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Abstract


Due to the increase in demand for water, the rapid growth of urbanization and industrialization is the main threat to the source and quality of groundwater. The present study aimed to assess the suitability of groundwater for agricultural purposes in coastal regions using integrated approaches such as the saltwater mixing index (SWMI), the mineral saturation index (MSI), the agriculture suitability index (ASI), and unsupervised machine learning (USML) techniques. The result of the SWMI revealed that 20 and 17 sample locations were highly affected by saltwater intrusion in the study region’s northern and southeastern parts during the pre- and post-monsoon seasons. The detailed analysis of electrical conductivity in groundwater revealed that 19.64% and 14.29% of the samples were unfit for irrigation purposes, especially five sample locations, during both seasons. Regarding the overall suitability of groundwater for irrigation uses, the ASI values divulged that 8.9% of the samples were unsuitable for irrigation purposes. The spatial analysis of the ASI value indicated that 43.19 and 85.33 sq. km of area were unsuitable for irrigation practices. Additionally, the USML techniques identified the most influenced parameters such as Ca2+, Mg2+, Cl−, and SO42− during both seasons. The present study results help maintain proper, sustainable water management in the study region.
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1. Introduction


The rapid increase in urbanization, industrialization, and population density is the primary factor for the current variation in climatic conditions [1,2]. The change in climatic conditions and the increasing earth temperature are gradually increasing the seawater levels. Approximately half of the world’s population (3 billion people) live within 200 km of a coastline, a number which is predicted to double by 2025 [3]. The coastal region and its surroundings are the habitats of a more significant proportion of people in developing countries like India, China, Bangladesh, Iran, and Tunisia. In the main developed countries, economic sources comprising transportation, industrial activities, urban planning and development, food production, and tourism are based in coastal regions [4,5,6]. An increase in population growth and the improper disposal of waste into seawater bodies are threatening the seawater ecosystem. This results in changes in climatic conditions, inadequate rainfall, ice melting, and rising seawater levels. The increase in sea levels leads to seawater intrusion (SWI) and freshwater contamination on land surfaces. Recently, the source of surface water bodies and their use for daily purposes have been reduced due to anthropogenic activities. In general, arid and semi-arid regions like India, China, Bangladesh, and Pakistan majorly depend on groundwater for domestic, agricultural, and industrial purposes [7,8,9].



Within the concept of SWI, naturally, the elevation in seawater levels is lower than groundwater elevation, allowing groundwater to flow toward the seawater interface [10,11,12]. The overexploitation of groundwater causes empty spaces and depression zones, which allows seawater to be drawn toward the freshwater supply in coastal aquifers [13]. The impact of the overexploitation of groundwater in and around coastal regions and rising seawater levels are significant factors that cause SWI, reverse groundwater flows’ direction, and impact coastal aquifer vulnerability. SWI, by altering the presence of minerals and causing reactions between existing minerals and seawater, causes drastic changes in the natural characteristics of coastal aquifers. An increase in SWI, remodifying coastal aquifers’ characteristics, has a negative impact on groundwater quality, and ecosystem degradation affects coastal infrastructure activities and tourism [14,15,16]. The quality of groundwater is seriously affected by SWI; for example, mixing 1% of seawater increases the chloride content in fresh groundwater by ≈250 mg/L, making it unsuitable for drinking purposes [17]. Restoring aquifers affected by SWI takes more than decades and up to centuries for the seawater to be fully flushed out by fresh groundwater [18,19,20,21,22]. SWI affects soil structures’ physical and chemical properties, resulting in reduced crop yields, vegetation and crop patterns, and natural soil fertilizers. Thus, combining research on coastal aquifers’ vulnerability with groundwater quality assessments can be beneficial toward sustainable groundwater resource protection [23,24,25].



In general, the Indian economy is mainly based on agriculture and its related businesses. The present research focused on SWI and its impact on the use of groundwater resources for agricultural purposes in the semi-arid regions of Southern India [26,27]. Gopinath et al., in 2019 [28], investigated groundwater quality characterization, aided by seawater intrusion, in a coastal aquifer in Southern India. They stated that saltwater intrusion was confirmed by the excess concentration of Na and Cl ions in the groundwater. Also, 35 and 30% of the samples in the eastern part of the study area were contaminated due to seawater intrusion during the dry and wet seasons. Slama et al., in 2022 [29], conducted detailed research on delineating the source of groundwater salinity and its impact on the irrigation plains in the northeastern part of Tunisia. They revealed that the inverse flow of groundwater in the coastal plain, the ion exchange process, and the dissolution of minerals were the primary processes determining groundwater quality in that coastal region. Hassan et al., in 2022 [30], assessed groundwater quality seasonal variations using statistical techniques in the coastal area of Turkey and described that Wilcox’s test [31] and the United States Salinity Laboratory (USSL) diagram are effective methods of estimating the quality of groundwater for irrigation purposes. Several research efforts [32,33,34,35] have been carried out to assess the quality of groundwater and its suitability for drinking and irrigation purposes using the water quality index (WQI), the seawater mixing index (SMI), hydrofacial diagrams, and other statistical methods under various climatic condition in coastal zones worldwide.



