Hydrochemical Characterisation and Suitability Assessment of Groundwater Using Multivariate Techniques in Challakere Taluk, Chitradurga District, Karnataka State, India
Abstract:
Understanding the groundwater resources of Challakere taluk is essential for sustainable management. A comprehensive hydrogeochemical study was carried out using 40 groundwater samples to assess various physicochemical properties. WQI provided a numerical rating of the water's potability, while Wilcox diagrams evaluated its suitability for irrigation. The groundwater quality, as indicated by the WQI, shows significant spatial variation across the study area, with values ranging from 41 to 310. Among the samples analyzed, 27.5% are classified as excellent, and 22.5% as good. However, it is concerning that 50% of the samples fall into poor, very poor, or unsuitable categories for drinking. Further geochemical analysis using Piper, Gibbs, and Chadha diagrams revealed dominant water types and related processes, especially how rocks interact with water and facilitate ion exchange. Some areas showed elevated levels of TDS and sodium (Na). By integrating these techniques, the study provides a detailed understanding of groundwater quality, offering crucial insights for effective groundwater management and policy development in Challakere taluk.
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1. Introduction
In semi-arid areas, for example, aquifers are key sources of water to supply people, farms and industry. This critical resource is under growing pressure. Non-sustainable pumping and pollution from human activity are now both threatening the quality of groundwater.
Groundwater comes in all manner of hydrogeochemical shapes and sizes, influenced by multiple natural and anthropogenic influences. Geology, time spent in flow paths, modelled precipitation patterns, flow and runoff from fields and untreated sewage discharges all interact to determine the quality of the final water. Traditional evaluations generally capture only a single variable, and the cumulative effects aspect is not well known. In contrast, composite measures such as the WQI pool together all available information and produce a more accurate and more complete assessment.
Geographic information systems (GIS) and remote sensing (RS) are examples of geomatic tools that can be used to track and understand patterns and trends in groundwater quality.
These methods help us learn more about where pollutants are found in the environment, find places that are highly contaminated, and make it easier to come up with better plans for managing water.
Groundwater monitoring is an essential job that both the government and society can do. Moreover, safeguarding groundwater can be a public health protection measure and can contribute to the well-being of people in Challakere Block.

All essential diagrams such as Piper, Gibbs and Chadha are included for obtaining information for groundwater chemistry an its facies.

The assessment includes statistical analysis, Water Quality Index (WQI) and Hydrochemical facies to assess the physicochemical properties of groundwater in Challakere, useful for water resources management.

The increasing reliance on groundwater, coupled with unpredictable rainfall patterns, a rising population, and intensive agricultural practices, has placed considerable stress on the region's aquifer systems. This has generated significant concerns regarding the quantity and quality of groundwater. 

A combined method using hydrogeochemistry, the Water Quality Index (WQI), and geospatial analysis evaluates how groundwater quality changes over space in semi-arid areas. This assessment offers policymakers essential insights for effective intervention and enhanced management.

3. Methodology
3.1 Study Area and Sampling
Challakere Taluk, located in the Eastern Dharwar Craton of Karnataka, is primarily composed of hard crystalline rocks, including granite gneiss, migmatites, and dolerite dykes, characteristic of the Peninsular Gneissic Complex (Fig. 8). The area has two types of aquifers: a shallow one that is not fully enclosed, found in the weathered layer at depths of 5–25 meters, and a deeper one that is fully enclosed, located in fractured rocks at depths over 100 meters. The groundwater system comprises an unconfined aquifer located in the upper weathered zone, as well as confined aquifers in fractured bedrock. Fracture connectivity mainly controls borewell productivity, and thus variations are observed in yields. Reduction from rainfall percolation and groundwater recharge is mostly low to moderate due to hard rock geology. Groundwater resources are over-exploited in this hard rock, semi-arid, potential recharge zone, and sustainable management is the need of the hour. Forty borewells were selected, and the groundwater samples were drawn at different locations in the pre-monsoon season, and GPS coordinates were noted for each of the sampling locations.
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Figure 1: Study area map.
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Figure 2: Groundwater Sampling Location Map.
Groundwater samples from 40 borewells located in the study area were systematically collected during pre-monsoon months. Samples were put in a pre-treated acid-washed one-litre polyethene bottle. Precautions against air bubbles during collection were taken, and the bottles were sealed with double caps to prevent water intake from the outside. pH, EC and TDS were directly measured at site by calibrated handheld instruments to maintain the accuracy. Subsequently, the samples were transported to the laboratory at room temperature for analysis.
 
