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Abstract


Effluents from wastewater treatment plants (WWTPs) represent a potential pollution risk to surface waters. Moreover, the growing practice of using treated wastewater for irrigation has recently received increased attention in terms of its suitability, raising concerns about its impact on soil health, agricultural productivity, and human well-being. The aim of this study is to apply a comprehensive approach to assess the impact of wastewater from a Romanian WWTP on surface water quality and its suitability for irrigation practices. For this purpose, a set of physico-chemical parameters were analyzed, and a Water Quality Index (WQI) was developed based on Principal Component Analysis (PCA). The irrigation suitability of the effluent was further assessed using key parameters (electrical conductivity—EC; total dissolved solids—TDSs; turbidity; Biochemical Oxygen Demand—BOD5) and specific irrigation indices (Sodium Adsorption Ratio—SAR; Permeability Index—PI; Residual Sodium Carbonate—RSC; Sodium percentage—%Na; Kelly’s ratio—KR). The results for the surface water quality indicated high contents of Na+ (10.2–42.5 mg/L), Cl− (11.9–48.4 mg/L), and SO42− (10.7–68.5 mg/L) downstream of the wastewater discharge point. The WQI, which reflects overall water quality for environmental health, showed excellent water quality, with a mean of 34 upstream and 47 downstream, suggesting the potential impact of treated wastewater discharge downstream. However, the irrigation indices revealed elevated sodium levels in the effluent, with %Na (up to 86%) categorizing 70% of the samples as unsuitable, while KR (up to 6.2) classified all samples as unsuitable. These findings suggest that despite a low impact on the river water, elevated sodium levels in effluent may limit suitability for irrigation, highlighting the importance of monitoring effluent water reuse.
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1. Introduction


The problem of freshwater deficiency has become a critical global concern, especially within the context of economic expansion and population growth. Rapid urbanization limits the amount of water available per capita and weakens the local water supply, leading to more vulnerable urban communities. As the global population continues to grow, water demand is also rising due to several factors, such as household needs and expanding agricultural practices. This results in larger volumes of wastewater that need to be treated before being discharged into water bodies, as well as in increased water consumption by crops and livestock. Besides the high amount of water that is used in the agricultural sector (around 70% of freshwater withdrawals), another concern is the increasing use of pesticides and fertilizers, affecting water quality [1,2,3]. In this context, it can be stated that rapid urban development and population growth impact water resources in terms of quantity and quality. This highlights the necessity of effective water resource management. This involves comprehensive approaches, addressing aspects related to the efficiency of water usage, pollution prevention strategies, or water reuse solutions.



Moreover, the effluents discharged from wastewater treatment plants (WWTPs) can be a significant contributor to water body pollution, thereby influencing their overall quality [4]. The primary objective of WWTPs is to eliminate water contaminants through physical, biological, and chemical processes, ensuring that the discharged effluent meets stringent standards before entering surface waters, thereby preserving quality. However, ensuring consistent compliance with legal limits is often challenging for WWTPs, due to several factors such as the high volumes of wastewater that need to be treated, the quantitative and qualitative fluctuations of the effluent, severe contamination events, or outdated technologies [5,6]. Therefore, wastewater monitoring is an important task that must be carried out through the systematic assessment of various water parameters to evaluate the quality of the wastewater and to assess its potential impact on surface waters. At European level, the discharge conditions of the effluents are regulated by Directive 91/271/EEC concerning urban wastewater treatment, specifying the associated quality standards [7,8]. This Directive was transposed in Romania by the HG 188/2002 [9], approving certain norms for the discharge of wastewater into the aquatic environment: NTPA-011, NTPA-001, and NTPA-002 [10,11,12].



An alternative method that can be efficient in reducing the pressure on water resources is the reuse of treated water. Recognizing wastewater as a resource can have environmental, economic, and social benefits. The reuse of water is mentioned as a potential solution in the Water Framework Directive (2000/60/EC), with the objective of promoting sustainable water management strategies. However, the lack of harmonization among European states regarding standards and regulations for water reuse still represents a challenge [3,13,14]. To address this issue, Regulation (EU) 2020/741 was established on the minimum requirements for water reuse to provide guidelines for the safe and controlled use of reclaimed water, particularly for agricultural irrigation [15]. This regulation aims to facilitate the consistent implementation of water reuse practices across European member states, thereby promoting sustainable water management and enhancing water resource resilience [16]. In Romania, Emergency Ordinance no. 52/2023 amended water legislation, specifying that properly treated wastewater can be used in accordance with the requirements of Regulation (EU) 2020/74 [17], which the government committed to transpose at the national level in the foreseeable future.



In this context, wastewater quality and its impact on surface water and irrigation practices have been widely investigated in order to determine the pollution level in different areas, allowing researchers to identify the main pollutants and the actions and measures that can be taken, and also implement strategies of pollution control and resource recovery [5,18]. One of the most common methods used to assess water quality is the Water Quality Index (WQI), initially developed by Horton with the aim of simplifying the assessment process and enabling easy comparison between different water bodies by deriving a single composite value that indicates the overall water quality [19]. WQI is a comprehensive method that integrates multiple parameters, each of them contributing to the overall index, based on its significance in determining water quality. The contribution of each parameter is typically weighted based on its relative significance, considering factors such as regulatory standards, ecological sensitivity, and human health considerations [20,21]. Recently, more studies are employing statistical methods, such as Principal Component Analysis (PCA), in the weight assignment process [22,23,24,25,26,27]. Moreover, new approaches have integrated WQI with Geographic Information System (GIS) tools and remote sensing data for water quality monitoring [28,29].



The WQI was developed over time and applied for different purposes. One of these purposes was to determine the water suitability for irrigation, and therefore several Irrigation Water Quality Indices (IWQIs) were developed [30]. These indices are based on parameters that can influence crop health, soil fertility, or overall productivity [31,32]. Salem et al. (2023) [33] applied IWQIs to assess the groundwater quality for agricultural use, while Gad et al. (2023) [34] integrated IWQIs with artificial neural network (ANNs), partial least square regression (PLSR) models, and GIS tools to evaluate the suitability of surface water quality for irrigation. In another study, Elsayed et al. (2020) [35] applied multivariable statistical regression methods along with IWQIs for assessing surface water quality. Moreover, due to the widespread concerns regarding the fact that using treated wastewater for irrigation can contaminate food, more studies focus on determining the suitability of treated wastewater for irrigation [14]. Studies have increasingly investigated the potential impact of irrigating with treated wastewater on soil health [2,36], the health and economic impact of this practice [36], and the best strategies for optimizing wastewater reuse in agriculture [37]. However, there is limited research that comprehensively assesses the variation in water quality parameters and the impact of wastewater on surface water quality while also assessing its suitability for irrigation, providing a more holistic understanding of wastewater’s influence on both surface water quality and agricultural reuse potential. Moreover, the absence of a universally accepted, standardized methodology or set of parameters for evaluating the quality of treated wastewater for irrigation represents a challenge that must be addressed in order to develop a common framework across different regions.



