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Groundwater is primarily used for drinking and irrigation in hard rock regions 
like Jambuduraikottai, Tamil Nadu. This study aimed to evaluate the suitability 
of groundwater sampled from the region for drinking and irrigation purposes. 
Twenty groundwater samples were collected, analyzed, and mapped using 
interpolation methods. Total hardness (TH), K+, Cl-, and F- exceed the not 
permissible limits in various locations. Piper and Gibbs plots indicated that 
water type is Ca2+-Mg2+-Cl-, which reveals rock dominance as a major factor 
affecting groundwater chemistry. Wilcox plot indicates that the majority of 
samples were suitable for irrigation purposes. The groundwater quality index 
showed that 90% of the samples are drinkable. Moreover, irrigation indices 
such the Kelly ratio and Sodium adsorption ratio indicate suitability for 
irrigation, whereas the Na% causes notable risk in 10% of the locations. Thus, 
proper measures such as regular monitoring and controlled usage of fertilizers 
must be taken to prevent further contamination and also for long-term usage. 
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1. Introduction

Groundwater is essential for agricultural, domestic, and industrial applications, particularly in semiarid areas where 
surface water is scarce. Consequently, groundwater is considered invaluable for supporting human health, ecological 
diversity, and economic development [1].  In India, especially in hard rock terrains like Tamil Nadu, groundwater 
quality is becoming worse due to geogenic and anthropogenic intrusions such as the uneducated use of chemicals in 
agriculture, over-extraction, and waste disposal [2][3]. The accelerated urbanization and industrial growth in the area 
underscore the need to further investigate the degradation of environmental resources, including groundwater [4]. 

The degradation of groundwater quality is a significant issue for drinking and irrigation due to elevated ion levels 
such as Fluoride, Nitrate, and Sodium, which can reduce soil productivity and pose significant health risks [5][6]. This 
issue is further exacerbated by the limited availability of groundwater resources in the region [7]. Therefore, 
concerted efforts are needed to evaluate groundwater quality, identify and model direct threats, classify water quality, 
and propose evidence-based management strategies. 

In this context, hydrogeochemical methods provide valuable insights into the origin and evolution of groundwater 
chemistry by integrating aquifer lithology, water–rock interactions, and anthropogenic influences [8][9]. Other tools 
like the Water Quality Index (WQI) provide a composite score representing overall water quality. Moreover, graphical 
methods like Piper trilinear plots and Gibbs plots helps in interpreting hydrochemical facies and identify factors 
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affecting groundwater chemistry [10][11]. Additionally, Geographic Information System (GIS) serves as an efficient 
tool for mapping and analyzing spatial datasets [12][13].  Consequently, previous studies showed the importance of 
combining physicochemical assessments with geospatial tools such as GIS and remote sensing to spatially map 
groundwater quality risk zones [14][15]. The use of remote sensing data and digital elevation models in GIS enabled 
the determination of the spatial distribution of the parameters [16]. 

Given the scarcity of groundwater resources and the urgent need to monitor and evaluate water quality, this study 
aims to assess groundwater quality in Jambuduraikottai (Nilakottai Taluk, Dindigul District, Tamil Nadu); a region 
where intensifying agricultural activity and growing reliance on groundwater for domestic use have raised concerns 
regarding water sustainability and contamination. This study employs a combined hydrochemical approach by 
integrating physicochemical analysis, statistical interpretation, geophysical survey, geographical mapping, irrigation 
suitability indicators, and suitability for drinking and irrigation. 

2. Material and Methods 

2.1. Study area 

The Jambuduraikottai village is located in Nilakottai Taluk, Dindigul district, Tamil Nadu. The coordinates are 
10°13'30ʺN - 10°15'0ʺN and 77°52'30ʺE - 77°55'30ʺE (Fig. 1). The study area is characterized by its agricultural 
landscape, and groundwater serves as a major source for drinking and irrigation purposes. The area's geology 
comprises Southern Granulite Terrain, consisting of charnockite and migmatite gneissic complexes with minimal 
intrusions of pink granite and pegmatite [5]. The northeast monsoon accounts for a mean annual rainfall of 439 mm 
(October–December) [17]. April is the hottest month, and January is the coolest, with temperatures ranging from 29°C 
to 33°C [18]. 

 

 

Figure 1. Study area map 
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2.2. Groundwater samples collection and analysis 

During the post-monsoon season of 2024, groundwater samples were collected from Jambuduraikottai to assess 
physicochemical characteristics. 20 groundwater locations scattered across the area were sampled (Fig. 1). For this 
purpose, 1 L polypropylene bottles were washed 2–3 times with dilute HNO₃ followed by distilled water, and then 
used for water sample collection.  