Many coastal region studies around the world have reported that excess concentrations of electrical conductivity (EC), total dissolved solids (TDSs), and chloride (Cl−) are significant parameters that highly influence the chemical equilibrium of groundwater [36]. The most essential methods for the identification of SWI in a coastal aquifer are the chlorinity index (CI) and the seawater mixing index (SMI) [37]. The concentration of TDS in groundwater increases with an increase in saltwater flow toward the inland surface. Deposits of salt from SWI, soil structures, and the disposal of municipal waste in and around coastal regions are significant reasons for excess TDS in groundwater [38]. The increase in the concentration of TDS leads to an increase in the salinity of water and soil, which affects the entire agricultural industry. Irrigation indices, namely the sodium absorption ratio, percentage sodium, the magnesium absorption ratio, the permeability index, potential salinity, residual sodium carbonate, and Kelly’s ratio, are the standard methods to evaluate the suitability of groundwater for irrigation purposes [39,40,41,42].



The agricultural industry is the primary source of income for the people living in the area currently under study. Seawater intrusion causes severe damage to crop growth and yield. Based on studies in the literature, in recent years, there has been no evidence to assess seawater intrusion and groundwater quality suitability appraisals for agricultural purposes in the Pudukkottai District, in Southern India. The specific research objectives of the present study include (i) assessing the physio-chemical composition of groundwater in and around the coastal region, (ii) evaluating the impact of SWI in the coastal region, (iii) developing an agriculture suitability index model for irrigation purposes, and (iv) identifying the source of contamination using a multivariate statistical approach. The present study’s uniqueness is that it employs an integrated approach to assess the impact of SWI in the coastal region studied. The present study results support remedial measures to improve water supply management and sustainable practices in the study region.




2. Materials and Methods


2.1. Study Area


The Pudukkottai District is one of the rapidly developing regions in the Tamilnadu province, in Southern India. It borders the Thanjavur District to the northeast and east, the Ramanathapuram District to the southwest, the Sivagangai District to the west, and the Palk Strait (coastal region) to the southeast. The total length of the coastline is 42 km, and the total area occupied by the district is 4649.97 km2. The study area lies between 78°25′ and 79°15′ E longitude and 9°50′ and 10°40′ N latitude. Based on Copernicus Climate Change Service (CCCS) data between 1991 and 2021 [43], the study region has tropical climatic conditions, with an average maximum and minimum temperature of 37.1 °C and 20 °C, respectively (Figure 1). The study region is hot and dry from April to June. The average maximum amounts of precipitation received during the northeastern monsoon are 102 mm in September, 195 mm in October, 203 mm in November, and 86 mm in December. The average annual rainfall recorded throughout the district is 925 mm. The rainfall pattern gradually increases from east to southwest in the study region.




2.2. Geological Composition


The geological makeup of the study region is 60% Archean hard rocks and 40% quaternary sedimentary rocks, covering the region in its entirety [44]. The spatial analysis of the region’s geological composition reveals that hard rocks can be identified in the western part and that sedimentary rocks can be identified on the eastern side. In the study area, charnockite, gneisses, khondalite, migmatite, biotite, granite, and quartz are identified in the eastern and northeastern parts. The western and central parts of the study region are covered by gneiss rocks, charnockite, and granites, respectively. The remaining 40% of the study region is covered by clay, gravel, sandstone, and salty mud, found near coastal areas (Figure 2).




2.3. Hydrogeology


In the study region, groundwater can be found under phreatic conditions at shallow depths, semi-confined conditions in fractured aquifers, and, in some case, both phreatic and confined condition in aquifers. The groundwater in this area has been identified within different ranges such as in two fracture zones less than 50 m bgl, two fracture zones between 50 and 100 m bgl, and one fracture zone from 100 to 150 m and 150 to 200 m bgl. In some parts of the study area, porous formations have been identified, and the depth of the aquifers is less than 100 m bgl (shallow aquifers), with deeper aquifers ranged from 100 to 450 m bgl. Shallow aquifers are generally found in the northwestern part, and deeper aquifers are found in the southeastern part of the study region [45].




2.4. Agricultural Pattern


Agriculture is the predominant source of income for people living in the study area. In recent years, the lack of frequent monsoons has resulted in dry-land farming being the main type of agricultural practice in the entire region. The production of rice, wheat, maize, and millets is high during the wet season. On other hand, orchards are another important dry-farming strategy, requiring a minimal amount of water for irrigation. The main fruit crops are mangoes, jackfruits, guavas, and bananas, frequently cultivated in various parts of this district. Except for bananas, all other fruit types are cultivated on lateritic soil belts. The types of crops cultivated in the study area indicate that groundwater is the only source of water for the irrigation of major crops. In the study area, 57.62% of the area is occupied by red sterile soil, 32.94% by fluvial alluvial soil, and 9.44% by saline coastal alluvial soil.




