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ABSTRACT
The current study aims at evaluating the hydrogeochemical characteristics of groundwater and its associate geochemical processes occur in different aquifer system in Kaniha Block of Angul District, Odisha, using graphical techniques, multivariate statistical techniques and ionic ratio analysis. The study is carried out by using 81 groundwater samples during premonsoon season. The groundwater in the study area is mostly alkaline, with moderately hard to hard. The order of dominance of the chemical parameters in the study area is Ca2+>Na+>Mg2+>K+ and HCO3->Cl-> SO42->NO3- respectively. The analysed data were plotted in Piper-trilinear, and Gibbs diagrams for the evaluation of hydrochemical facies and the geochemical processes responsible for the water chemistry. The water chemistry of the study area is varied from Ca2+-Mg2+-HCO3- type to Ca2+-Mg2+-Cl- type which controlled by rock-water interactions with the influence of evaporation, particularly in a shallow aquifer. The impact of mineral weathering and ion exchange reactions within the aquifer system is confirmed by Gibbs plots, molar ratios, bivariate plots, and chloro-alkaline indices (CAI-I & CAI-II). This study also utilizes chemometric methods (Correlation Coefficient, Principal component Analysis, Hierarchical cluster analysis) to explore the geochemical evolution and the key factors influence the groundwater chemistry. Three major processes, such as anthropogenic carbonate-sulphate dissolution, ion exchange with silicate weathering, and geogenic fluoride enrichment, which account for a total of 73.72% of groundwater chemistry variance, were extracted using Principal component analysis. Cluster analysis was performed to classify the parameters based on key hydrogeochemical processes occurring on the flow path.
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[bookmark: _Hlk128756525]INTRODUCTION
[bookmark: _Hlk214665934]Water is the most important and vital resource for drinking, agriculture, industry and natural eco system [1]. The surface water reservoirs are insufficient for household activities and irrigation. Due to increase of human settlement, the groundwater dependency is intensified day by day for the purpose of household as well as for agricultural activities and industrialisation [2][3]. The quality of groundwater is impacted by the expansion of industrialization, urbanization, and agricultural activities [4][5]. Therefore, it is very much essential to assess the groundwater resources and manage the resource strategically. For which, proper understanding of the hydrogeological processes and regular monitoring of water quality is mostly needed. Groundwater chemistry and quality depend on geological factors and anthropogenic sources [6][7][8]. Groundwater quality is primarily controlled by lithology, dissolution, mineral precipitation, ion exchange in irrigated areas and residence time of dissolve ions [7][9]. The comprehensive knowledge of the groundwater chemistry and aquifer characteristics is essential for the hydrological and chemical evaluation of groundwater. The geochemical development of groundwater is characterized by processes such as silicate weathering, carbonate dissolution, cation exchange, and evaporation [10][11]. The quality and quantity of dissolved ions in the groundwater system depends upon primarily the chemical composition, solubility properties of minerals present in the host rock and the anthropogenic activities as secondary sources [6]. In the hydrological cycle after precipitation the water recharged in the soil through the process of infiltration reaches the aquifer system through the interaction of different rock materials [12]. The infiltration rate is also determined by the porosity and permeability of the host rock. During movement of water from surface soil to aquifer system so many geochemical reactions such as adsorption, precipitation, dissolution takes place along its path [12]. The other external factors such as climatic condition, topographical variation also affect the geochemical processes [13]. The rate of geochemical reactions depends upon the thermodynamics and kinetic characteristics of reactants and products as well as the rate of actual interfacial reactions or the transport process that moves reactant and products [14]. The geochemistry of the groundwater studied by the rock-water interaction and the surface and interfacial reaction processes. The aim of this research is to analyse chemical properties of groundwater and hydrogeochemical Evolution using graphical analysis, binary diagrams, chemometric analysis methods in the Kaniha block of Angul district, Odisha.