Handheld instruments including pH meter (Pen type ECO pH TEST 1-EUTECH 01X460901), Total Dissolved Solids 
(TDS) and Electrical Conductivity (EC) meter (TDS meter Pen type ECO TDS TEST-EUTECH) were used to measure pH, 
TDS, EC in the field.  

Bottles were tightly sealed, transported to the lab, and stored at 4°C until analysis. Chemical parameters such as Ca2+, 
Mg2+, Cl-, CO3- and HCO3- levels were examined using volumetric titration with standard suggested procedures [19]. A 
flame photometer (Elico CL0378) was used to determine Na+, K+ concentrations and spectrometer (Elico SL 207 mini) 
was used to determine SO42- concentration. Fluoride was analyzed using a fluorimeter (Thermo Orion star A214 series 
ISE benchtop meter kit), and nitrate was analyzed using a nitrate electrode meter (Lmion-40). The following formula 
was used to determine the total hardness (TH) represented as CaCO3:                                      

TH (represented as CaCO₃) = 2.497 × Ca²⁺ + 4.115 × Mg²⁺ 

The ionic balance error (IBE) was calculated and found to be within the acceptable range of ±10%, as shown in 
Equation: 

IBE (%) = [(Σ Cations - Σ Anions) / (Σ Cations + Σ Anions)] × 100 

Where: 

Cations include: Ca²⁺, Mg²⁺, Na⁺, K⁺ concentrations (mq/L) 

Anions include: HCO₃⁻, Cl⁻, SO₄²⁻, NO₃⁻ concentrations (mq/L) 

2.3. Groundwater Water Quality Index (GWQI) 

The groundwater quality index was calculated using the weighted arithmetic index to evaluate water quality [20], a 
widely adopted and robust approach for site-specific water quality assessment. 

For each parameter, the relative weight (Wi) was calculated using the equation:  

Wᵢ = wᵢ ⁄ ∑ⁿᵢ₌₁wᵢ 

The quality rating (qi) for every parameter was determined using the formula: 

Qᵢ = [(Vᵢ - Videal) / (Vstandard - Videal)] × 100 

Vi is the parameter's observed value, Videal is the parameter's ideal value, and VStandard is the permissible value of the 
parameter [21]. Every parameter is assigned a relative weight (𝑊𝑊𝑖𝑖) based on its significance. The formula used to 
calculate the sub-index (Si) of each parameter is as follows:  

Sᵢ = Wᵢ × qᵢ 

The WQI is then calculated using the equation: 

WQI = ∑Sᵢ / ∑Wᵢ 

Where ∑Wi is the sum of all calculated relative weights, and ∑Si is the sum of all calculated sub-indices. 

The WQI is divided into "Excellent < 50", "Good 50 -100", "Poor 100 – 200", "Very Poor 200 – 300", and "unsuitable for 
drinking > 300" to evaluate water quality [22]. 
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2.4. Irrigation water quality indices 

Kelly ratio (KR), sodium percentage (Na%), and sodium adsorption ratio (SAR), were used to determine irrigation 
suitability using the following equations: 

KR = Na⁺ / (Ca²⁺ + Mg²⁺) 

%Na = Na⁺ / (Ca²⁺ + Mg²⁺ + Na⁺ + K⁺) 

SAR = Na⁺ / √((Ca²⁺ + Mg²⁺) / 2) 

Taking into consideration that all cation concentrations are expressed in meq/L 

2.5. Spatial analysis using inverse distance weighting  

Among widely used spatial interpolation techniques, inverse distance weighting (IDW) is particularly valuable for 
assessing the spatial distribution of environmental variables, including groundwater quality, pollution levels, and 
contaminant dispersion  [23]. IDW allows for estimating quantities at unmeasured sites using known values that fall 
within the proximity of unmeasured sites by giving larger weights to sites closest to the target location. This method 
has been widely used to trace the distribution of pollutants and to evaluate their potential health and environmental 
effects [24]. 

2.6. Statistical analysis 

A comprehensive statistical analysis of groundwater parameters (including maximum, minimum, mean, and standard 
deviation) provided a detailed characterization of their variability and range.  

3. Results and Discussion  

3.1. Hydrogeochemical characteristics 

The pH values varied from 6.50 to 7.80, indicating that none of the samples exceeds the most desirable limit (6.5-8.5) 
(Table 1). Similarly, none of the samples surpassed the most acceptable EC, limit since all samples recorded an EC ≤ 
571 µS/cm. The TDS (117 to 571 mg/L) showed that none of the samples surpass the not permissible level; however, 
some samples exceeded most desirable limit (Table 1).  