2.5. Methodology


2.5.1. Sample Collection and Analysis


The study region experiences a tropical climate and is an agriculture-based area. The samples were collected pre and post monsoon season in certain locations. The sample locations were identified based on zones highly related to coastal activities and areas with a very high density of population, agricultural fields, and close to municipal dumping yards, as well as based on the availability of groundwater sources and human use. Non-random sampling techniques were followed to collect samples in the study area. The water samples were collected and stored in pre-washed one-liter polyethene water bottles and kept at 4 °C in the laboratory. The physical and chemical properties of the water were estimated following the standard methods recommended by the American Public Health Association [46]. The chemical analysis procedure, including the equipment used in the experiments, referred to [47]. Particularly, a flame photometer (S-931) was used for sodium and potassium estimation, UV–visible spectroscopy (LMSP UV1000B) was used for sulfate and nitrate estimation, and an ion-selective electrode (at 25 °C) was used for the estimation of fluoride ions. After the analysis of the water quality parameters, the ionic balance error (IBE) was calculated to confirm the accuracy of the analysis using the following formula:


  I B E =     ∑  c a t i o n s   −    ∑  a n i o n s        ∑  c a t i o n s   +    ∑  a n i o n s        × 100  



(1)








2.5.2. Agriculture Suitability Index (ASI)


The novelty of the present study is that it develops a single index value to represent the overall suitability of groundwater quality for agricultural uses based on various irrigation indices (sodium absorption ratio, magnesium absorption ratio, potential salinity, permeability index, percentage sodium, Kelly’s ratio, and residual sodium carbonate). The ASI is an effective method for estimating the effect of anthropogenic and geogenic sources of contamination in groundwater chemistry for irrigation uses. Weightage is assigned to each irrigation index in the first step, and the relative weight is calculated in the second step. The weightage (wi) for each irrigation index was assigned based on its importance for the overall quality of groundwater (Equation (2)). The quality rating (Qi) for each index was calculated during the third step using the standard value (Si), ideal value (Cip), and observed value (Ci) of each parameter, and the sub-index (SIi) for the overall water quality was calculated during the fourth step (Equations (3) and (4)). In step five, the ASI value was calculated by summation of all the sub-index values of each irrigation index (Equation (5) and Figure 3). The detail of the weightage and the ideal value for each irrigation index are tabulated in Table 1. The calculated value of the ASI is classified into six classes, such that the value range from 0 to 50 is excellent, 50 to 100 is good, 100–150 is moderate, 150–200 is poor, and a value greater than 200 is unsuitable for irrigation purposes.
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2.5.3. Chlorinity Index (CI)


Chloride is a significant parameter of groundwater chemistry in coastal aquifers. The effect of excess chloride in groundwater was computed using the chlorinity index (CI), defining the amount of chloride (g) per kilogram of seawater [48]. The chlorinity index values classify groundwater into five different classes, which are given in Table 2. The present study focused on assessing the groundwater’s quality for irrigation purposes; consequently, evaluating the chloride content in said groundwater was mandatory.




2.5.4. Mineral Saturation Index (MSI)


The presence of minerals in aquifers and soil plays a significant role in groundwater’s chemical equilibrium. Changes in phase and mineral dissolution can be computed by estimating the value of the MSI using the physio-chemical properties of groundwater. The MSI is calculated (Equation (6)) by comparing the mineral dissolution ions’ activity (ionic activity product, IAP) with their solubility product (Ksp). If the value of the MSI is negative, it indicates mineral dissolution, while a positive value indicates precipitation (water–rock interface), and zero indicates that the water and minerals are at a stable equilibrium. In the present study, the MSI value for each sample location was computed using the hydrogeochemical program PHREEQC (PH-Redox-Equilibrium in C language), recommended [49] by the United States Geological Survey (USGS).


  M S I = L o g (    I A P     K   S P      )  



(6)








2.5.5. Seawater Mixing Index (SMI)


Major chemical parameter such as sodium, magnesium, chloride, and sulfate primarily influence groundwater quality during SWI processes [49]. In order to assess the effect of the mixing rate, Park et al., in 2005 [50], developed a model to evaluate the seawater mixing rate in groundwater based on the concentration of sodium, magnesium, chloride, and sulfate (Equation (7)). The percentage relative concentration of sodium, magnesium, chloride, and sulfate are represented as a = 0.31, b = 0.04, c = 0.57, and d = 0.08, respectively [49].


  S M I = a ×      C     N a   +         T     N a   +        + b ×      C     M g   2 +         T     M g   2 +        + c ×      C     C l   −         T     C l   −        + d ×      C     S O   4   2 −         T     S O   4   2 −         



(7)




where C represents the recorded concentration of ith ions, and T represents the threshold value of the ith parameter calculated from the ith ion’s cumulative probability percentage value. A computed value of the SMI of less than 1 indicates a freshwater zone, while a value greater than 1 suggests saltwater mixing in the freshwater zone [51].




2.5.6. Unsupervised Machine Learning (USML) Techniques


Machine learning techniques are more accurate and effective in analyzing environmental issues. Unsupervised machine learning techniques are beneficial for ordering and grouping data collected from real-life environments [52]. Principal component analysis (PCA) was adopted in the present study to analyze the inter-relations between the parameters and their importance in determining the overall groundwater quality in the study area [53,54].