Therefore, the purpose of this study is to investigate the impact of wastewater discharge on surface water bodies and to determine if the treated wastewater is appropriate for use in agricultural irrigation. In this context the specific objectives of this study were as follows:




	(i)

	
To assess surface water quality based on Water Quality Index (WQI) using PCA.




	(ii)

	
To assess the effectiveness of wastewater treatment processes at a designated wastewater treatment plant (WWTP). This involves assessing how well the treatment processes remove contaminants and pollutants from wastewater before it is discharged into the environment.




	(iii)

	
To evaluate suitability for irrigation using a set of physico-chemical parameters—electrical conductivity (EC), total dissolved solids (TDSs), turbidity, and Biochemical Oxygen Demand (BOD5); and specific irrigation indices—Sodium Adsorption Ratio (SAR), Permeability Index (PI), Residual Sodium Carbonate (RSC), Sodium Percentage (%Na), and Kelly’s ratio (KR).










2. Materials and Methods


2.1. Case Study and Methodological Framework


The WWTP taken into consideration in this study is located in Sebeș municipality, Alba County, Romania (Figure 1). It is situated along the Sebeș River, near the confluence point with the Mureș River. The municipality of Sebeș has a population of 26,490 people, according to the 2022 census. The plant serves 4 localities, including Sebeș, with an equivalent population of 36,000 people [38,39]. The WWTP in Sebeș municipality was selected due to the region’s significant agricultural and industrial activities, which make water quality and reuse particularly relevant. About 60% of the Sebeș municipality is covered by agricultural terrain, the types being arable land, pastures, meadows, and vineyards and vine nurseries—indicating potential demand for alternative water sources such as treated wastewater. Regarding the industrial activities in the Sebeș municipality, the manufacturing sector is the most significant, contributing 88% to the city’s total turnover, with areas dedicated to furniture manufacturing, paper and cardboard production, and metal construction fabrication. According to Sebeș Municipality Integrated Urban Development Strategy 2021–2030—SIDU [40], the potential causes of negative impacts on water quality in the area are linked to water overuse (water stress), the low rate of the population connected to wastewater collection and treatment systems, the inadequate operation of existing wastewater treatment plants, urban area development, and insufficient protection of water resources [40]. These factors highlight the importance of assessing water quality in the area and the potential reuse of the treated wastewater in agriculture.



The methodological framework is presented in Figure 2, which outlines the following steps: sample collection, analysis of samples in the laboratory, and data processing. Water samples were collected upstream and downstream of the WWTP discharge point to assess river water quality before and after effluent input. Seasonal variation analysis was performed for the surface water parameters, and a WQI was calculated based on PCA for both upstream and downstream locations. Additional samples were collected from the WWTP influent and effluent to evaluate treatment efficiency and to evaluate the effluent’s suitability for irrigation purposes. Surface water analysis encompassed pH, EC, TDS, turbidity, alkalinity, and ions including Na+, K+, Mg2+, Ca2+, Cl−, SO42−, HCO3−, NO3−, and PO43−. For the WWTP influent and effluent, these parameters were assessed alongside BOD5. Monitoring BOD5 in the influent and effluent of the WWTP provides insight into the treatment plant’s efficiency in reducing organic load. Additionally, BOD5 is a regulated parameter under relevant water reuse guidelines, making it essential for evaluating effluent suitability for irrigation purposes.




2.2. Sample Collection and Laboratory Analysis


For this study, 68 water samples were collected from September 2023 to April 2024. Sample collection and processing were carried out according to the recommendations established by the standards ISO 5667-1:2023 [41], ISO 5667-3:2024 [42], and ISO 5667-6:2014 [43]. Sampling was conducted at two-week intervals, from four different locations, as follows: we took one sample from the influent and one sample from the effluent of the Sebeș WWTP, and we also took two samples from the Sebeș River, with one taken upstream of the treatment plant’s discharge pipe and one downstream thereof. All water samples were collected at a water depth of approximately 10–20 cm from the surface. In order to achieve good representation of the indicator’s spatial variability, the sampling location was selected approximately 1 km upstream from the treatment plant’s discharging point to avoid the potential impact of contaminant dispersion in its vicinity. A distance higher than 1 km was not selected due to site proximity to the city, thus avoiding the impact from other possible anthropogenic sources of contamination. The downstream sampling point was set to a distance of about 1 km in order to assure the homogenization of the river water with the effluent from the Sebeș WWTP.



The samples were collected in 500 mL polyethylene bottles. The polyethylene bottles were labeled with the following codes: I (influent), E (effluent), AM (upstream), and AV (downstream). Before sample collection, the bottles were thoroughly rinsed with the water that was sampled. Physico-chemical parameters, including pH, electrical conductivity (EC), total dissolved solids (TDS), and turbidity, were measured on site using a portable multiparameter meter (WTW 350i) and a portable turbidimeter (WTW pHotoFlex).



The concentrations of major dissolved ions (Na+, Mg2+, K+, Ca2+, Cl−, NO3−, SO42−, PO43−) were determined in a laboratory using ion chromatography (Dionex IC system 1500), within 48 h of sample collection. Qualitative analysis was performed based on the retention times of the analytes of interest in standard solutions, while the quantitative analysis was performed based on calibration curves, which were generally plotted over the concentration range of 0.1–2.5 mg/L, depending on the ion. The analytical method proved to have a good linearity, considering that the correlation coefficient R2 > 0.999. The limit of detection (LOD) and the limit of quantification (LOQ) were calculated by multiplying the standard deviation of the response (for 10 replicates of blank sample) by 3 (for LOD) and 10 (for LOQ), respectively, and then dividing by the slope of the calibration curve. The ion chromatographic method proved to have an adequate sensitivity, with low values of LOD (between 10.01 and 20.96 µg/L, depending on the ion) and LOQ (between 33.36 and 69.87 µg/L).



The concentration of HCO3−, CO32− and the water alkalinity were determined by titration with HCl (0.1 M) using phenolphthalein and methyl orange as indicators. BOD5 was determined using the dilution method, which measures the amount of dissolved oxygen consumed by microorganisms during the breakdown of organic matter in a water sample. The samples are incubated at a temperature of 20 °C, for a duration of 5 days.




2.3. Data Processing


The effluent values from WWTP were compared against the normative NTPA–001/2002 [10], which specified pollutant concentration limits for industrial and municipal wastewater discharged into natural receptors. The normative establishes the general quality requirements for all wastewater categories, prior to their evacuation in natural receptors, as well as the admissible limit values of the main quality indicators of these waters [9]. Furthermore, the surface water samples collected upstream and downstream from the effluent’s discharge point were compared to Romanian legal standards, specifically the Order No. 161/2006 [44], which establishes the norm regarding the classification of surface water quality for the purpose of determining the ecological status of water bodies. For parameters that were not regulated by Romanian legislation, the analysis relied on internationally recognized standards and recommendations. These include guidelines developed by the World Health Organization (WHO) in its 2024, 2022, and 2017 editions [45,46,47], as well as regulations established by the United States Environmental Protection Agency (USEPA) [48].