The laboratory analysis of major ions employed a range of analytical techniques. Sodium and potassium concentrations were quantified using flame photometry, whereas volumetric titration was employed to assess total hardness, calcium carbonate, bicarbonate, and chloride levels. The concentration of magnesium was indirectly assessed by calculating it using the values obtained for total hardness and calcium. Spectrophotometry was employed to quantify sulfate and nitrate. 

To verify the reliability of the chemical analyses, the ionic balance error (IBE) was computed for each sample. Samples were included in the study only if their IBE fell within the acceptable tolerance of ±5%. The IBE is computed in the following manner: IBE is calculated using the formula (Σ Cations – Σ Anions) / (Σ Cations + Σ Anions) * 100.
3.2 Sample Analysis
Samples were analysed for major cations and anions and physical parameters following APHA (2017) methods:
Table 1- Water Quality Analysis Methods for Major Ions and Parameters

	Parameter
	Method

	pH, EC, TDS
	Multi-parameter probe

	Ca²⁺, Mg²⁺
	EDTA titration

	Na⁺, K⁺
	Flame photometry

	Cl⁻
	Argentometric titration

	HCO₃⁻, SO₄²⁻
	Titration/Spectrophotometry


3.3 Data Processing
Data were cleaned and normalised using Python. Column names were standardised, and outliers and missing values were handled during preprocessing.
3.4 Water Quality Index (WQI)

The Water Quality Index (WQI) was calculated using weighted arithmetic mean method. The GUT index is derived by a combination of the quality rating (Qi) and its weight (Wi) of the selected water quality parameters. The equation can be written as WQI = Σ (Q i × W i) / ΣW i. Quality rating (Qi) of each parameter was computed as the ratio of each measured parameter concentration (Ci) to the standard value (Si). Qi is the ratio of Ci to Si, and then multiplied by 100 to get the percentage.
3.5 Irrigation Suitability
To classify water for its suitability in irrigation, the Wilcox diagram was employed, considering both the EC and the sodium percentage (Na%). The Na% value is determined by Na% = [Na / (Ca + Mg + Na + K)] × 100.
3.6 Hydrochemical Diagrams
The Piper diagram was used to identify and classify the hydrochemical facies of the groundwater, providing insight into the dominant ionic compositions and water types present. To understand the factors that affect groundwater chemistry, the Gibbs diagram was used to determine whether the primary factors were rock–water interaction, precipitation, or evaporation. The Chadha diagram was used to trace water evolution trends, giving researchers invaluable information about how groundwater chemistry changes over time due to natural geochemical processes.
4.0 Results and Discussion
	
	Ca
(mg/L)
	Mg (mg/L)
	Na (mg/L)
	K (mg/L)
	HCO₃ (mg/L)
	SO₃ (mg/L)
	Cl (mg/L)
	PH
	E.C.
	TDS

	Count
	40
	40
	40
	40
	40
	40
	40
	40
	40
	40

	Mean
	29.84
	11.12
	107.38
	4.62
	180.37
	85.35
	174.90
	7.428
	1301
	803.5

	Std
	29.72
	8.67
	48.70
	2.90
	75
	48.37
	75.83
	0.26
	597.5
	379.31

	Min
	8.32.
	3.32
	41
	1
	47.8
	20
	47
	7.05
	466
	299

	25%
	14.62
	5.88
	71.75
	2
	119.51
	44.50
	110
	7.197
	813.75
	493.75

	50%
	22.11
	9.16
	90
	4
	199.31
	85
	190
	7.425
	1275.5
	776.5

	75%
	28.28
	11.42
	137.25
	7.25
	229.7
	110
	220
	7.622
	1565
	938

	Max
	139.2
	38.08
	198
	11
	339.44
	212
	350
	7.92
	2778
	1856


4.1 Summary Statistics







Table 2- Descriptive Statistics of Water Quality Parameters




The groundwater is characterised by pH values ranging from neutral to slightly alkaline (7.05-7.92), with an average of 7.43. Total dissolved solids (TDS) suggest moderate mineralisation (299-1856 mg/L, average 803 mg/L), a condition likely resulting from natural water-rock interactions.
 However, higher levels of electrical conductivity (EC) and chloride (Cl⁻) found in some samples might suggest effects from local rock types, like evaporite deposits, or human activities, such as agricultural runoff.
4.2 Correlation assessment
4.2.1 Correlation Heat Map Analysis
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Figure 3: Correlation Heat map.
The correlation heatmap certainly explains much about the interrelationships amongst the diverse groundwater quality metrics, vividly bringing to light several powerful and meaningful connections, most notably the high positive linkage between calcium and magnesium, proposing a shared geological wellspring, likely from the dissolution of carbonate minerals.