3. Results


3.1. Suitability of Groundwater Using Various Irrigation Indices


In the present study, the SAR value of each sample was computed and is presented in Table 3 for both seasons. The results show that 92.86 and 89.29% of the sample locations were excellent and that 7.14 and 8.93% of the samples were good pre and post monsoons, respectively. Only 1.79% of the sample (one location) was positioned in a doubtful category with respect to irrigation uses. The results revealed that the concentration of major ions such as calcium, magnesium, and sodium was elevated in the post-monsoon season compared to the pre-monsoon season. The spatial analysis of SAR showed that 4447 sq. km and 4417.4 sq. km of the area were excellent, 202.94 sq. km and 224.91 sq. km of the area were good during both the pre- and post-monsoon season, respectively, and 7.66 sq. km of the area was of a doubtful quality in the post-monsoon season (Figure 4). This study calculated the change in the quality of water and revealed that 3.57% of locations moved from the excellent to the good category and 1.79% shifted from the good to the doubtful category post monsoon. The residual sodium carbonate (RSC) values of the groundwater samples in the study region were satisfactory in 91.07 and 81.14% of cases, marginally polluted in 5.36 and 7.14% of cases, and unsatisfactory for irrigation use in 3.57 and 10.71% of the samples pre and post monsoons, respectively (Table 3). The spatial analysis of the RSC values showed that 4626.1 sq. km and 4524.9 sq. km of the area were satisfactory, 21.63 sq. km and 91.35 sq. km of the area were marginally polluted, and 2.18 and 33.72 sq. km of the area were unsatisfactory during the two seasons (Figure 5). About 8.93% of the samples moved from being excellent to being marginally polluted, 1.78% of the samples moved from being marginally polluted to belonging to the unsatisfactory category, and 7.14% of the samples were extremely contaminated post monsoons. Sodium is a significant water quality parameter for groundwater irrigation suitability [51]. In the present study, the calculated percentage of sodium revealed that 17.86 and 3.57% of the samples were excellent, 32.14 and 23.21% of the samples were good, 26.79 and 39.29% of the samples were permissible, 23.21 and 28.57% of the samples were doubtful, and 0 and 5.36% of the samples were unsuitable (Table 3). The results showed that the concentration of sodium increased post monsoons compared to the pre-monsoon season.



The spatial analysis of percentage sodium (PS) showed that 51.12 and 13.34 sq. km of the area were excellent, 1883.6 and 233.89 sq. km of the area were good, 2226.20 and 3692.30 sq. km of the area were permissible, 483.78 and 693.45 sq. km of the area were doubtful, and 5.35 and 16.98 sq. km of the area were unsuitable (Figure 6). The result of the changes in the water quality showed that over 23.22% of the sample locations was contaminated post monsoon. Kelly’s ratio is another vital index value that proves the negative impact of excess sodium concentrations in water for irrigation purposes [54,55,56,57]. In the study region, the Kelly ratio results revealed that 66.07 and 41.07% of the sample locations were good, 23.21 and 46.43% of the sample locations were doubtful, and 10.71 and 12.5% of the sample locations were unsuitable for agriculture use due to excess sodium (Table 3). The spatial analysis of Kelly’s ratio revealed that 2964.63 and 1034.2 sq. km of the area were good, 1014.26 and 2688.19 sq. km of the area were doubtful, and 671.07 and 927.57 sq. km of the area belonged to the unsuitable category both pre and post monsoon season. About 25% of the locations was more contaminated in the post-monsoon season (Figure 7). The properties of soil, such as pore size, presence of minerals, and infiltration, are majorly correlated with groundwater contamination [58,59,60]. In the present study, the permeability index was estimated to analyze the source of contamination in the study area. The permeability index results show that, during the two seasons, 73.21 and 44.64% of the sample locations belonged to Class I, 25 and 55.36% to Class II, and 1.79% to Class III. The change in quality during the post-monsoon season affected about 28.57% of the locations, which were excessively contaminated compared to their pre-monsoon conditions (Table 3). The spatial analysis of the permeability index revealed that 7.35 and 8.30 sq. km of the area belonged to Class I, 4297.30 and 3147.65 sq. km to Class II, and 345.31 and 1494.01 sq. km to Class III (Figure 8). The magnesium concentration in groundwater is vital in crop production and other agricultural activities [61,62]. In the study region, 17.86 and 10.71% of the samples were suitable, while 82.14 and 89.29% of the samples were unsuitable for irrigation purposes. Only 7.15% of the samples was excessively contaminated in the post-monsoon season (Table 3). The spatial analysis of the magnesium absorption ratio (MAR) revealed that 189.16 and 122.36 sq. km were suitable and 4460.81 and 4527.60 sq. km of the area were unsuitable during the pre- and post-monsoon seasons (Figure 9). Salinity is another important issue for coastal regions’ groundwater quality and suitability for irrigation purposes. In the present study, the potential salinity results showed that 58.93 and 62.5% of the samples were good, 16.07 and 21.43% of the samples were doubtful, and 25 and 16.07% of the samples were unsuitable for irrigation purposes (Table 3). The spatial analysis of potential salinity revealed that 131.5 and 1414.37 sq. km of the area were good, 1900.55 and 2062.96 sq. km of the area were doubtful, and 1435.92 and 1172.64 sq. km of the area were highly contaminated during the pre- and post-monsoon seasons (Figure 10).