Study area
The study area is Kaniha block which is situated on the northeastern part of the Angul district, Odisha. The block lies between east longitude 84°56´41.571ʺand85°12´35.663ʺ and north latitude 21°00´47.9ʺ and 21°15´10.8ʺ having geographical area of about 723 sq.km (Figure 1). The region experiences a subtropical to tropical temperate monsoon climate. The normal rainfall for this region is 1219 mm. 
Geological Setting
The study area is geographically divided into two regions. The northern and northeastern sections of the block are composed of charnockite and khondalite, along with granitic gneiss from the Precambrian basement [15]. The rocks of Iron-Ore Supergroup are exposed to the north of Brahmani River and central part of the block, consisting mainly of quartzites and mica schists [16]. The southern section of the area is occupied by Gondwana Supergroup with sandstone, shale, coal, conglomerate and boulder beds. Barakar Formation is the main coal bearing formation with water bearing aquifer [15]. The primary drainage system in the study area is managed by the Tikra Jhora, Singhada jhora, and Bhalutungri nullah are traversed by the Brahmani River. Most of the area is occupied by “Alfisols” which includes red sandy soil, red loamy soil, and mixed red and black soils. [16][17].
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Figure 1: Location map of study area with sampling points.
MATERIALS AND METHODS
Sampling and Analysis of groundwater 
A total of 81 representative groundwater samples were collected from different bore-wells and dug-wells, which are widely used for drinking with other domestic purposes in pre pre-monsoon season, 2022. Before sampling, 500 ml bottles have been soaked with 1:1 HCl for twenty-four hours and then washed twice with distilled water. For quality determination, groundwater samples were analysed for various physicochemical parameters. The physical parameters are “hydrogen-ion concentration (pH), electrical conductivity (EC), total dissolved solids (TDS), and total hardness (TH) as CaCO3” and the chemical parameters are concentration of major cations (Calcium (Ca2+), Magnesium (Mg2+), Sodium (Na+), Potassium (K+)  with major anions (Bicarbonate (HCO3- ), Chloride (Cl−), Sulphate (SO42-), Nitrate (NO3-), and Fluoride (F−) ). All analyses were performed in the laboratory following standard laboratory procedures suggested by the “American Public Health Association” [18]. The parameters such as pH, electrical conductivity (EC) and temperature were analysed at the field using the water analyser 371 (Systronics), and other chemical parameters were analysed in the laboratory. The parameters like Total hardness (TH), calcium (Ca2+), bicarbonate (HCO3- ), chloride (Cl−) were analysed in the laboratory using the titration method, sodium (Na+), potassium (K+) using Flame photometer and sulphate (SO42-) using UV Spectrophotometer. The concentration of all the chemical parameters were expressed in milligrams per litre, except pH (no units) and EC μS/cm. The ionic balance error percentage (IBE%) was calculated between all cations and anions concentrations which are within its acceptable limit of ± 5% [19] (Equation 1). 
							(1)
∑TC=total ionic concentration of cation expressed in milliequivalent per litre (meq/l).
∑TA=total ionic concentration of anion expressed in milliequivalent per litre (meq/l). 

Graphical Methods for Evaluation of Geochemical Processes
The geochemical properties of groundwater and facies analysis along with its origin at different aquifer system were assessed using Piper-Trilinear, Gibbs diagram, and ion-scatter diagrams [8][19][20][21][22]. For the study of water rock interaction and mechanisms which are controlling the water chemistry, Gibbs (1970) introduced Gibbs scatter diagram [19][20]. Gibbs ratio for anion and cation was calculated by using the Equations (2) and (3).
Gibbs Ratio (1) = Cl−/ (Cl− +HCO3−)							(2)
Gibbs Ratio (2) = (Na+ +K+) / (Na+ +K+ +Ca2+)					(3)
Ionic ratio
By identifying the predominant geochemical processes governing groundwater evolution, ionic ratios like Na⁺/Cl⁻, Ca²⁺/Mg²⁺, HCO₃⁻/Cl⁻, and (Ca²⁺ + Mg²⁺)/HCO₃⁻, chloro-alkaline indices offer further evidence to support the chemometric findings [23][24][25]. The Chloro-alkaline indices (CAI-1 & CAI-2) as proposed by Scholler (1977), calculated as given below in Equations 4 and 5 (ions are in meq/l).