Table 1. Statistical table of major chemical attributes of the tested water samples. 
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pH 6.50 7.80 7.18 0.43 -0.34 -0.79 7.65 6.5–8.5 <6.5 and >8.5 - 
EC (µS/cm) 354 1142 884 182.44 -1.67 3.15 927 <1500 >1500 - 
TDS (mg/L) 117 571 440.15 98.48 -2.20 5.87 463 <500 >1500 - 
TH (mg/L) 240 1500 718 288.11 0.91 1.87 695 <100 >500 85 
Ca2+ (mg/L) 100 375 198.75 60.85 1.17 2.72 190 <75 >200 35 
Mg2+ (mg/L) 12.47 127.24 60.04 26.82 0.70 1.14 58.12 <50 >150 - 
Na+ (mg/L) 27.55 115.70 79.52 24.71 -0.70 0.15 87.64 <200 >200 - 
K+ (mg/L) 1 57.50 13.67 15.60 1.95 2.99 7.80 <10 >10 25 
Cl– (mg/L) 90 385 214.25 79.09 0.51 -0.23 210 <250 >250 30 

NO3− (mg/L) 15 35 24 5.28 0.14 -0.34 25 <45 >45 - 
SO4 2– (mg/L) 6 110 84.60 26.39 -1.91 3.53 91.50 <400 >400 - 
HCO3- (mg/L) 95 270 168.50 47.91 0.81 0.05 160 <300 >600 - 

F- (mg/L) 1.30 3.10 1.82 0.54 1.49 1.38 1.70 <1.5 >1.5 60 
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Total hardness (TH) ranged from 240 to 1500 mg/L as CaCO₃, with 85% of samples exceeding the permissible limit 
(500 mg/L) and the remaining 15% surpassing the desirable limit (100 mg/L) (Table 1 Fig. 2 A). The increased levels 
of TH are due to the weathering that happens in Ca2+-Mg2+ rich minerals such as feldspars, amphiboles and biotite 
present in charnockite and migmatite formations, which release Ca²⁺ and Mg²⁺ into groundwater [25]. 

The calcium ranged from 100 - 375 mg/L, with 35% samples exceed the not permissible limit (Table 1). The calcium 
spatial map (Fig. 2 B) indicates that most of the region exceeds the most desirable limit. Weathering of migmatite 
(formed under high-pressure and moderate-temperature conditions) releases feldspar, silica, pyroxenes, hornblende, 
hypersthene, and Ca²⁺, consistent with the study area’s charnockite to hornblende–biotite gneiss geology [26]. The 
magnesium ranged from 12.47 - 127.2 mg/L, indicating that none of the samples exceeded not permissible limit, 
whereas some surpassed most desirable limit (Table 1).  

 

Figure 2. Spatial distribution of total hardness (TH) (A), Calcium (B) Chloride (C), Potassium (D), and Fluoride (D) content 
in groundwater. “most desirable” and “not permissible” are based on the World Health Organization drinking water 
quality standards [21], as presented in Table 1. 

The sodium ranged from 27.5 to 115.70 mg/L, indicating that none of the samples exceed the not permissible limit 
(Table 1). On the other hand, 25% of the samples have potassium levels above the allowable threshold of 10 mg/L, 
with some surpassing this limit by up to fivefold (Table 1). The Potassium spatial map indicates that the south-
western part and south-eastern region fall within non-permissible limit (Fig. 2 D). Agricultural fertilizers are the 
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primary source of elevated potassium concentrations, particularly in the study area, where grape cultivation is 
widespread. Grapes require potassium-rich fertilizers for optimal growth, and heavy rainfall facilitates the leaching of 
potassium from these fertilizers into the groundwater [27]. Similarly, chloride varied from 90 to 385 mg/L, with 30% 
of samples exceed the most desirable limit (Table 1). The Chloride spatial map indicates that the south-eastern area 
exceeds the non-permissible limit (Fig. 2 C). Excessive use of fertilizers, such as potassium chloride, is a prominent 
source of chloride contamination in rural areas [28]. These fertilizers are carried into surface and groundwater due to 
runoff from irrigation and rainfall, thus raising chloride levels [29]. Since the nitrate and sulfate and bicarbonate 
ranged between 15 and 35 mg/L, 6 - 110 mg/L, and 95 - 270 mg/L, respectively, none of the samples fall within not 
permissible limit for these anions (Table 1). The Fluoride ranges from 1.30 – 3.10 mg/L, and 60% of the samples 
exceed the not permissible limit (Table 1 and Fig. 2 E). The weathering and dissolution of fluoride-containing 
minerals, including apatite, hornblende, mica, and biotite, present in charnockite and migmatite gneiss formation, 
elevate the fluoride concentration. Under prolonged rock-water interactions and slightly alkaline conditions, these 
Precambrian hard rocks release fluoride into the groundwater. Additionally, minimal calcium levels and long 
groundwater residence time increase fluoride enrichment [30][31]. 

