WQI analysis reveals that 83.33% of samples are of “good” quality for drinking, with one sample classified as “excellent”, while four samples are deemed unsuitable (“poor”). Regarding irrigation suitability, most parameters (EC, SAR, RSC, Na%, MAR, RSBC) indicate appropriateness, except for IP, KR, and PS, which deem samples unsuitable. The IWQI ranges from 13.63 to 108.18, with 80% classified as “excellent” and 16.66% as “good”, except for one sample categorized as “poor”. Spatial analysis identifies the eastern and southern regions as the most contaminated due to intensive pesticide use and agricultural activities, compounded by the unregulated discharge of polluted water from the Sebou River.



This study provides a comprehensive overview of the current groundwater status in the research area, offering valuable insights for policymakers and relevant authorities. In addressing groundwater pollution challenges, particularly in Morocco’s Gharb region, the adoption of sustainable agricultural practices, efficient land utilization, and effective water management strategies is imperative. Encouraging the implementation of methods like crop rotation, precision irrigation, and optimized water usage can significantly mitigate the ingress of pollutants into groundwater reservoirs. Prioritizing fertilizer management is crucial to combat excessive nitrate infiltration into groundwater sources. Implementing measures such as regulating fertilizer application timing and quantities, along with utilizing organic residues as alternative fertilizers, can help to maintain nutrient equilibrium and reduce leaching.
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Figure 1. Location of the study area and the sampling points. 
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Figure 2. Geologic map of the study area. 
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Figure 3. Spatial variation maps of (a) EC, (b) Cl−, (c) NO3+ and (d) SO42−. 
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Figure 4. Principal component analysis of the principal groundwater parameters. 






Figure 4. Principal component analysis of the principal groundwater parameters.



[image: Water 16 01263 g004]







[image: Water 16 01263 g005] 





Figure 5. Dendrogram of the groundwater samples. 
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Figure 6. Piper trilinear diagram of the analyzed samples. 
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Figure 7. The Gibbs diagram illustrates the mechanism that controls groundwater chemistry. 
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Figure 8. Spatial distribution maps of the (a) PIG, (b) NPI, (c) WQI, and (d) IWQI. 
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Figure 9. Spatial variation of the IWQ parameters (a) SAR, (b) RSC, (c) Na% and (d) MAR. 
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Figure 10. USSL diagram. 
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Figure 11. Wilcox diagram for irrigation water quality. 
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Figure 12. Spatial variation of the IWQ parameters (a) IP, (b) RSBC, (c) KI and (d) PS. 
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Table 1. The WHO (2017) standards for groundwater quality parameters and the weight values [37].
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	Parameters
	WHO (2017)
	Relative Weight (Rw)
	Weight Parameter (Wp)





	pH
	6.5–8.5
	4
	0.06557



	EC
	1000 (µs/cm)
	5
	0.08197



	DO
	5 (mg/L)
	5
	0.08197



	TDS
	500 (mg/L)
	2
	0.03279



	K+
	10 (mg/L)
	3
	0.04918



	Na+
	200 (mg/L)
	4
	0.06557



	Cl−
	250 (mg/L)
	4
	0.06557



	Ca2+
	75 (mg/L)
	3
	0.04918



	Mg2+
	50 (mg/L)
	3
	0.04918



	TH
	400 (mg/L)
	3
	0.04918



	HCO3−
	120 (mg/L)
	2
	0.03279



	NO3−
	50 (mg/L)
	5
	0.08197



	NH4+
	35 (mg/L)
	3
	0.04918



	PO43−
	5 (mg/L)
	4
	0.06557



	SO42−
	250 (mg/L)
	4
	0.06557



	Fe
	0.3 (mg/L)
	3
	0.04918



	Zn
	3 (mg/L)
	2
	0.03279



	Cu
	2 (mg/L)
	1
	0.01639



	Mn
	0.4 (mg/L)
	1
	0.01639



	Total weight
	
	61
	1










 





Table 2. Classification of the PIG.
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	PIG Values
	PIG Interpretation





	Less than 1
	Insignificant pollution



	From 1 to 1.5
	Low pollution



	From 1.5 to 2.0
	Moderate pollution



	From 2 to 2.5
	High pollution



	Greater than 2.5
	Very high pollution










 





Table 3. Classification of the NPI.
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	NPI Values
	NPI Interpretation





	Less than 0
	Clean



	From 0 to 1
	Light



	From 1 to 2
	Moderate



	From 2 to 3
	Significant



	Greater than 3
	Very significant










 





Table 4. Classification of the WQI.
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	WQI Values
	Type of Water





	Less than 50
	Excellent



	From 50 to 100
	Good



	From 100 to 200
	Poor



	From 200 to 300
	Very poor



	Greater than 300
	Water unsuitable for drinking










 





Table 5. Mathematical equations to calculate the IWQ parameters.
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	IWQ Parameters
	Equations
	Equation No.