The seasonal variation in the parameters was graphically represented by calculating the arithmetic mean of the values for each parameter for 3 established seasons: autumn (September–November), winter (December–February), and spring (March–April). The seasonal variation was determined for three locations (WWTP effluent, upstream, downstream). Additionally, the flow rates obtained from the treatment plant were considered to determine whether there is correlation between flow variation and the variation in the concentrations of the analyzed parameters.




2.4. The Efficiency of the Treatment Processes


The efficiency of the treatment processes is a critical metric that reflects the ability of a treatment plant to remove contaminants from the incoming water. This efficiency is essential for assessing the effectiveness of the treatment processes and ensuring compliance with environmental standards. The parameters considered for this analysis—turbidity, BOD5, NO3−, SO42−, PO43−—are key indicators of water quality and pollutants targeted by WWTP for removal. For each parameter, the mean value was calculated for the influent and effluent, and Equation (1) was used to calculate the efficiency of the average values obtained [49].


Treatment efficiency (%) = (Influent-Effluent)/Influent × 100



(1)








2.5. Water Quality Index (WQI)


The WQI method is a widely used and comprehensive approach for the characterization of water quality in a simple way through a single numeric value. It is a simplified way to understand complex data and has practical applications in water resource management, decision-making processes, and environmental protection actions [50,51].



In the first stage, the parameters are weighted using the PCA. PCA was chosen to develop the WQI due to its ability to objectively assign weights to water quality parameters based on their statistical contribution to data variability. PCA is commonly used to both weight the parameters included in the analysis and to uncover the underlying patterns and correlations among them. Therefore, this method identifies how different parameters are interrelated and which parameters exert the most significant influence on the overall system, providing a robust framework for assessing water quality. Parameters with higher loadings on the principal components are considered more influential, and their weights reflect this importance [52,53].



In order to conduct the PCA, the values of the parameters were standardized using Z-score standardization (Equation (2)) [26]. Standard scaling ensures that each variable contributes equally to the PCA, allowing the analysis to capture underlying patterns in the data rather than being biased toward variables with larger scales. Z-score standardization is useful because it handles these variations well, ensuring each parameter is treated equally, regardless of its original scale or distribution [54].


Z = (x − μ)/σ



(2)




where



	
x is the value of the data point;



	
μ is the mean of the data;



	
σ is the standard deviation of the data.






PCA divides the parameters into principal components, the loadings of the parameters being used in the weighting process. The loadings for each water quality parameter on a principal component represent how strongly that parameter contributes to that component. Parameters with high loadings on a component are the most significant in explaining the variance captured by that component. For a parameter to be included in one component, the value of the loading must be higher than 0.5. The number of components is decided based on the eigenvalue. The eigenvalues indicate how much of the variance in the data is explained by each component. Components with higher eigenvalues explain more variance. Usually, components with eigenvalues higher than 1 are extracted. Kaiser’s Varimax rotation was performed in order to increase the interpretability of the results. After the PCA was conducted, the weights were calculated by multiplying the relative eigenvalue with the relative factor loadings after rotation [53,54,55,56].



To conduct the PCA and visualize the data, the software R version 4.2.2 was used. R is a powerful tool used for statistical analysis, offering packages and functions that facilitate complex data exploration and visualization.



In the second stage, the parameter sub-indices are generated. A quality rating value (qi) is calculated based on standard guideline values of water quality and using Equation (3). This process enables the comparison of the concentrations of different parameters, which may have varying units and scales, on a common scale. Subsequently, the sub-indices are calculated by multiplying the weight of each parameter to its quality index value (Equation (4)) [54,57].


qi = ci/si × 100



(3)




where qi represents the quality index value for parameter i, ci is the concentration analyzed in the laboratory for parameter i, and si is the regulated standard value for parameter i.


SIi = Wi × qi



(4)




where SIi represents the sub-index value for parameter i and Wi represents the weight of parameter i.



In the third stage, the sub-indices are aggregated into a Water Quality Index (WQI) by summing the sub-indices values of all selected parameters according to Equation (5) [57,58].


  W Q I =   ∑  i = 1   n    S I i    



(5)








2.6. Irrigation Water Quality Index (IWQI) Calculation


The assessment of the quality of water used for irrigation is essential to ensure its safe and efficient use in agriculture. The specific indices employed in this evaluation help determine the risk of soil salinization and sodicity, as well as the potential impact on plant health [14,31,59]. The irrigation indices are derived from concentrations of ions in the water. To understand and represent the water chemistry and ion composition in the effluent, the Piper diagram, developed by Piper (1944), was used [60]. The diagram indicates the combined distribution of both cations and anions [61].



Therefore, in this study, a series of key parameters were considered to determine the suitability of treated wastewater for irrigation use (EC, TDS, turbidity, BOD5), and specific irrigation indices were calculated (SAR, PI, RSC, %Na and KR).



Electrical conductivity (EC) indicates the concentration of dissolved ions in water and is directly proportional with the TDS. Water with high EC and TDS values indicates elevated salt levels, and therefore using such water for irrigation purposes can reduce soil permeability and water percolation over time [30].



High turbidity levels indicate the presence of suspended particles in the water [62]. Using water with high turbidity as irrigation water can impact the agricultural productivity, as high turbidity is associated with increased densities of bacteria [63,64].



BOD5 is a key parameter for evaluating water quality, representing the oxygen consumed by aerobic microorganisms to break down organic compounds in the water. A low BOD5 value signifies good water quality, while a high BOD5 value indicates poor water quality [65].



The Sodium Adsorption Ratio (SAR) indicates the proportion of sodium in relation to calcium and magnesium in irrigation water or soil solution. The SAR index is important for water resource management, particularly in determining whether a specific water resource can be used for irrigation purposes. High levels of sodium can negatively affect soil structure, reducing its permeability and aeration, which can hinder plant growth. Irrigation water with a high SAR can decrease the soil’s ability to allow water infiltration and percolation, leading to drainage issues and surface water accumulation. Therefore, appropriate management measures are necessary to prevent the deterioration of soil quality and agricultural productivity [66]. To calculate the SAR index, Equation (6) was used [67]:


  S A R =      N a   +          C a   2 +   +   M g   2 +     2        



(6)




where Ca2+, Mg2+, and Na+ represent the concentrations of ions in milliequivalents per liter (meq/L).



The Permeability Index (PI) is an index used to evaluate the suitability of irrigation water based on its influence on soil permeability [68]. It indicates the relationship between major cations and bicarbonate in hydrochemistry. The formula includes the major ions that have an influence on permeability [69,70]. This index helps to determine the long-term effects of irrigation water on the soil’s ability to allow the passage of water and air, which are essential for healthy plant growth [14]. The PI was calculated using the following equation [68]:


  P I =      N a   +   +    H C O   3   −        C a   2 +   +   M g   2 +     + N a   +      ∗ 100  



(7)




where Na+, HCO3−, Ca2+, and Mg2+ represent the concentrations of ions in milliequivalents per liter (meq/L).



The Residual Sodium Carbonate (RSC) indicates the alkalinity hazard [68]. We used Equation (8)— adapted from Eaton (1950)—to calculate the RSC in this study [71]. The carbonate concentration was excluded from the original equation on the basis that its presence was negligible compared to bicarbonate in neutral or slightly alkaline water.