3.2. Effect of Chloride on Groundwater Based on the CI


Excess chloride in groundwater is a result of saltwater intrusion in coastal regions [63,64]. In the study area, 38 and 41 of the sample locations were categorized in Class I, 13 and 10 of the sample locations in Class II, 0 and 1 of the samples in Class III, 2 and 3 of the samples in Class IV, and 3 and 1 of the sample locations in Class V. The results clearly demonstrate that four sample locations were extremely contaminated due to saltwater intrusion (Table 4). The spatial analysis of CI demonstrated that 3109.78 and 3200.37 sq. km of the area could be categorized in Class I, 951.96 and 675.02 sq. km in Class II, 277.38 and 195.64 sq. km in Class III, 246.08 and 449.71 sq. km in Class IV, and 64.74 and 129.21 sq. km in Class V during the pre- and post-monsoon seasons, respectively (Figure 11).




3.3. Chemical Equilibrium Based on the MSI


The chemical equilibrium of groundwater under various climatic condition was analyzed by calculating the saturation index. In the present study, the following dissolution values of major minerals were found: anhydrite ranged from −1.12 to 2.23, with a mean value of −0.36, and from 2.22 to 3.66, with a mean value of 2.93; aragonite ranged from 2.28 to 3.59, with a mean value of 2.91, and from −1.58 to 1.09, with a mean value of −0.58; calcite ranged from 2.43 to 3.74, with an average of 3.06, and from 2.36 to 3.81, with an average of 3.07; dolomite ranged from 4.84 to 7.56, with 6.29 as the mean value, and from 4.58 to 8.09, with 6.41 as the mean; fluorite ranged from −0.27 to 2.16, with an average of 0.78, and from −0.64 to 2.10, with an average of 0.64; gypsum ranged from −0.82 to 2.44, with a mean of −0.07, and from −1.29 to 1.23, with −0.28 as the mean; and, finally, halite ranged from −5.49 to −1.63, with −3.85 as the mean value, and from −5.81 to −0.43, with −3.70 as the mean (Supplementary Materials Figure S1). These results indicate that aragonite, calcite, and dolomite were oversaturated, while, in few locations, fluorite was undersaturated, and, in most of the study region, anhydrite and gypsum were undersaturated. Meanwhile, halite mineral dissolution was found at all the sampling locations.




3.4. SMI for the Study Region


The results for the SMI value in the study region ranged from 0.09 to 6.78, with a mean of 1.07, and from 0.06 to 19.64, with a mean of 1.24, pre and post monsoons, respectively. The cumulative probability percentage and inflection point for sodium, magnesium chloride, and sulfate were calculated in the present study. The inflection points were 133 mg/L and 138 mg/L for sodium, 55 mg/L and 50 mg/L for magnesium, 269 mg/L and 266 mg/L for chloride, and 115 mg/L and 62 mg/L for sulfate pre and post monsoons, respectively. The possible SMI region was identified using spatial analysis, and the results indicated that 2733.78 and 2978.71 sq. km of the area corresponded to the freshwater zone and 1916.18 and 1671.26 sq. km to the zone mixed with seawater (Figure 12). The southern and southeastern part of the region were extremely contaminated due to saltwater intrusion, and the upper part of the study region was also contaminated, with a high salt content in the groundwater.




3.5. Overall Suitability of Groundwater Based on the ASI


The main focus of the present study was to assess the groundwater quality for irrigation and other agricultural practices. In the present study region, 26 and 17 of the samples were excellent, 20 and 31 of the samples were good, 6 and 2 of the samples were permissible, 2 and 3 of the samples were doubtful, and 2 and 3 of the sample locations were unsuitable for agricultural activities based on their ASI value during the pre- and post-monsoon seasons (Table 5). The spatial analysis of the ASI value indicated that 1114.28 and 166.59 sq. km of the area belonged to the excellent category, 2552.88 and 3447.3 sq. km to the good category, 754.79 and 735.21 sq. km to the permissible category, 184.81 and 215.51 sq. km to the doubtful category, and 43.19 and 85.33 sq. km to the unsuitable category for irrigation practices (Figure 13). The results revealed that sample locations near the coastal region were extremely contaminated, with a high salt content, and few sample locations in the northeastern part of the study region were contaminated during the post-monsoon season.




3.6. Ionic Strength Identification Using USML Techniques


The results obtained using USML techniques helped us identify the strength of each ion in terms of its impact on the overall quality of the groundwater [65,66,67]. In the present study, both pre- and post-monsoon season groundwater characteristic were analyzed, and the results are presented in Figure 14 and Table 6. The results of the PCA indicate that the pre-monsoon season has four components and the post-monsoon season has three components in the rotation matrix (Table 7). Component 1 shows that TDS, EC, TH, Ca2+, Mg2+, K+ Na+, Cl−, and SO42− highly influenced the quality of groundwater in both seasons. It indicates that seawater intrusion (in the southeastern zone) and other anthropogenic activities (in the northern part) are the main sources of contamination in the entire study region. Component 2 shows that pH, TDS, CO32−, HCO3−, and F− are the main influencing parameters, and it denotes that the ion exchange process and rock–water interactions are strong in the northern and northwestern parts of the study region during both seasons. Na+ and NO3− slightly influence Component 2’s concentration and impact on the overall quality of the groundwater, and this is confirmed by Components 3 and 4 pre and post monsoons, respectively. Figure S6 shows the inter-relationships between the water quality parameters and reveals that Na+ and NO3− are highly influenced parameter in the study area.