	Sodium absorption ratio
	   S A R =     N a   +          ( C a   2 +   +   M g   2 +   )   2        
	(10)



	Residual sodium carbonate
	   R S C =     H C O   3   −   +   C O   3   2 −     −   [ C a   2 +   +   M g   2 +   ]   
	(11)



	Sodium percent
	   % N a =       N a   +   +   K   +     × 100     C a   2 +   +   M g   2 +   +   N a   +   +   K   +       
	(12)



	Magnesium adsorption ratio
	   M A R =     M g   2 +   × 100       C a   2 +   +   M g   2 +         
	(13)



	Permeability index
	   P I =        H C O   3   −    +   N a   +     × 100     (   N a   +   + C a   2 +   +   M g   2 +   )     
	(14)



	Residual sodium bicarbonate
	   R S B C =   H C O   3   −   −   C a   2 +     
	(15)



	Kelly ratio
	   K R =     N a   +       C a   2 +   +   M g   2 +       
	(16)



	Potential salinity
	   P S =   C l   −   +   1   2   ×   S O   4   2 −     
	(17)







Note: All ionic concentrations are measured in meq/L in all of these Equations (10)–(17).













 





Table 6. The weight and relative weight of each parameter used for the IWQ calculation.
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	Parameters
	Suitable Limit for Irrigation
	Relative Weight (wi)
	Weight Parameter (Wi)





	EC
	2250
	5
	0.16667



	SAR
	18
	5
	0.16667



	RSC
	2.5
	1
	0.03333



	Na%
	60
	3
	0.10000



	MAR
	50
	3
	0.10000



	IP
	85
	4
	0.13333



	RSBC
	5
	1
	0.03333



	KI
	1
	3
	0.10000



	PS
	5
	5
	0.16667



	Total weight
	
	30
	1










 





Table 7. Descriptive statistics and evaluation of physic-chemical parameters.






Table 7. Descriptive statistics and evaluation of physic-chemical parameters.





	Samples
	T
	pH
	EC
	SAL
	TDS
	DO
	K+
	Na+
	Cl−
	Ca2+
	Mg2+
	TH
	CO32−
	HCO3−
	CaCO3
	NO3−
	NH4+
	PO43−
	SO42−
	Fe
	Zn
	Cu
	Mn





	P1
	18.3
	7.33
	996
	0.47
	479
	5.23
	1.7
	26.30
	450.85
	160.00
	26.40
	186.40
	16.50
	33.55
	27.50
	111.60
	23.40
	1.85
	196.14
	0.47
	0.19
	0.12
	0.19



	P2
	19.7
	7.5
	1126
	0.55
	561
	14.6
	2.3
	27.10
	692.25
	172.00
	28.80
	200.80
	9.00
	18.30
	15.00
	105.40
	18.00
	1.62
	143.07
	0.44
	0.19
	0.18
	0.00



	P3
	17.3
	5.5
	414
	0.13
	207
	15.17
	1
	25.00
	326.60
	36.00
	2.40
	38.40
	9.00
	18.30
	15.00
	99.20
	19.80
	1.35
	7.69
	0.41
	0.07
	0.07
	0.00



	P4
	20.3
	8.34
	4150
	2.15
	265
	14.11
	5.1
	27.40
	312.40
	52.00
	88.80
	140.80
	15.00
	30.50
	25.00
	117.80
	21.60
	1.88
	315.96
	0.45
	0.19
	0.00
	0.00



	P5
	21.7
	5
	7330
	4
	355
	5.72
	2.2
	34.30
	628.35
	172.00
	213.60
	385.60
	36.00
	73.20
	60.00
	161.20
	25.20
	1.92
	432.40
	0.41
	0.12
	0.17
	0.00