   R C S = (   H C O   3   −     )   (   C a   2 +     +   M g   2 +    )  



(8)




where HCO3−, Ca2+, and Mg2+ represent the concentration of ions in milliequivalents per liter (meq/L).



The sodium percentage (%Na) is an parameter calculated in order to determine the soil permeability. High concentrations of Na+—which can be absorbed by clay minerals—can reduce the soil permeability, affecting the water infiltration in soil [69]. The %Na was calculated using Equation (9) [72]:


  % N a =      N a   +   +   K   +       C a   2 +   +   M g   2 +     + N a   +   +   K   +       



(9)




where Na+, K+, Ca2+, and Mg2+ are the concentration of ions in milliequivalents per liter (meq/L).



Kelly’s ratio (KR) indicates the excessive amount of sodium in water, evaluating the tendency of sodium to replace calcium and magnesium [30]. High levels of Na+ indicate that the water is unsafe for irrigation, affecting the capacity of soil to retain nutrients and having a negative impact on plant growth [22]. The KR index was calculated using Equation (10) [73].


  K R =      N a   +       C a   2 +   +   M g   2 +       



(10)




where Na+, Ca2+, and Mg2+ are the concentration of ions in milliequivalents per liter (meq/L)





3. Results and Discussions


Regarding the surface water, the measured concentration values showed good compliance with the limits established by Order No. 161/2006 for the first water quality class, as well as with the international standards and recommendations (Table 1). However, exceptions for certain ions were noticed, specifically sodium (Na+), chloride (Cl−), nitrate (N_NO3−), sulfate (SO42−), and phosphate (P_PO43−), whose concentrations values exceeded the limits for the first quality class [44] in several water samples. These deviations may suggest some variation in the chemical composition without posing a critical threat to water quality. Most of these samples were collected from the location downstream of the wastewater discharge point, with the sampling taking place during the months of September and October. This time is significant, as it coincides with the lowest flow rates at the WWTP and relatively low-flow conditions of the receiving river. The average effluent flow from the WWTP was 332 m3/h in autumn, 388 m3/h in winter, and 443 m3/h in spring. These values indicate moderate seasonal variation, with higher effluent volumes discharged during spring. According to [74], the multiannual average flows of the Sebeș River are 8.4 m3/s in autumn, 5.4 m3/s in winter, and 13.8 m3/s in spring. Considering these data, the treated effluent accounts for less than 2% of the river’s flow, even during the low-flow period. This variation likely played a role in the water quality results, as the low flow rates would have reduced the natural dilution capacity of the river systems, allowing pollutants to accumulate more easily. In contrast, the highest flow rates were recorded during the spring months, driven by increased precipitation and snowmelt, which caused a substantial rise in river water volume. This seasonal influx of water typically allows greater dilution of contaminants, lowering their concentrations in the surface water. This observation may also account for the exceedance of the turbidity standard value set by WHO, 2024 [47], in six samples, all of which were collected during the spring season. The presence of highest concentrations downstream highlights the possibility that the treated wastewater, under conditions of lower natural water flow, may be a significant factor in the observed degradation of surface water quality.





 





Table 1. Surface water statistics.






Table 1. Surface water statistics.





	Parameters
	Quality Standard
	Mean (M)
	Standard Deviation (SD)
	Min
	Max
	Legal Standard





	pH
	6.5–8.5
	7.2
	0.3
	6.6
	7.9
	Order No. 161/2006 (Quality class I) [44]



	EC (µS/cm)
	1000
	84.8
	57.7
	44.1
	280
	WHO (2022) [46]



	TDS (mg/L)
	500
	54.9
	36.2
	29
	181
	USEPA (2018) [48]



	Turbidity (NTU)
	5
	4.3
	6.1
	0.08
	32.4
	WHO (2024) [47]



	Alkalinity (mg/L)
	-
	58.6
	24.7
	24.4
	140.3
	-



	Na+ (mg/L)
	25
	15.9
	7.8
	7.8
	42.5
	Order No. 161/2006 (Quality class I) [44]



	K+ (mg/L)
	20
	0.5
	0.6
	0.1
	3.1
	WHO (2022) [46]



	Mg2+ (mg/L)
	12
	1.3
	0.8
	0.6
	4.2
	Order No. 161/2006 (Quality class I) [44]



	Ca2+ (mg/L)
	50
	2.9
	2.3
	1.1
	12.8
	Order No. 161/2006 (Quality class I) [44]



	Cl− (mg/L)
	25
	19.02
	8.7
	10.2
	48.4
	Order No. 161/2006 (Quality class I) [44]



	N_NO3− (mg/L)
	1
	0.3
	0.2
	0.09
	1.4
	Order No. 161/2006 (Quality class I) [44]



	SO42− (mg/L)
	60
	15.7
	14.4
	3.2
	68.5
	Order No. 161/2006 (Quality class I) [44]



	P_PO43− (mg/L)
	0.1
	0.06
	0.05
	0.03
	0.2
	Order No. 161/2006 (Quality class I) [44]



	HCO3− (mg/L)
	120
	1.6
	0.3
	0.7
	2.5
	WHO (2017) [45]








The concentration values from the effluent samples were compared to the limits established by the NTPA—001 regulation (Table 2) [75]. It can be observed that the measured values fall within the regulated limits.





 





Table 2. Effluent statistics.






Table 2. Effluent statistics.














	Parameters
	Quality Standard
	Mean (M)
	Standard Deviation (SD)
	Min
	Max
	Legal Standard





	pH
	6.5–8.5
	7
	0.3
	6.4
	7.5
	NTPA–001/2002 [10]



	EC (µS/cm)
	-
	389
	52.8
	251
	461
	



	TDS (mg/L)
	-
	253
	34.6
	163
	300
	



	Turbidity (NTU)
	-
	1.7
	1.2
	0.3
	4.4
	



	Alkalinity (mg/L)
	-
	159
	30.4
	115
	207
	



	BOD5 (mg/L)
	25
	3.6
	3.8
	0.4
	15.3
	NTPA–001/2002 [10]



	Na+ (mg/L)
	-
	70.8
	8.4
	48.7
	78.9
	



	K+ (mg/L)
	-
	1.6
	1.06
	0.2
	4.2
	



	Mg2+ (mg/L)
	100
	4.3
	1.9
	2.1
	8.5
	NTPA–001/2002 [10]



	Ca2+ (mg/L)
	300
	8.5
	4.6
	3.9
	17.2
	NTPA–001/2002 [10]



	Cl− (mg/L)
	500
	86.8
	14.2
	58.7
	109
	NTPA–001/2002 [10]



	NO3− (mg/L)
	25
	6.3
	3.4
	0.8
	11.8
	NTPA–001/2002 [10]



	SO42− (mg/L)
	600
	61.8
	17.6
	30.5
	97.5
	NTPA–001/2002 [10]



	PO43− (mg/L)
	-
	0.1
	0.1
	0.1
	0.4
	



	HCO3− (mg/L)
	-
	3.07
	1.2
	1.2
	5.2
	








3.1. Seasonal Variation


The seasonal variation in the analyzed parameters is presented in Figure 3 for physico-chemical parameters and in Figure 4 for major ions. Notably, during the spring season, both EC and alkalinity display lower values compared to other seasons, while turbidity is higher during this time. These differences can be explained by the increased water flow in the spring: lower parameter values are caused by dilution, while higher values are due to the greater number of particulates being carried into the water. The lowest values of EC are registered for the upstream points for all seasons, with a slight increase downstream, which is more significant in autumn, but it can be concluded that the discharge of treated wastewater does not have a strongly negative impact on the surface water. Given the direct correlation between EC and TDS, TDS was not plotted separately as it followed the same pattern as EC.