3.7. Discussion


The results of various irrigation indices showed that the degradation in the groundwater’s quality was higher post monsoon than during the pre-monsoon season. The action of saltwater intrusion, the infiltration of leachates from municipal waste dumping yards (in the northern part of the study region), and changes in the properties of aquifers in the post-monsoon season are significant factors deteriorating the stable chemical equilibrium of groundwater. Based on the chlorinity index results, Classes III, IV, and V were found in the southeastern zone in the study region, and a high chloride concentration in the groundwater was confirmed by the SWI results. It revealed that the area of the study region closer to the coastal zone was more affected by saltwater intrusion. The few sample locations in the northern part of the study region were highly contaminated due to excess salt in the groundwater by the action of mineral dissolution. The result of the MSI revealed that anhydrite, gypsum, and halite dissolution was a significant issue, deteriorating the quality of groundwater in the northern zone. The hydrogeochemical properties of each sample location confirmed that saltwater intrusion combined with an excess concentration of chloride, the electrical conductivity of the groundwater, and mineral dissolution were the primary factors that controlled and degraded the chemical equilibrium of the groundwater in the study region. This was further proven by a detailed analysis of electrical conductivity in groundwater, which revealed that 11 sample locations (19.64%) and 8 sample locations (14.29%) were unfit for irrigation purposes and that 5 sample locations (Table S1) were especially highly contaminated during both seasons, with an excess concentration of EC (greater than 3000 µS/cm). The spatial distribution of the EC concentration showed that 0 and 1.69 sq. km of the area were excellent, 665.49 and 592.32 sq. km of the area were good, 2918.72 and 3064.99 sq. km of the area were permissible, 336.43 and 340.72 sq. km of the area were doubtful, and 729.29 and 650.22 sq. km of the area were unsuitable (Figure S2). Further, the TDS concentration analysis carried out revealed that three sample locations that were very close to the coastal region were affected by brackish water movements. The infiltration of brackish water, mineral dissolution, and other anthropogenic activities were major concerns for the overall quality of the water in the study region (Table S2). The spatial analysis found that 174.30 and 159.27 sq. km of the area in the southeastern part of the study region were contaminated, with an excess concentration of TDS in the groundwater due to brackish water (Figure S3). The suitability of groundwater for irrigation purposes was assessed using the USSL and Wilcox diagrams (Figures S4 and S5). The USSL diagram indicated that 0 and 1 samples presented low salinity and low sodium hazards (C1S1), 26 and 21 samples fell in the medium salinity and low sodium hazard categories (C2S1), and 13 and 22 samples presented high salinity and low sodium hazards (C3S1). Two and zero samples fell in the hazard categories of very high salinity and low sodium (C4S1), seven and five samples fell in the high salinity and medium sodium hazard categories (C3S2), and three and two samples presented very high salinity and medium sodium hazards (C4S2). Three and one samples presented very high salinity and high sodium hazards (C4S3), and three samples in each season fell in the very high salinity and sodium hazard categories (C4S4) pre and post monsoons, respectively [68,69,70]. Wilcox’s diagram showed that six and four samples were poor, and five samples were very poor during both seasons. The study results indicate that the samples collected in the upper and lower parts (coastal regions) of the study area were highly contaminated due to rock–water interactions and saltwater intrusion, respectively.





4. Conclusions


An integrated approach for the detailed investigation of groundwater quality’s suitability for agriculture in and around a coastal region in Southern India was applied, and key findings were discussed. This study concluded that the concentration of sodium and magnesium and the porous properties of the soil were highly affected due to saltwater intrusion and other anthropogenic activities based on various irrigation indices. This was confirmed by conducting a detailed SWI analysis of the study area. The results revealed that 20 and 17 sample locations during the pre- and post-monsoon seasons were highly contaminated due to saltwater intrusion, with excess concentrations of salinity and chloride. Based on the result of the chlorinity index, five sample locations in the southeastern part of the study region (coastal region) had elevated chloride concentrations during both monsoon seasons. Moreover, excessive ionic concentrations were induced by the action of mineral saturation in a significant part of the study area. Halite mineral dissolution was the chief source of contamination during the post-monsoon season, especially via anhydrite and gypsum. This study identified the overall suitability of groundwater for agricultural purposes by calculating the ASI value, and the results revealed that the samples closer to the southeastern area (coastal region) were not fit for irrigation purposes. The present study results comprised groundwater contamination status and a comprehensive analysis of groundwater quality for irrigation purposes. It is more helpful for policymakers to take remedial actions in the contaminated zones and maintain sustainable water management practices in the study region.
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Figure 1. Climatic variation in the study region for last 30 years [43]. 
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Figure 2. Geological composition of the study region [44]. 
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Figure 3. Methodology for calculating the ASI value for irrigation suitability. 
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Figure 4. Spatial classification of the SAR of groundwater pre and post monsoons. 
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Figure 5. RSC classification of groundwater pre and post monsoons. 
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Figure 6. Percentage sodium classification of groundwater during both seasons. 
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Figure 7. Spatial analysis of KR pre and post monsoons. 
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Figure 8. PI classification of groundwater pre and post monsoons. 
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Figure 9. MAR spatial distribution in the study region pre and post monsoons. 
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Figure 10. PS spatial distribution pre and post monsoons. 
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Figure 11. Spatial analysis of chloride contamination in the study region. 