	P6
	19.3
	8.4
	865
	0.42
	427
	14.33
	10.9
	36.10
	450.85
	36.00
	45.60
	81.60
	12.00
	24.40
	20.00
	124.00
	23.40
	1.45
	13.69
	0.36
	0.14
	0.00
	0.00



	P7
	20.4
	7.17
	1853
	0.93
	926
	5.86
	2.1
	32.80
	184.60
	260.00
	36.00
	296.00
	10.50
	21.35
	17.50
	148.80
	25.20
	1.79
	88.51
	0.39
	0.14
	0.00
	0.00



	P8
	25.4
	7.1
	907
	0.33
	456
	12.4
	0.6
	30.50
	390.50
	172.00
	60.00
	232.00
	1800
	36.60
	30.00
	111.60
	19.80
	1.53
	82.88
	0.38
	0.12
	0.00
	0.00



	P9
	22.5
	5.7
	563
	0.27
	279
	7.49
	18.8
	23.00
	220.10
	100.00
	48.00
	148.00
	12.00
	24.40
	20.00
	105.40
	16.20
	0.97
	37.69
	0.35
	0.17
	0.00
	0.00



	P10
	22.9
	7.47
	560
	0.27
	279
	11.72
	2.5
	24.20
	223.65
	76.00
	72.00
	148.00
	9.00
	18.30
	15.00
	86.80
	14.40
	1.51
	20.25
	0.36
	0.26
	0.00
	0.00



	P11
	23.9
	7.46
	599
	0.29
	299
	10.92
	1.5
	25.10
	287.55
	80.00
	86.40
	166.40
	15.00
	30.50
	25.00
	80.60
	12.60
	1.58
	13.50
	0.35
	0.18
	0.00
	0.00



	P12
	23.6
	7.81
	344
	0.16
	144.4
	3.52
	1.3
	24.50
	145.55
	84.00
	43.20
	127.20
	6.00
	12.20
	10.00
	74.40
	10.80
	1.53
	2.06
	0.36
	0.22
	0.00
	0.00



	P13
	21.9
	7.74
	372
	0.18
	190.4
	12.4
	1.1
	24.20
	117.15
	64.00
	14.40
	78.40
	9.00
	18.30
	15.00
	74.40
	12.60
	1.44
	10.88
	0.34
	0.16
	0.00
	0.00



	P14
	22.2
	6.91
	379
	0.19
	190.4
	11.02
	1.1
	24.40
	106.50
	64.00
	91.20
	155.20
	10.50
	21.35
	17.50
	68.20
	10.80
	1.45
	6.56
	0.33
	0.30
	0.00
	0.00



	P15
	22.2
	7.78
	291
	0.14
	145
	12.62
	0.8
	55.20
	88.75
	36.00
	24.00
	60.00
	6.00
	12.20
	10.00
	74.40
	12.60
	1.47
	2.25
	0.33
	0.30
	0.00
	0.00



	P16
	22.1
	7.88
	307
	0.15
	154.2
	12.3
	1.8
	23.20
	81.65
	56.00
	79.20
	135.20
	9.00
	18.30
	15.00
	68.20
	9.00
	1.47
	3.56
	0.34
	0.27
	0.00
	0.00



	P17
	19.9
	7.66
	466
	0.17
	250
	5.87
	21.5
	18.40
	269.80
	84.00
	14.40
	98.40
	27.00
	54.90
	45.00
	80.60
	12.60
	1.44
	51.94
	0.32
	0.31
	0.00
	0.00



	P18
	20.6
	7.42
	450
	0.15
	230
	13.9
	21.3
	14.70
	198.80
	76.00
	19.20
	95.20
	10.50
	21.35
	17.50
	62.00
	10.80
	1.46
	41.63
	0.32
	0.30
	0.00
	0.00



	P19
	20.3
	7.75
	400
	0.16
	239
	15.2
	5.1
	9.30
	184.60
	64.00
	9.60
	73.60
	7.50
	15.25
	12.50
	74.40
	9.00
	1.47
	42.19
	0.33
	0.34
	0.00
	0.00



	P20
	20.1
	7.65
	488
	0.19
	200
	15.12
	5.8
	8.30
	117.15
	56.00
	4.80
	60.80
	6.00
	12.20
	10.00
	80.60
	14.40
	1.30
	17.44
	0.32
	0.39
	0.00
	0.00