The maximum values of turbidity are reached by the river during winter and spring. The slight increase downstream compared to upstream indicates the possible influence of the wastewater treatment plant discharge, but it remains at an acceptable level. The alkalinity has high values in the effluent, being equal during the autumn and winter periods and showing an increase in spring. No significant differences in alkalinity values were observed at the upstream and downstream points.



Except for sodium, all cations showed lower concentrations in the spring. The fluctuations can be correlated with ion solubility and precipitation patterns. In the case of the seasonal variation in potassium ions (K+), magnesium ions (Mg2+), and calcium ions (Ca2+), it is possible to observe a decrease in concentration from autumn to spring. Sodium and sulfate ions have higher values at the downstream point, with lower concentrations during winter. Due to its higher solubility, sodium tends to remain more stable despite the increased water flow.



Generally, anions had lower concentrations in winter, except for the fluoride ion. A possible cause of this could be the improper storage of fertilizers that contain fluoride. Chloride ions (Cl−) exhibit their highest concentrations in autumn, with a significant difference observed between upstream and downstream measurements during this season. This increased concentration of chloride in autumn can be attributed to various factors, such as increased runoff from rain or the leaching of salts from surrounding soils, which may accumulate during the drier months. The noticeable difference between upstream and downstream points suggests that there are additional inputs of chloride downstream, possibly from wastewater discharge. However, in the following seasons, this difference becomes insignificant, indicating that chloride levels tend to equalize as the influence of seasonal factors, such as dilution from increased water flow, comes into play.



For nitrate ions (NO3−), the effluent values in winter and spring are equal to and higher than those recorded in autumn. This increase can be linked to the high values of nitrate in the effluent during winter and spring, but also to the seasonal use of fertilizers in agricultural areas where nitrate is commonly used. In the upstream areas, nitrate concentrations are consistent throughout winter and spring.



The seasonal variation in orthophosphates (PO43−) presents a distinct scenario. In autumn, the concentrations at the upstream and downstream points are higher than those measured in the WWTP effluent. This may indicate that during autumn, other sources, such as agricultural runoff, are contributing more significantly to phosphate levels than the WWTP effluent. In winter, the concentrations of orthophosphates equalize across all locations. By spring, the WWTP effluent concentrations of orthophosphates align with those downstream, indicating the influence of the effluent. Bicarbonate ions (HCO3−) have high concentrations in the WWTP effluent in autumn and winter. However, in general, there is little variation across the different seasons and sampling points, indicating a stable concentration level throughout the year.




3.2. The Efficiency of the Treatment Processes


The efficiency of the treatment processes was calculated using Equation (1), based on influent data (Table 3) and effluent data (Table 2). The treatment processes exhibited efficient contaminant removal (Figure 5). The analyzed effluent parameters fall below the limits established by environmental standards, indicating that the wastewater treatment systems are operating effectively. The most substantial reductions are observed for BOD5 and turbidity, with removal efficiencies of 96% and 93%, respectively, reflecting the plant’s strong performance in managing organic and particulate pollutants. For nitrates and phosphates, two of the main pollutants found in surface waters, the removal efficiency is around 50%. These parameters are specifically targeted by the treatment processes due to their environmental and regulatory significance. Sulfates have a lower removal efficiency, being more soluble in water; this makes their removal more challenging.




3.3. Water Quality Index (WQI) Results


3.3.1. PCA


Before conducting the PCA, the Kaiser–Meyer–Olkin (KMO) test for sampling adequacy and Bartlett’s test of sphericity were applied to determine the suitability of data and the sampling adequacy [53,76]. The results of the statistical tests showed that the KMO index value is 0.77, which is acceptable (according to [55]), and the value of Bartlett’s sphericity test is highly significant (p < 0.000), which indicates that the data are suitable for PCA.



In this study, we applied PCA, considering just the components with an eigenvalue higher than 1 (Table 4 and Figure 6), and 3 principal components were extracted. The results show that the extracted components explain 86% of the variation in the data, with the first component accounting for 63% of the variance, the second component for 14%, and the third for 8%.



The rotated component matrix was used to select the highest factor loadings in each component and the relative eigenvalue was calculated (Table 5). The PCA showed that the first two components accounted for a significant portion (approximately 77%) of the variance. The contribution of the parameters included in these two components is plotted in Figure 7. The parameters of the first component present a good correlation, with cosine squared values close to 1. The cosine squared values are calculated as the square of the cosine of the angle between the variable’s vector and the principal component. They are a measure of the correlation between the variable and the principal component. A cosine squared value close to 1 indicates that the variable has a strong correlation with the principal component, meaning it contributes significantly to the variance explained by that component. A cosine squared close to 0 suggests that the variable does not contribute much to the principal component, indicating a weak correlation.



The first component is dominated by major ions, containing the following parameters: Na+, Mg2+, Ca2+, Cl−, SO42−, EC, TDS, K+, and HCO3−. This suggests that this component might represent a general measure of salinity or total dissolved solids; therefore, this component will be named salinity and mineralization. High positive values could indicate higher salinity or mineral content. The parameters with high positive loadings in component one, such as Na+ (0.941), Cl− (0.886), EC (0.907), and TDS (0.906), are strongly associated with this component, with these parameters explaining a significant amount of the variance in component one.



The second component includes the parameters P_PO43− and turbidity and is indicative of the presence of organic matter and phosphate pollution. A positive loading for phosphate (P_PO43−) indicates that this component is positively associated with phosphate levels. Higher scores in this dimension suggest increased phosphate concentrations, which may occur independently of turbidity levels. The negative loading for turbidity indicates an inverse correlation. When the component increases, the turbidity tends to decrease. For instance, this could reflect a scenario where phosphate enrichment occurs in clearer water with low organic matter, potentially due to agricultural runoff, fertilizer use, or discharge from a WWTP. This pattern highlights a situation where different environmental processes or pollution sources affect water quality in distinct ways, with phosphate entering the water without significantly affecting clarity or organic content.



The N_NO3− parameter is isolated into its own component because its behavior is distinct from other parameters in the dataset, indicating that nitrate levels fluctuate independently of other water quality parameters. This could indicate that a specific environmental or chemical process is underway that predominantly affects nitrate levels but not the other variables as much. This component could represent nitrate pollution due to agricultural runoff, wastewater discharge, or industrial processes that contribute primarily to nitrate levels in the water.