3.2. Piper, Gibbs, and Wilcox plots for the collected groundwater samples 

According to the piper trilinear plot (Fig. 3), the dominant water type is Ca2+-Mg2+-Cl-. In the cation plot, most samples 
fall in the category of calcium and no dominant type, revealing the predominance of Ca²⁺ and Mg²⁺ over Na⁺, K⁺. The 
anion plot indicates that most samples fall in the chloride category, suggesting ion-exchange processes due to rock-
water interaction with minimal anthropogenic effects. Similar geochemical trends have been documented in Tamil 
Nadu's hard-rock regions, where mineral dissolution and ion exchange influence groundwater quality [15][32]. 

 

Figure 3. Piper plot for groundwater samples collected from study area 

The Gibbs plot (Fig. 4 A and B) shows that silicate and carbonate weathering cause most samples to fall in the rock-
dominance zone. A minimal number of samples shift towards evaporation-crystallization dominance is observed in 
high-TDS samples, suggesting possible localized evapotranspiration effects and aquifer salinization. Previous studies 
conducted in Tamil Nadu's crystalline aquifer systems have reported comparable results [15][33-38] 
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Figure 4. Gibbs (A and B) and Wilcox (C) plots for groundwater samples collected from study area 

Wilcox plot (Fig. 4 C) indicates that 90% samples fall in the Good-Permissible category, and the remaining 5% in 
Doubtful – Unsuitable, and 5% in the Unsuitable category. Such water resources may pose potential risks to salinity-
sensitive crops and negatively affect nutrient availability and plant nutrition. These results are consistent with 
previous findings in Tamil Nadu's hard rock regions [26][37][38]. 

3.3. Water Quality Index (WQI) and irrigation related indices 

The WQI values ranged between 40 and 102, revealing that 80% of the samples fall under good water quality. In 
comparison, 15% were in Excellent water, and the remaining 5% in Poor water.  

Sodium percentage index shows that 75% samples are in the Good category, and 15% in the Excellent category, 
indicating suitability for irrigation, and 10% in the doubtful category, indicating that caution is necessary due to 
possible sodium-related risks [39]. The spatial map of sodium percentage indicates that the northeastern and 
northern zones are classified as doubtful (Fig. 5 A).  

Kelly's ratio measures the degree of Sodium's effect on irrigation water quality [40]. The result reveals that 90% of the 
samples are suitable, and the remaining 10% are in the unsuitable category, which might pose a significant 
cause (Table 2). The Kelly ratio's spatial map indicates that the study area's central part falls in an unsuitable 
category (Fig. 5 B). 

Table 2. Classification of various irrigation indices 
Irrigation Indices Classification Range (meq/L) % of samples 

Sodium Percentage (Na%) 
Wilcox [39] 

Excellent < 20% 15 
Good 20 – 40% 75 

Permissible 40 – 60% - 
Doubtful 60 – 80% 10 

Unsuitable > 80% - 

Kelly's Ratio (KR) 
Kelly [40] 

Safe < 1 90 
Unsuitable > 1 10 
Moderate 1 – 2 - 

High Hazard > 2 - 

Sodium Adsorption Ratio (SAR) [41] 

Excellent <10 100 
Good 10-18 - 

Doubtful 18-26 - 
Unsuitable >26 -
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The Sodium Adsorption Ratio (SAR) is 
determined based on the relative 
proportion of Sodium to calcium and 
magnesium and is used to evaluate its 
suitability for agricultural irrigation, 
particularly with respect to potential soil 
structural degradation [41]. The results 
indicate that 100% of samples fall in 
the Excellent category (Table 2) 

4. Conclusions

It can be concluded that both geogenic 
factors such as water–rock interaction and 
mineral dissolution as well as 
anthropogenic activities such as the use of 
fertilizers and agricultural practices 
contribute to the qualities of groundwater 
in Jambuduraikottai region. The used 
analysis including Gibbs and Piper plots 
further confirm that Ca²⁺, Mg²⁺, and Cl⁻ are 
the primary factors controlling groundwater chemistry in the studies region. GWQI and irrigation indices reveal that 
the majority of groundwater samples are acceptable for drinking and irrigation, although sodium hazards (Na%) pose 
localized concerns. Hence, the study emphasizes regular groundwater monitoring and sustainable management to 
ensure long-term resource security in hard-rock terrains. 
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