	P21
	20.9
	7.6
	463
	0.15
	231
	13.04
	35.5
	11.00
	166.85
	60.00
	12.00
	72.00
	12.00
	24.40
	20.00
	55.80
	16.20
	1.70
	14.25
	0.32
	0.38
	0.00
	0.00



	P22
	21.4
	71
	455
	0.17
	225
	13.6
	8.1
	9.70
	188.15
	64.00
	9.60
	73.60
	10.50
	21.35
	17.50
	68.20
	12.60
	1.59
	13.69
	0.29
	0.41
	0.00
	0.00



	P23
	21.7
	7.6
	432
	0.16
	221
	8.6
	6.5
	8.60
	152.65
	56.00
	9.60
	65.60
	6.00
	12.20
	10.00
	80.60
	16.20
	1.57
	8.06
	0.34
	0.40
	0.00
	0.00



	P24
	22.6
	7.91
	261
	0.04
	192.5
	12.63
	4.5
	6.60
	117.15
	36.00
	14.40
	50.40
	6.00
	12.20
	10.00
	74.40
	12.60
	1.58
	7.31
	0.32
	0.43
	0.00
	0.00



	P25
	21.4
	7.8
	270
	0.05
	154.7
	9.09
	7.1
	6.90
	163.30
	40.00
	24.00
	64.00
	6.00
	12.20
	10.00
	68.20
	7.20
	1.68
	4.69
	0.30
	0.52
	0.00
	0.00



	P26
	21.6
	7.6
	335
	0.08
	163.7
	13.05
	7.6
	3.30
	145.55
	48.00
	31.20
	79.20
	3.00
	6.10
	5.00
	62.00
	16.20
	1.63
	4.31
	0.32
	0.51
	0.00
	0.00



	P27
	22.1
	7.6
	294
	0.06
	146
	12.05
	5.1
	6.00
	191.70
	48.00
	14.40
	62.40
	7.50
	15.25
	12.50
	80.60
	14.40
	1.50
	5.06
	0.33
	0.58
	0.00
	0.00



	P28
	21.9
	7.6
	460
	0.15
	227
	13.45
	5.4
	8.60
	181.05
	60.00
	21.60
	81.60
	16.50
	33.55
	27.50
	49.60
	16.20
	1.63
	4.69
	0.31
	0.57
	0.00
	0.00



	P29
	24.5
	7.85
	257
	0.05
	131.2
	11.6
	18.7
	6.10
	145.55
	40.00
	16.80
	56.80
	6.00
	12.20
	10.00
	55.80
	12.60
	1.74
	1.13
	0.29
	0.79
	0.00
	0.00



	P30
	24.5
	7.65
	648
	0.26
	326
	11.32
	12.6
	17.60
	418.90
	72.00
	19.20
	91.20
	7.50
	15.25
	12.50
	74.40
	14.40
	1.57
	14.06
	0.30
	0.70
	0.00
	0.00



	Min
	17.30
	5.00
	257.00
	0.04
	131.20
	3.52
	0.60
	3.30
	8165
	36.00
	2.40
	38.40
	3.00
	6.10
	5.00
	49.60
	7.20
	0.97
	1.13
	0.29
	0.07
	0.00
	0.00



	Max
	25.40
	8.40
	7330.00
	4.00
	926.00
	15.20
	35.50
	55.20
	692.25
	260.00
	213.60
	385.60
	36.00
	73.20
	60.00
	161.20
	25.20
	1.92
	432.40
	0.47
	0.79
	0.18
	0.19



	MEAN
	21.57
	7.40
	891.17
	0.42
	276.48
	11.26
	7.32
	19.95
	244.95
	80.80
	39.36
	120.16
	11.15
	22.67
	18.58
	85.97
	15.36
	1.56
	53.58
	0.35
	0.32
	0.02
	0.01



	STDV
	1.81
	0.75
	1421.43
	0.78
	162.99
	331
	8.22
	11.77
	154.00
	53.18
	42.28
	78.25
	6.75
	13.73
	11.25
	26.79
	4.84
	0.19
	98.97
	0.05
	0.18
	0.05
	0.03










 