Using the relative eigenvalue and the relative loadings, the weight of each parameter was calculated in Table 6. Parameters with higher weights indicate a higher impact on the overall water quality, making a more significant contribution to the final index value. The advantage of using statistical methods in assigning weights is the objectivity of the analysis, with these data-driven approaches offering more reliable results by reducing subjective biases [56].




3.3.2. WQI Calculation


We used Equations (3)–(5) to calculate the WQI, along with the quality standard values (Table 1) and the weights assigned to each parameter using PCA (Table 6). The calculated WQI values (Table 7) are classified into five categories as follows: WQI < 50 (excellent), 50 < WQI < 100 (good), 100 < WQI < 200 (moderate), 200 < WQI < 300 (poor), and WQI > 300 (polluted) [58,76].



The average WQI values (Table 7), both upstream and downstream of the effluent discharge point of the wastewater treatment plant, display a “very good” ecological status (WQI < 50). However, regarding the individual water samples, there are eight instances where the water is classified as “good” (50 < WQI < 100) or “moderate” (100 < WQI < 200). Five of these instances are found downstream, where there is also a greater variability in values, ranging from 20.5 to 101.5. Upstream samples predominantly exhibit lower WQI values, indicating better quality compared to downstream samples. The results show that WQI values tend to increase during autumn, indicating a decrease in water quality. Overall, despite localized and seasonal variations, the WQI values reflect good river water quality.



The WQI applied in this study synthesizes overall water quality information in an easily interpretable form. However, this approach can present some limitations. According to [77], the methods applied can conceal parameters with values exceeding legal limits if other parameters are within limits. Therefore, it is essential to analyze each parameter individually in order to identify such issues.





3.4. Assessment of the Suitability of Treated Wastewater for Irrigation Purposes


According to the Piper diagram (Figure 8), the effluent is predominantly influenced by sodium ions as the dominant cations, along with chloride and sulfate ions as the dominant anions. The hydrochemical type of the analyzed water is NaCl, with secondary calcium–magnesium–chloride–sulfate characteristics, indicating saline water. NaCl-dominant water is generally associated with high salinity, which can affect the soil and crops if used for irrigation. Therefore, calculating irrigation indices that account for these ions, particularly the elevated sodium levels, is essential.



The results of the irrigation water quality indices are presented in Table 8. The obtained values were compared to the recommended standard values for irrigation water quality parameters and indices (Table 9) to assess potential impacts on soil and crop health.



The results showed that the EC in the effluent water varies between 251 µS/cm and 461 µS/cm. All samples fell within the second class of quality regarding the suitability for irrigation, indicating moderate salinity levels. While no specific trend was identified in the EC data, the average value during autumn (402 µS/cm) was higher than in other seasons. The TDS values were below the recommended standard value for the first class of quality (<450 mg/L) in all the samples. The data displayed only minor fluctuations, and no clear seasonal trend in TDS values was apparent. Turbidity levels ranged between 0.36 and 4.46 NTU, with a seasonal increase following the sequence autumn < winter < spring. This increase in spring suggests the presence of greater particulate matter in water during this season, which may correlate with higher flow rates and increased sediment presence. However, overall turbidity remained within acceptable limits. The BOD5 values are higher in autumn and spring, with one sample exceeding the standard limit. These higher BOD5 levels could indicate an increased organic load during these seasons. Elevated BOD5 levels could reduce dissolved oxygen availability, reducing the soil aeration and affecting the nutrient uptake. However, most of the samples fell within the standard limit.



The SAR values increase from autumn to spring, varying between 3.61 and 6.30. These values fall within the excellent-quality class for irrigation water, indicating a low risk of soil structure degradation. The observed seasonal increase in SAR from autumn to spring might be due to slight seasonal changes in the composition of wastewater effluent. Therefore, based on the SAR values, the analyzed water is suitable for use in irrigation purposes.



The PI% index values ranged from 72.18% to 94%, with two samples collected during autumn falling into the moderate-suitability class for irrigation, while the remaining samples were classified as suitable for irrigation, with values exceeding the recommended threshold of 75%. The two exceeding values are close to the threshold of 75%, suggesting that, generally, the water quality for irrigation remains good, with occasional fluctuations.



The RSC values vary between −1.51 and −0.34, increasing from autumn to spring. The lower the value, the more suitable the water is for irrigation use. A negative RSC value indicates that the water has a favorable balance of ions (bicarbonates are in balance with calcium and magnesium) for maintaining good soil structure and permeability.



The sodium percentage showed an increase from autumn to spring, with five water samples collected during spring falling in the “doubtful”-quality class, while the remaining 12 samples were classified as “unsuitable” for irrigation. This trend is caused by the high concentration of Na+ relative to Ca2+ and Ma2+ in the water. A high value of the Na% index can impact the soil permeability and the plants’ water intake [69,76].



The KR values exceed the recommended limit in all the samples. Based on this index, the effluent water is unfit for irrigation purposes. This is caused by intense cation exchange and an excess of Na+, a fact also reported by similar studies [59,78].





 





Table 9. Classification of water samples based on standards specified for each irrigation water quality parameter/index.






Table 9. Classification of water samples based on standards specified for each irrigation water quality parameter/index.





	
Parameters

	
Value Range

	
Water Classification

	
References

	
Number of Samples






	
EC (µS/cm)

	
<250

	
Excellent

	
Richards, 1954; Thirumoorthy et al., 2024 [51,67]

	
0




	
250–750

	
Good

	
17




	
750–2000

	
Permissible

	
0




	
2000–3000

	
Doubtful

	
0




	
>3000

	
Unsuitable

	
0




	
TDS (mg/L)

	
<450

	
Suitable

	
Ayers and Westcot, 1985; Bhatti et al., 2019 [79,80]

	
17




	
450–2000

	
Moderate

	
0




	
>2000

	
Unsuitable

	
0




	
Turbidity (NTU)

	
≤5

	
Suitable

	
Regulation 741/2020 [15]

	
17




	
>5

	
Unsuitable

	
0




	
BOD5 (mg/L)

	
≤10

	
Suitable

	
Regulation 741/2020 [15]

	
16




	
>10

	
Unsuitable

	
1




	
SAR

	
<10

	
Excellent

	
Richards, 1954; Shil et al., 2019 [67,81]

	
17




	
10–18

	
Good

	
0




	
18–26

	
Doubtful

	
0




	
>26

	
Unsuitable

	
0




	
PI%

	
>75%

	
Suitable

	
Das and Nag, 2015 [68]

	
15




	
20–75%

	
Moderate

	
2




	
<25%

	
Unsuitable

	
0




	
RSC

	
<1.25

	
Suitable

	
Eaton, 1950 [71]

	
17




	
1.25–2.5

	
Moderate

	
0




	
>2.5

	
Unsuitable

	
0




	
%Na

	
<20

	
Excellent

	
Wilcox, 1955 [72]

	
0




	
20–40

	
Good

	
0




	
40–60

	
Permissible

	
0




	
60–80

	
Doubtful

	
5




	
>80

	
Unsuitable

	
12




	
KR

	
≤1

	
Suitable

	
Kelley, 1963 [73]