Figure 11. Spatial analysis of chloride contamination in the study region.



[image: Water 16 02566 g011]







[image: Water 16 02566 g012] 





Figure 12. Spatial analysis of groundwater classification based on the SMI. 
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Figure 13. Spatial analysis of the ASI classification in the study region. 
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Figure 14. Scree plot of the rotation matrix (a) pre monsoon and (b) post monsoon (the red dots represent the number components). 
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Table 1. Relative weight of each irrigation index.
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	S. No.
	Parameter
	Relative Weight (Wi)
	Wi
	Si





	1
	Sodium absorption ratio (SAR)
	5
	0.2273
	18



	2
	Percentage sodium (PS)
	4
	0.1818
	60%



	3
	Permeability index (PI)
	4
	0.1818
	25



	4
	Magnesium absorption ratio (MAR)
	3
	0.1364
	50



	5
	Potential salinity (PS)
	2
	0.0909
	10



	6
	Kelly’s ratio (KR)
	1
	0.0455
	2










 





Table 2. Classification of groundwater suitability based on the chlorinity index.






Table 2. Classification of groundwater suitability based on the chlorinity index.





	Chloride Concentration (g/L)
	Water Class
	Purpose of Use





	0 to 0.3
	Class I
	Suitable for all types of crops



	0.3 to 0.7
	Class II
	Suitable for crops with high, medium, and low salt tolerance



	0.7 to 0.9
	Class III
	Suitable for crops with high and medium salt tolerance



	0.9 to 1.3
	Class IV
	Suitable for crops with high salt tolerance



	Above 1.3
	Class V
	Not suitable for any crops










 





Table 3. Seasonal variation in irrigation quality indices in the study area.






Table 3. Seasonal variation in irrigation quality indices in the study area.





	
Category

	
Pre Monsoon

	
Post Monsoon

	
Water Type

	
Change in Quality




	
Sample Count

	
Sample %

	
Sample Count

	
Sample %






	
Sodium absorption ratio (SAR)




	
Less than 10

	
52

	
92.86

	
50

	
89.29

	
Excellent

	
−3.57




	
10 to 18

	
4

	
7.14

	
5

	
8.93

	
Good

	
1.79




	
18 to 26

	
0

	
0

	
1

	
1.79

	
Doubtful

	
1.79




	
Greater than 26

	
0

	
0

	
0

	
0.00

	
Unsuitable

	
0.00




	
Percent sodium (%Na)




	
0 to 20

	
10

	
17.86

	
2

	
3.57

	
Excellent

	
−14.29




	
20 to 40

	
18

	
32.14

	
13

	
23.21

	
Good

	
−8.93




	
40 to 60

	
15

	
26.79

	
22

	
39.29

	
Permissible

	
12.50




	
60 to 80

	
13

	
23.21

	
16

	
28.57

	
Doubtful

	
5.36




	
Greater than 80

	
0

	
0

	
3

	
5.36

	
Unsuitable

	
5.36




	
Residual sodium carbonate (RSC)




	
Less than 1.25

	
51

	
91.07

	
46

	
82.14

	
Satisfactory

	
−8.93




	
1.25 to 2.5

	
3

	
5.36

	
4

	
7.14

	
Marginal

	
1.78




	
Greater than 2.5

	
2

	
3.57

	
6

	
10.71

	
Un-Satisfactory

	
7.14




	
Magnesium absorption ratio (MAR)




	
Less than 50

	
10

	
17.86

	
6

	
10.71

	
Suitable

	
−7.15




	
Greater than 50

	
46

	
82.14

	
50

	
89.29

	
Unsuitable

	
7.15




	
Permeability index (PI)




	
Greater than 75

	
41

	
73.21

	
25

	
44.64

	
Class I

	
−28.57




	
75 to 25

	
14

	
25

	
31

	
55.36

	
Class II

	
30.36




	
Less than 25

	
1

	
1.79

	
0

	
0

	
Class III

	
−1.79




	
Kelly’s ratio (KR)




	
Less than 1

	
37

	
66.07

	
23

	
41.07

	
Good

	
−25.00




	
1 to 2

	
13

	
23.21

	
26

	
46.43

	
Doubtful

	
23.22




	
Greater than 2

	
6

	
10.71

	
7

	
12.5

	
Unsuitable

	
1.79




	
Potential salinity (PS)




	
Less than 5

	
33

	
58.93

	
35

	
62.5

	
Good

	
3.57




	
5 to 10

	
9

	
16.07

	
12

	
21.43

	
Doubtful

	
5.36




	
Greater than 10

	
14

	
25

	
9

	
16.07

	
Unsuitable

	
−8.93








Note: Bold values indicate a negative variation in the water type during the post-monsoon season.













 





Table 4. CI-based classification of groundwater.






Table 4. CI-based classification of groundwater.