Table 8. Pearson correlation matrix of the water parameters.
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	pH
	EC
	SAL
	TDS
	DO
	K+
	Na+
	Cl−
	Ca2+
	Mg2+
	TH
	CO32−
	HCO3−
	CaCO3
	NO3−
	NH4+
	PO43−
	SO42−
	Fe
	Zn
	Cu
	Mn





	pH
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	EC
	−0.436
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SAL
	−0.442
	0.999
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TDS
	−0.142
	0.703
	0.695
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	DO
	0.264
	−0.256
	−0.267
	−0.257
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	K+
	0.079
	−0.162
	−0.174
	−0.158
	0.031
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Na+
	−0.197
	0.349
	0.367
	0.403
	−0.190
	−0.358
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cl−
	−0.334
	0.560
	0.554
	0.519
	−0.087
	−0.108
	0.760
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Ca2+
	−0.363
	0.432
	0.428
	0.872
	−0.481
	−0.210
	0.379
	0.513
	1
	
	
	
	
	
	
	
	
	
	
	
	
	



	Mg2+
	−0.436
	0.800
	0.814
	0.146
	−0.306
	−0.285
	0.434
	0.405
	0.835
	1
	
	
	
	
	
	
	
	
	
	
	
	



	TH
	−0.482
	0.726
	0.731
	0.671
	−0.492
	−0.297
	0.492
	0.567
	0.861
	0.868
	1
	
	
	
	
	
	
	
	
	
	
	



	CO32−
	−0.467
	0.703
	0.702
	0.269
	−0.384
	0.064
	0.320
	0.549
	0.443
	0.644
	0.649
	1
	
	
	
	
	
	
	
	
	
	



	HCO3−
	−0.467
	0.703
	0.702
	0.269
	−0.384
	0.064
	0.320
	0.549
	0.443
	0.644
	0.649
	1.000
	1
	
	
	
	
	
	
	
	
	



	CaCO3
	−0.467
	0.703
	0.702
	0.269
	−0.384
	0.064
	0.320
	0.549
	0.443
	0.644
	0.649
	1.000
	1.000
	1
	
	
	
	
	
	
	
	



	NO3−
	−0.440
	0.723
	0.722
	0.719
	−0.342
	−0.313
	0.581
	0.652
	0.693
	0.550
	0.768
	0.533
	0.533
	0.533
	1
	
	
	
	
	
	
	



	NH4+
	−0.346
	0.604
	0.591
	0.687
	−0.172
	−0.121
	0.417
	0.629
	0.581
	0.334
	0.575
	0.465
	0.465
	0.465
	0.820
	1
	
	
	
	
	
	



	PO42−
	0.159
	0.531
	0.517
	0.300
	−0.199
	−0.109
	0.005
	0.308
	0.323
	0.318
	0.391
	0.291
	0.291
	0.291
	0.246
	0.377
	1
	
	
	
	
	



	SO42−
	−0.366
	0.934
	0.929
	0.369
	−0.266
	−0.170
	0.350
	0.655
	0.514
	0.693
	0.724
	0.700
	0.700
	0.700
	0.725
	0.629
	0.565
	1
	
	
	
	



	Fe
	−0.284
	0.533
	0.531
	0.546
	−0.203
	−0.387
	0.542
	0.649
	0.561
	0.377
	0.585
	0.364
	0.364
	0.364
	0.748
	0.713
	0.310
	0.706
	1
	
	
	



	Zn
	0.373
	−0.345
	−0.357
	−0.438
	0.164
	0.333
	−0.682
	−0.358
	−0.458
	−0.396
	−0.526
	−0.387
	−0.387
	−0.387
	−0.651
	−0.447
	0.129
	−0.399
	−0.699
	1
	
	



	Cu
	−0.485
	0.540
	0.545
	0.361
	−0.157
	−0.245
	0.286
	0.799
	0.501
	0.382
	0.547
	0.438
	0.438
	0.438
	0.523
	0.488
	0.347
	0.658
	0.678
	−0.351
	1
	



	Mn
	−0.017
	0.014
	0.013
	0.235
	−0.344
	−0.129
	0.102
	0.253
	0.281
	−0.058
	0.160
	0.150
	0.150
	0.150
	0.181
	0.314
	0.298
	0.272
	0.472
	−0.138
	0.378
	1










 