	
0




	
>1

	
Unsuitable

	
17









The primary concern indicated by the irrigation indices is the elevated levels of sodium (Na+), which can negatively impact soil sodicity. High concentrations of sodium ions in water can lead to the replacement of essential cations in soil, such as calcium and magnesium, due to the cation exchange process, particularly within clay minerals. This ion exchange process can degrade soil structure, resulting in reduced permeability and poorer soil aeration, ultimately impacting crop growth and agricultural productivity [51,77]. While indices such as SAR and PI do not directly reflect the risks associated with sodium excess, being less sensitive to changes in sodium concentration, indices like KR and Na% are more responsive to sodium imbalances and classify the water as unsuitable for irrigation. While SAR and PI indices focus on the balance of ions to ensure that sodium does not affect soil structure and water infiltration, the KR addresses the risk of sodium displacing calcium and magnesium from soil particles and the potential for sodicity, which can lead to soil degradation [51]. These results are consistent with findings from other studies highlighting that elevated levels of sodium are a major concern when using the treated wastewater for irrigations [82,83,84]. A study conducted by Moussaoui et al. (2023) [82] identified risks associated with using the water for irrigation, with the Na% index classifying all the samples as unsuitable for this purpose. Benaafi et al. (2024) [83] also observed elevated levels of sodium and chloride in their analysis, all treated wastewater samples being classified as unsuitable for irrigation.



According to the World Bank, renewable water resources per capita in the EU have decreased by 17% over the past 55 years. This trend, coupled with other factors, is expected to lead to heightened water stress across significant areas of the EU by 2030 [85]. Agriculture is one of the most important economic activities in Romania. The country has the highest number of farmers in the EU, with nearly 3.5 million individuals engaged in agricultural activities [86]. While Romania’s agricultural sector contributes significantly to economic growth, it also poses a substantial threat to freshwater resources. Agriculture relies heavily on these resources for irrigation and simultaneously contributes to water pollution through the infiltration of fertilizers and pesticides into water bodies. Adopting water reuse strategies is crucial to sustain agricultural activities and mitigate these environmental impacts. Implementing water-efficient irrigation practices can greatly reduce water consumption in agriculture. Expanding irrigation water sources could also bring economic benefits to Romania. For instance, soybean production—a promising opportunity for Romanian farmers—requires significant water resources. This aligns with shifting dietary preferences across Europe, where the demand for meat alternatives is steadily rising.



Therefore, the findings of this study highlight the necessity for more targeted strategies to ensure the safe reuse of treated wastewater in agriculture. The approach proposed in this study provides a complex understanding of wastewater’s impact on surface water and its suitability for irrigation. This serves as a valuable tool that can be integrated into the decision-making process for sustainable water resource management, helping to mitigate environmental risks and optimize water reuse strategies. In the long term, by identifying risks associated with treated wastewater reuse, the research supports more efficient practices that promote sustainable water use in agriculture. Moreover, the widespread adoption of safe water reuse practices can significantly benefit water resources by promoting conservation and reducing reliance on freshwater for irrigation.





4. Conclusions


This study aimed to develop a comprehensive methodology to evaluate the impact of treated wastewater on receiving surface waters and assess its suitability for irrigation. In surface water, several samples exceeded the regulatory limits for turbidity, sodium (Na+), chloride (Cl−), nitrate (NO3−), sulfate (SO42−), and phosphate (PO43−), failing to meet the criteria for the highest water quality class. These exceptions were mainly observed in autumn, with most samples being collected downstream of the discharge point. These deviations suggest potential impacts from treated wastewater discharge. In contrast, parameters such as EC, TDS, K+, Ca2+, Mg2+ and HCO3− consistently remained within acceptable limits. Seasonal variations were evident, influenced by changes in river flow and anthropogenic inputs. The Water Quality Index (WQI) revealed the excellent overall quality of the surface water, with values below 50 at both upstream (WQI = 34) and downstream (WQI = 47) locations. However, the mean WQI value calculated downstream approached the threshold for the second quality class. The WQI used in this study follows the methodology established by previous research and has proven to be an effective tool for assessing overall water quality, integrating multiple parameters that influence this metric. By employing Principal Component Analysis (PCA) for parameter weighting, the study minimized subjectivity and biases, resulting in more reliable insights. Moreover, irrigation indices highlighted elevated sodium levels in the treated wastewater, with indices like Na% and KR classifying the water as unsuitable, posing risks to soil health and crop growth. These findings underscore the need for targeted management strategies to mitigate such risks and ensure the safe reuse of treated wastewater in agriculture.



This study developed a robust approach, integrating specific indices and statistical methods to provide a holistic and objective framework that offers a deeper understanding of wastewater’s impact. The proposed approach/framework offers a valuable tool that supports sustainable water resource management, a tool that can be integrated in the decision-making processes, guiding policymakers and stakeholders in optimizing wastewater treatment and reuse strategies.
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Figure 1. Location of wastewater treatment plant and sampling points (LAU—Local Administrative Unit; WWTP—wastewater treatment plant). 
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Figure 2. Methodological framework. 
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Figure 3. Seasonal variation in physico-chemical parameters. 
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Figure 4. Seasonal variation in major ions. 
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Figure 5. The efficiency of the treatment processes. 
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Figure 6. Scree plot of eigenvalues explained by the resulting components. 
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Figure 7. Biplot of first and second principal components. 
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Figure 8. Piper diagram for effluent. 
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Table 3. Influent statistics.
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	Parameters
	Mean (M)
	Min
	Max





	Turbidity (NTU)
	26
	7.04
	80.7



	BOD5 (mg/L)
	88.65
	48
	156



	NO3− (mg/L)
	12.03
	4.4
	24.8



	SO42− (mg/L)
	75.23
	32.8
	98.2



	PO43− (mg/L)
	0.33
	0.1
	0.6










 





Table 4. The principal components extracted.






Table 4. The principal components extracted.





	
Component

	
Initial Eigenvalues

	
Extraction Sums of Squared Loadings

	
Rotation Sums of Squared

Loadings




	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of

Variance

	
Cumulative %

	
Total

	
% of

Variance

	
Cumulative %






	
1

	
7.578

	
63.151

	
63.151

	
7.578

	
63.151

	
63.151

	
6.210

	
51.748

	
51.748




	
2

	
1.768

	
14.733

	
77.884

	
1.768

	
14.733

	
77.884

	
3.019

	
25.160

	
76.907




	
3

	
1.015

	
8.456

	
86.340

	
1.015

	
8.456

	
86.340

	
1.132

	
9.432

	
86.340




	
4

	
0.710

	
5.920

	
92.260

	

	

	

	

	

	




	
5

	
0.382

	
3.182

	
95.442

	

	

	

	

	

	




	
6

	
0.255

	
2.122

	
97.564

	

	

	

	

	

	




	
7

	
0.147

	
1.227

	
98.791

	

	

	

	

	

	




	
8

	
0.070

	
0.587

	
99.378

	

	

	

	

	

	




	
9

	
0.051

	
0.423

	
99.800

	

	

	

	

	

	




	
10

	
0.014

	
0.121

	
99.921

	

	

	

	

	

	




	
11

	
0.006

	
0.051

	
99.972

	

	

	

	

	

	




	
12

	
0.003

	
0.028

	
100.000

	

	

	

	

	

	








Note: Kaiser–Meyer–Olkin measure of sampling adequacy (KMO): 0.775; Bartlett’s test of sphericity, Sig. (p = 0.000).