	
Chloride Concentration (mg/L)

	
Pre Monsoon

	
Post Monsoon

	
Water Class




	
Sample Count

	
Sample %

	
Sample Count

	
Sample %






	
0 to 300

	
38

	
67.86

	
41

	
73.21

	
Class I




	
300 to 700

	
13

	
23.21

	
10

	
17.86

	
Class II




	
700 to 900

	
0

	
0.00

	
1

	
1.79

	
Class III




	
900 to 1300

	
2

	
3.57

	
3

	
5.36

	
Class IV




	
Above 1300

	
3

	
5.36

	
1

	
1.79

	
Class V











 





Table 5. Groundwater type based on the ASI value.






Table 5. Groundwater type based on the ASI value.





	
Range of ASI

	
Pre Monsoon

	
Post Monsoon

	
Water Uses




	
Sample Count

	
% Sample

	
Sample Count

	
% Sample






	
0 to 50

	
26

	
46.43

	
17

	
30.36

	
For all types of crops




	
50 to 100

	
20

	
35.71

	
31

	
55.36

	
For all types of crops




	
100 to 150

	
6

	
10.71

	
2

	
3.57

	
Crops with low and medium salt tolerance




	
150 to 200

	
2

	
3.57

	
3

	
5.36

	
Crops with medium and high salt tolerance




	
GT 200

	
2

	
3.57

	
3

	
5.36

	
Unsuitable for all crops











 





Table 6. Rotation matrix value for each parameter during both seasons.






Table 6. Rotation matrix value for each parameter during both seasons.





	
Rotated Component Matrix




	
Parameter/Component

	
Pre Monsoon

	
Post Monsoon




	
1

	
2

	
3

	
4

	
1

	
2

	
3






	
pH

	
−0.353

	
0.771

	
−0.190

	
−0.387

	
−0.069

	
0.689

	
−0.539




	
Total dissolved solids

	
0.908

	
0.028

	
0.404

	
0.072

	
0.981

	
0.055

	
0.168




	
EC

	
0.908

	
0.033

	
0.405

	
0.073

	
0.982

	
0.060

	
0.119




	
Total hardness

	
0.978

	
−0.064

	
0.120

	
0.106

	
0.950

	
−0.078

	
0.218




	
Ca2+

	
0.971

	
−0.065

	
0.147

	
0.006

	
0.871

	
−0.131

	
0.363




	
Mg2+

	
0.951

	
−0.061

	
0.099

	
0.166

	
0.955

	
−0.063

	
0.177




	
Na+

	
0.197

	
0.192

	
0.956

	
0.043

	
0.951

	
0.145

	
0.119




	
K+

	
0.712

	
0.043

	
0.204

	
0.113

	
0.399

	
0.104

	
−0.137




	
Cl−

	
0.622

	
−0.064

	
0.756

	
0.049

	
0.989

	
−0.041

	
0.089




	
SO42−

	
0.987

	
−0.023

	
0.015

	
0.026

	
0.686

	
0.148

	
0.530




	
CO32−

	
−0.070

	
0.896

	
0.234

	
−0.209

	
−0.004

	
0.896

	
−0.074




	
HCO3−

	
0.511

	
0.596

	
0.288

	
0.365

	
0.142

	
0.771

	
0.436




	
NO3−

	
0.084

	
−0.070

	
0.039

	
0.938

	
0.183

	
−0.028

	
0.775




	
F−

	
0.081

	
0.692

	
−0.002

	
0.422

	
0.024

	
0.731

	
−0.031








Note: Rotation method: Varimax with Kaiser Normalization.













 





Table 7. Eigen values, % of variance, and cumulative % for each season.






Table 7. Eigen values, % of variance, and cumulative % for each season.





	
Component

	
Pre Monsoon

	
Post Monsoon




	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of Variance

	
Cumulative %






	
1

	
7.749

	
55.348

	
55.348

	
7.580

	
54.144

	
54.144




	
2

	
2.425

	
17.324

	
72.672

	
2.515

	
17.965

	
72.109




	
3

	
1.272

	
9.086

	
81.758

	
1.139

	
8.133

	
80.242




	
4

	
1.137

	
8.121

	
89.879

	
0.996

	
7.112

	
87.354




	
5

	
0.658

	
4.698

	
94.577

	
0.750

	
5.354

	
92.708




	
6

	
0.344

	
2.457

	
97.034

	
0.489

	
3.489

	
96.198




	
7

	
0.209

	
1.494

	
98.529

	
0.226

	
1.615

	
97.813




	
8

	
0.105

	
0.753

	
99.281

	
0.149

	
1.065

	
98.878




	
9

	
0.078

	
0.556

	
99.837

	
0.110

	
0.783

	
99.661




	
10

	
0.022

	
0.157

	
99.994

	
0.045

	
0.323

	
99.984




	
11

	
0.001

	
0.004

	
99.998

	
0.002

	
0.013

	
99.998




	
12

	
0.000

	
0.002

	
100.000

	
0.000

	
0.002

	
99.999




	
13

	
4.55 × 10−5

	
0.000

	
100.000

	
0.000

	
0.001

	
100.000




	
14

	
−1.01 × 10−17

	
−7.26 × 10−17

	
100.000

	
2.74 × 10−16

	
1.95 × 10−15

	
100.000
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