Table 9. The correlation between the principal components and physicochemical and parameters.
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Parameters

	
Components




	
PC1

	
PC2

	
PC3

	
PC4

	
PC5

	
PC6






	
pH

	
−0.525

	
0.161

	
0.391

	
0.190

	
−0.260

	
−0.117




	
EC

	
0.858

	
−0.322

	
0.050

	
0.314

	
−0.091

	
−0.084




	
SAL

	
0.859

	
−0.321

	
0.028

	
0.315

	
−0.100

	
−0.064




	
TDS

	
0.606

	
0.542

	
0.137

	
−0.265

	
−0.143

	
−0.436




	
DO

	
−0.415

	
0.046

	
−0.080

	
0.555

	
0.463

	
−0.346




	
K+

	
−0.251

	
−0.437

	
0.227

	
−0.454

	
0.308

	
−0.395




	
Na+

	
0.550

	
0.333

	
−0.454

	
0.074

	
−0.094

	
0.063




	
Cl−

	
0.745

	
0.116

	
0.167

	
0.072

	
0.429

	
−0.111




	
Ca2+

	
0.730

	
0.357

	
0.092

	
−0.350

	
−0.230

	
−0.191




	
Mg2+

	
0.733

	
−0.356

	
−0.242

	
0.258

	
−0.272

	
0.117




	
TH

	
0.892

	
0.050

	
−0.068

	
−0.098

	
−0.304

	
−0.067




	
CO32−

	
0.790

	
−0.473

	
−0.045

	
−0.249

	
0.101

	
0.041




	
HCO3−

	
0.790

	
−0.473

	
−0.045

	
−0.249

	
0.101

	
0.041




	
CaCO3

	
0.790

	
−0.473

	
−0.045

	
−0.249

	
0.101

	
0.041




	
NO3−

	
0.874

	
0.265

	
−0.128

	
0.030

	
−0.038

	
−0.187




	
NH4+

	
0.756

	
0.276

	
0.154

	
0.005

	
0.162

	
−0.275




	
PO43−

	
0.443

	
−0.091

	
0.718

	
0.268

	
−0.305

	
−0.011




	
SO42−

	
0.891

	
−0.167

	
0.196

	
0.247

	
0.033

	
0.047




	
Fe

	
0.758

	
0.464

	
0.045

	
0.162

	
0.192

	
0.163




	
Zn

	
−0.602

	
−0.361

	
0.534

	
0.041

	
−0.096

	
−0.086




	
Cu

	
0.701

	
0.147

	
0.192

	
0.137

	
0.403

	
0.213




	
Mn

	
0.279

	
0.360

	
0.489

	
−0.272

	
0.158

	
0.576




	
Eigenvalue

	
10.778

	
2.453

	
1.702

	
1.469

	
1.213

	
1.091




	
Variability (%)

	
48.992

	
11.150

	
7.737

	
6.679

	
5.516

	
4.959




	
Cumulative

	
48.992

	
60.142

	
67.879

	
74.558

	
80.073

	
85.033











 





Table 10. Water quality classifications of samples based on the PIG, NPI, WQI, and IWQI values.
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	Samples
	PIG Value
	Class
	NPI Value
	Class
	WQI Value
	Class
	IWQI Value
	Class





	P1
	0.91
	Insignificant pollution
	4.58
	Very significant
	87.60
	Good
	49.67
	Excellent



	P2
	1.11
	Low pollution
	4.27
	Very significant
	107.42
	Poor
	68.72
	Good



	P3
	0.81
	Insignificant pollution
	3.96
	Very significant
	71.07
	Good
	53.84
	Good



	P4
	1.26
	Low pollution
	4.89
	Very significant
	125.89
	Poor
	78.73
	Good



	P5
	1.92
	Moderate pollution
	7.06
	Very significant
	180.46
	Poor
	108.18
	Poor



	P6
	0.93
	Insignificant pollution
	5.2
	Very significant
	92.19
	Good
	68.08
	Good



	P7
	1.06
	Low pollution
	6.44
	Very significant
	101.86
	Poor
	13.63
	Excellent



	P8
	0.99
	Insignificant pollution
	4.58
	Very significant
	94.93
	Good
	36.90
	Excellent



	P9
	0.85
	Insignificant pollution
	4.27
	Very significant
	76.14
	Good
	27.50
	Excellent