Strong correlations between total dissolved solids and sodium, bicarbonate, chloride, and electrical conductivity demonstrate unequivocally that these ions are the groundwater's predominant salt sources. The striking correlation between electrical conductivity and total dissolved solids provides further evidence validating electrical conductivity as a trustworthy proxy for evaluating overall salinity.
While the majority of chemical parameters conversely exhibit weak to negative correlations with pH, suggesting that fluctuations in ionic composition have minimal ramifications on levels of acidity or alkalinity, spatial factors such as latitude, longitude, and turbidity curiously display insignificant correlation with chemical parameters. This implies that alterations in geographic positioning have a negligible immediate impact on the hydrogeochemistry of the Challakere block. Furthermore, several key chemical constituents including magnesium, potassium, and sulfate, paradoxically manifest no discernible relationship with total dissolved solids, raising questions about the scope of their contribution to the region's groundwater salinity.
4.3 WQI Results
Groundwater quality, as indicated by the WQI, shows notable spatial variation throughout the study region, with values ranging from 41 to 310. Among the samples analysed, 27.5% are classified as excellent and 22.5% as good. However, it is alarming that 50% of the samples are categorized as poor, very poor, or unsuitable for drinking. This deterioration in quality is primarily attributed to heightened concentrations of TDS, sodium (Na⁺), and chloride (Cl⁻), which are likely the result of both geogenic processes and anthropogenic influences (Table 2).
4.4 Irrigation Suitability
Groundwater quality throughout the region showed considerable spatial fluctuation, with the Water Quality Index ranging markedly from excellent to extremely poor. Among the samples tested, nearly thirty per cent were deemed excellent drinking water, while approximately twenty-three per cent were classified as good. However, it is highly troubling that fifty per cent of the samples were ranked as poor, very poor or outright unsuitable for human consumption. This sharp decline in water quality primarily stems from notably elevated levels of total dissolved solids, sodium and chloride, likely caused by both natural geological processes and manmade human activities, as indicated by the findings in Table 2. Local communities and governments must prioritise addressing the anthropogenic factors exacerbating the region's groundwater problems to ensure long-term access to safe and dependable water resources for all residents.
4.5 Hydrochemical Facies
The hydrochemistry of the groundwater was investigated using Piper, Gibbs and Chadha diagrams, which show that (1) the rock-water interaction is the dominant geochemical process that governs the groundwater-mineral interaction, as the majority of the samples fall within the rock dominance field in the Gibbs diagram. (2) Two main types of water are recognised: Ca-Mg-HCO₃ and Na-Cl, indicating the fresh and saline contributions in both cases. Only a minor part of the samples indicates evaporative processes, likely due to dry conditions.
4.5.1. Piper diagram:
The more intuitive Piper diagram is based on the content of calcium (Ca²⁺) and chloride (Cl⁻) in groundwater as percentages of all cations and anions, respectively. It can be seen from the data that most contents of Cl⁻ range from 37% to 45%. Cl⁻ is the main anion in most samples, which may relate to evaporation, farming, and pollution. Calcium concentrations are more variable, ranging from ca, indicating a variety of geochemical processes affecting groundwater, e.g., mineral dissolution (Fig.4). Samples characterised by high Ca and high Cl percentages could be indicative of a Ca-Cl water type, which is often typical of mineralised recharge zones or pollution. It is a focused representation of the dominance of ions and helps in identifying hydrochemical facies and highlights the direction of contamination in the study area.
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Fig. 4. Simplified Piper diagram
4.5.2. Gibbs Plot:
The overall analysis of both graphs shows that the main geochemical process affecting the water chemistry in the Challakere block is the interaction between rocks and water, especially the breakdown of minerals in the host rock. This is evident in the clustering of points within the middle range of both Gibbs plots (Fig. 5).
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Fig. 5. Gibbs Plots
4.5.3. Chadha Diagram:
Most of the data points lie in the lower left quadrant, where both (Na+, K−, Cl) and (Ca+, Mg−, HCO₃−, SO₄) are negative. This means that the water mainly contains alkaline earths (Ca²⁺, Mg²⁺) and weak acids (HCO₃⁻, SO₄²⁻), which usually shows that it comes from natural sources or the breakdown of carbonates.
A few samples extend toward the right side of the plot, with positive (Na + K − Cl) values, indicating higher sodium and potassium levels, which may be due to cation exchange processes.
The data, which includes all points located in the lower half of the diagram, confirms that (Ca + Mg) is less than (HCO₃ + SO₄), indicating that anions are dominated primarily by bicarbonate and sulfate. This could be due to the influence of bicarbonate-rich recharge water or sulfate-bearing lithology.
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Fig. 6. Chadha Diagram.
4.5.4. Wilcox Diagram:
The Wilcox diagram shown above evaluates the suitability of groundwater for irrigation based on Na% versus Electrical Conductivity. Most of the groundwater samples are grouped between 60–80% sodium and an electrical conductivity of about 500 to 2500 µS/cm, which shows that the water has moderate to high salinity and a significant sodium risk. Such water is generally unsuitable for long-term irrigation without proper management, as it may adversely affect soil permeability and crop yield. The logarithmic scale on the x-axis allows better visualisation of samples across a wide range of salinity values. This diagram offers crucial insights into the chemical composition and potential agricultural implications of groundwater in the study area.[image: ]
Fig. 7. Wilcox Diagram