 





Table 5. Rotated component matrix from PCA and factor loadings after rotation.






Table 5. Rotated component matrix from PCA and factor loadings after rotation.





	

	
Component Loading






	
Eigenvalue

	
6.210

	
3.019

	
1.132




	
Relative eigenvalue

	
0.599

	
0.291

	
0.109




	
Parameters

	
PC1

	
PC2

	
PC3




	
Na+

	
0.941

	
0.172

	
0.133




	
Mg2+

	
0.720

	
0.648

	
0.069




	
Ca2+

	
0.697

	
0.686

	
0.016




	
Cl−

	
0.886

	
0.236

	
0.120




	
N_NO3−

	
0.254

	
−0.011

	
0.897




	
SO42−

	
0.802

	
0.489

	
0.107




	
P_PO43−

	
0.137

	
0.907

	
−0.093




	
Turbidity

	
0.260

	
−0.586

	
−0.413




	
EC

	
0.907

	
0.175

	
0.188




	
TDS

	
0.906

	
0.185

	
0.192




	
K+

	
0.604

	
0.749

	
0.067




	
HCO3−

	
0.855

	
−0.112

	
−0.154








Note: Extraction method: principal component analysis. Rotation method: Varimax with Kaiser normalization.













 





Table 6. Weight calculation based on rotated component matrix.
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PCA Components and Indicators

	
Relative

Eigenvalue

	
Rotated

Loading

	
Relative Loading

	
Weight

(Relative Eigenvalue x Relative Loading)






	
PC 1—Salinity and mineralization

	

	

	




	
Na+

	

	
0.941

	
0.1285

	
0.0770




	
Mg2+

	

	
0.720

	
0.0983

	
0.0589




	
Ca2+

	

	
0.697

	
0.0953

	
0.0571




	
Cl−

	

	
0.886

	
0.1211

	
0.0726




	
SO42−

	

	
0.802

	
0.1096

	
0.0657




	
EC

	

	
0.907

	
0.1239

	
0.0743




	
TDS

	
0.599

	
0.906

	
0.1238

	
0.0742




	
K+

	

	
0.604

	
0.0825

	
0.0495




	
HCO3−

	

	
0.855

	
0.1169

	
0.0700




	
Total

	

	
7.319

	
1

	




	
PC 2—Organic matter and phosphate pollution

	

	

	

	




	
P_PO43−

	

	
0.907

	
0.6074

	
0.1770




	
Turbidity

	
0.291

	
0.586

	
0.3926

	
0.1144




	
Total

	

	
1.493

	
1

	




	
PC 3—Nitrate pollution

	

	

	




	
N_NO3−

	
0.109

	
0.897

	
1

	
0.1092











 





Table 7. Water Quality Index (WQI) values.
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WQI




	
Season

	
Upstream Samples

	
Mean Value WQI

	
Downstream Samples

	
Mean Value WQI






	
Autumn

	

	

	

	




	
12 September 2023

	
47.7

	

	
75.2

	




	
29 September 2023

	
52.5

	

	
92.1

	




	
13 October 2023

	
32.3

	

	
38.6

	




	
27 October 2023

	
41.9

	

	
46.2

	




	
10 November 2023

	
22.8

	

	
47.0

	




	
24 November 2023

	
22.4

	

	
27.1

	




	
Winter

	

	

	

	




	
8 December 2023

	
29.3

	

	
25.6

	




	
22 December 2023

	
18.0

	
34

	
20.5

	
47




	
10 January 2024

	
26.7

	

	
31.1

	




	
19 January 2024

	
27.1

	

	
24.7

	




	
2 February 2024

	
51.3

	

	
51.7

	




	
16 February 2024

	
50.8

	

	
101.5

	




	
Spring

	

	

	

	




	
1 March 2024

	
36.2

	

	
48.4

	




	
15 March 2024

	
38.7

	

	
43.9

	




	
29 March 2024

	
30.6

	

	
53.1

	




	
12 April 2024

	
26.7

	

	
38.5

	




	
26 April 2024

	
23.6

	

	
36.8

	











 





Table 8. Irrigation water quality parameters and indices for the study area.
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	Samples
	Season
	EC (µS/cm)
	TDS (mg/L)
	Turbidity (NTU)
	BOD5 (mg/L)
	SAR
	PI%
	RSC
	%Na
	KR





	
	Autumn
	
	
	
	
	
	
	
	
	



	1
	12 September 2023
	392
	255
	1.45
	15.3
	3.89
	74.45
	−1.36
	70.32
	2.32



	2
	29 September 2023
	360
	234
	0.81
	8.7
	3.61
	72.18
	−1.51
	67.64
	2.04



	3
	13 October 2023
	408
	265
	0.36
	2.7
	3.96
	75.05
	−1.33
	70.90
	2.38



	4
	27 October 2023
	446
	290
	2.2
	4.6
	4.09
	76.36
	−1.30
	71.93
	2.48



	5
	10 November 2023
	384
	250
	2.79
	1.6
	4.63
	83.16
	−0.83
	78.03
	3.49



	6
	24 November 2023
	425
	276
	0.66
	2.1
	5.37
	85.28
	−0.78
	81.01
	4.21



	
	Winter
	
	
	
	
	
	
	
	
	



	7
	8 December 2023
	353
	229
	4.46
	0.4
	5.23
	87.92
	−0.63
	81.98
	4.49



	8
	22 December 2023
	251.15
	163.52
	1.5
	0.8
	4.40
	92.09
	−0.40
	82.26
	4.57



	9
	10 January 2024
	425
	276
	0.81
	3.2
	6.11
	93.36
	−0.45
	85.75
	5.95



	10
	19 January 2024
	417.39
	271.03
	1.43
	1.6
	5.78
	93.24
	−0.43
	85.32
	5.75



	11
	2 February 2024
	407
	264
	1.27
	2.7
	5.89
	94.00
	−0.39
	86.07
	6.12



	12
	16 February 2024
	461
	300
	2.24
	0.6
	6.30
	92.81
	−0.49
	85.54
	5.87



	
	Spring
	
	
	
	
	
	
	
	
	



	13
	1 March 2024
	445
	296
	1.51
	1.8
	5.65
	87.04
	−0.62
	83.46
	5.01



	14
	15 March 2024
	376
	244
	0.67
	8.2
	5.75
	88.39
	−0.58
	83.94
	5.20



	15
	29 March 2024
	384
	244
	4.03
	2.1
	6.07
	89.01
	−0.57
	84.82
	5.55



	16
	12 April 2024
	382
	249
	3.69
	5.4
	6.05
	88.96
	−0.58
	84.58
	5.46



	17
	26 April 2024
	302
	198
	0.37
	1
	5.33
	92.38
	−0.34
	86.15
	6.20
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