	P10
	0.76
	Insignificant pollution
	3.34
	Very significant
	72.89
	Good
	29.03
	Excellent



	P11
	0.77
	Insignificant pollution
	3.03
	Very significant
	73.83
	Good
	34.05
	Excellent



	P12
	0.51
	Insignificant pollution
	2.72
	Significant
	48.42
	Excellent
	19.58
	Excellent



	P13
	0.60
	Insignificant pollution
	2.72
	Significant
	57.99
	Good
	23.53
	Excellent



	P14
	0.68
	Insignificant pollution
	2.41
	Significant
	62.82
	Good
	16.86
	Excellent



	P15
	0.58
	Insignificant pollution
	2.72
	Significant
	56.13
	Good
	37.12
	Excellent



	P16
	0.63
	Insignificant pollution
	2.41
	Significant
	61.38
	Good
	16.24
	Excellent



	P17
	0.70
	Insignificant pollution
	3.03
	Very significant
	66.90
	Good
	37.72
	Excellent



	P18
	0.77
	Insignificant pollution
	2.1
	Significant
	73.07
	Good
	28.54
	Excellent



	P19
	0.69
	Insignificant pollution
	2.72
	Significant
	66.20
	Good
	25.59
	Excellent



	P20
	0.67
	Insignificant pollution
	3.03
	Very significant
	64.69
	Good
	19.49
	Excellent



	P21
	0.78
	Insignificant pollution
	1.79
	Moderate
	75.34
	Good
	28.28
	Excellent



	P22
	0.69
	Insignificant pollution
	2.41
	Significant
	64.00
	Good
	26.40
	Excellent



	P23
	0.59
	Insignificant pollution
	3.03
	Very significant
	56.13
	Good
	22.97
	Excellent



	P24
	0.58
	Insignificant pollution
	2.72
	Significant
	56.29
	Good
	23.30
	Excellent



	P25
	0.54
	Insignificant pollution
	2.41
	Significant
	52.23
	Good
	26.96
	Excellent



	P26
	0.64
	Insignificant pollution
	2.1
	Significant
	60.75
	Good
	21.59
	Excellent



	P27
	0.63
	Insignificant pollution
	3.03
	Very significant
	60.05
	Good
	27.08
	Excellent



	P28
	0.64
	Insignificant pollution
	1.48
	Moderate
	61.35
	Good
	27.50
	Excellent



	P29
	0.61
	Insignificant pollution
	1.79
	Moderate
	59.37
	Good
	25.65
	Excellent



	P30
	0.77
	Insignificant pollution
	2.72
	Significant
	74.32
	Good
	50.40
	Good










 





Table 11. The IWQ parameters for groundwater samples.






Table 11. The IWQ parameters for groundwater samples.





	
IWQ Parameters

	
Range

	
Class

	
Number of Samples






	
EC

	
<250

	
Excellent

	
-




	
250–750

	
Good

	
23




	
750–2250

	
Doubtful

	
5




	
>2500

	
Unsuitable

	
2




	
SAR

	
<10

	
Excellent

	
30




	
10–18

	
Good

	
-




	
19–26

	
Doubtful

	
-




	
>26

	
Unsuitable

	
-




	
RSC

	
<1.25

	
Good

	
30




	
1.25–2.5

	
Doubtful

	
-




	
>2.5

	
Unsuitable

	
-




	
Na %

	
<20

	
Excellent

	
25




	
20–40

	
Good

	
5




	
40–60

	
Permissible

	
-




	
60–80

	
Doubtful

	
-




	
>80

	
Unsuitable

	
-




	
MAR

	
<50%

	
Suitable

	
21




	
>50%

	
Unsuitable

	
9




	
IP

	
>75%

	
Good

	
-




	
25–75%

	
Suitable

	
5




	
<25%

	
Unsuitable

	
25




	
RSBC

	
<0

	
Satisfactory

	
30




	
0

	
-




	
0–2.5

	
-




	
2.5–5

	
Marginal

	
-




	
5–10

	
-




	
>10

	
-




	
KI

	
<1

	
Suitable

	
30




	
>1

	
Unsuitable

	
-




	
PS

	
<3

	
Excellent

	
2




	
3–5

	
Good

	
10




	
>5

	
Unsuitable

	
18
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