4.6 Comparative Analysis with Other Study Areas.
A comparative study has been done for the same environmental conditions of the study area.
a) Groundwater Quality Index (WQI) Comparison:
About 60% of the samples in Challakere fell into the Excellent to Good category, with a WQI ranging from 41 to 310.
[bookmark: _GoBack]In a similar study conducted by Rao et al. (2020) “in the Anantapur district (Andhra Pradesh), WQI values ranged from 38 to 285, 20% being Unsuitable due to fluoride and nitrate contamination, and with 50% of samples rated as Good”.
Patil et al. (2018) in “Bangalore Rural found that WQI values range from 55 to 320. High WQI values were attributed to improper sanitation and industrial effluents”.
b) Irrigation Suitability Comparison:
· Sixty per cent of the groundwater samples in the Challakere area are classified as suitable for irrigation based on the Wilcox and Na% indices.
· Jaiswal et al. (2019) reported “only 40% suitability in the Jhansi district (Bundelkhand), mainly due to higher salinity and sodium hazards”.
· Kumar and Singh (2017) observed that “over seventy per cent of the groundwater in the Nagaur district of Rajasthan was unsuitable for irrigation, mainly due to extremely high EC and SAR levels”.
c) Hydrochemical Facies Comparison:
· In the study area, the dominance of Ca–Mg–HCO₃ and Na–Cl facies is consistent with results from the Hard Rock Region of Tamil Nadu (Subramanian et al., 2016), where weathering of feldspar-bearing rocks contributed to similar facies.
· Gibbs diagrams in multiple studies, Kumar et al. (2015) in Jharkhand, indicate that “rock-water interaction is the dominant geochemical process, aligning with findings from the Study Area”.
· Groundwater from coastal Andhra Pradesh exhibited a higher influence of evaporation and seawater intrusion (Na–Cl dominance), which is less noticeable in the area.
5. Conclusion
The study explains that the groundwater quality in Challakere ranges from excellent to unsuitable for drinking.  According to hydrochemical analysis, rock weathering is the primary mechanism controlling the chemistry of water, with evaporation and anthropogenic inputs also contributing to the process. The study area exhibits less interaction with the fluoride-hosting rock, as evidenced in the results.
The combined study of the Simplified Piper, Gibbs, and Chadha diagrams gives us useful information on the hydrogeochemical processes that affect the quality of groundwater in the Challakere Block.  The Piper diagram distinctly illustrates significant variability in calcium levels, with numerous samples exhibiting elevated chloride concentrations, indicating the influence of Ca-Cl-type water.  This composition indicates that mineral dissolution and evaporative concentration may significantly influence groundwater in specific regions.

The Gibbs diagrams further support these interpretations, with most samples falling within the zone of dominance for rock–water interaction. This pattern elucidates the significance of water-rock interaction in affecting the ionic composition of groundwater, particularly the dissolution of silicate and carbonate minerals.   Multiple sites demonstrating heightened total dissolved solids (TDS) levels in the cation plot indicate the possible impact of anthropogenic activities on the results.
The Chadha diagram further validates the hydrochemical interpretations. The clear presence of alkaline earth metals (Ca²⁺, Mg²⁺) and weak acids (HCO₃⁻, SO₄²⁻) matches the expected chemical patterns from natural groundwater replenishment and the breakdown of carbonate and sulfate minerals.
A few samples displaying higher Na⁺ and K⁺ concentrations suggest localised cation exchange or human impacts, but these are not widespread.
This study presents the water quality index (WQI) and irrigation indices, indicating that although a significant portion of the water is usable, certain locations necessitate treatment.  Groundwater chemistry is primarily influenced by the interaction between rock and water, with additional contributions from evaporation and human activities.  Long-term sustainability requires ongoing monitoring and efficient water management strategies.
 The majority of water meets permissible limits; however, certain regions display elevated salinity and sodium risks. It is recommended to implement continuous monitoring, appropriate treatment strategies, and sustainable groundwater policies.
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