CAI-1= {Cl- - (Na+ +K+)}/Cl-								(4)
CAI-2= {Cl- - (Na+ +K+)}/ {SO42-+ HCO3-+NO3-}					(5)
These indices show the different contributions of silicate weathering, evaporite (gypsum/halite) dissolution, carbonate dissolution, and cation exchange processes along the flow routes. In wells with longer residence times, deeper circulation, or constrained aquifer conditions, the integrated interpretation confirms a progressive hydrochemical change from fresh, recharge-zone Ca–HCO₃ facies towards more developed, saline, Na-rich types. [10] [26-29] Both the indices have negative value indicate that base ion exchange process whereas positive value of both CAI represents the reverse ion exchange takes place [30][31].
Chemometric analysis
The chemometric analysis using different statistical and mathematical modelling such as correlation coefficients, PCA, Cluster analysis, is used to extensive and accurate study of the geochemical processes (geogenic or anthropogenic) and other factors which affects the groundwater chemistry [32][33][34]. The statistics analysis has been done by using SPSS software and XLSTAT and DATATAB statistical calculator.
Bivariate Coefficient Correlation Analysis
The coefficient Correlation Analysis is applied to find the correlation among the two variables, factors or dataset. The correlation is measured by computing Pearson’s Coefficient (r) and tested the significance of the parameters. The relationship among variables is measured by the numerical value of correlation coefficient (r ranges from +1 to -1). The positive sign indicates that one variable is directly related to the other whereas the negative sign indicates the inversely mutual relationship among them. The value of r is from 0.7 to 0.9 and 0.5 to 0.7 indicates that there is strong and moderate correlation among the variables respectively.
Principal Component Analysis of Physico-chemical parameters
The principal component analysis has been used to interpret all the complex variables or parameters and formed a reduced data frame which explains all the geochemical processes such as aquifer mineralization which affect the water chemistry [35]. PCA is performed using the varimax rotation and the principal components are extracted from the analysis using Kaiser Criterion [36] which is based on eigen values greater or equal to one. The principal components arranged in diminishing order of variance; the greatest variance is the first principal component (PC1).  Principal component analysis reduces all the parameters or variables to a simpler factor or component that represents all the elements associated with the significant change in water quality in both dimensions [33][37]. 
Factor Analysis of Ionic ratio
To gain a deeper insight into the geochemical processes influencing groundwater development, a selection of diagnostic ionic ratios was utilized for factor analysis. These ratios were specifically chosen because they are effective indicators of mineral weathering, ion-exchange reactions, salinity sources, and human activities [38]. To capture essential hydrogeochemical processes, a range of diagnostic ionic ratios was chosen for factor analysis, ratios are Ca/Mg, Ca/(HCO₃+SO₄), Ca+Mg /HCO₃, Na/Cl, Na/Ca, (Na+K)/(Ca+Mg), (Na+K)/Cl, Cl/HCO₃, CAI-1, CAI-2, SO₄/Cl and NO₃/Cl. 
Cluster Analysis
The classification of variables has been performed by using Hierarchical cluster analysis of 81 groundwater samples and 13 parameters. The analysis is done by the ward’s method of linkage with squared Euclidean distance as measure of similarity [39]. By the method of R-mode cluster analysis, the key geochemical processes affecting the groundwater quality have been highlighted. 
RESULTS AND DISCUSSION
Physical Parameters and Ion Concentrations 
[bookmark: _Hlk125902577][bookmark: _Hlk125909436][bookmark: _Hlk125912258]The descriptive statistical summary of all the physical and chemical parameters is presented in Table 1. The pH value of the study area is from 6.52 to 8.7 with mean 7.67, which shows the ground water quality is slightly acidic to alkaline. The EC Value of the groundwater of the study area is varying from 390.00 to 2473.00µS/cm with an average of 1323.50µS/cm. The high EC value indicates high mineral content, which is attributed due to nature of aquifers, low runoff, high infiltration and discharged water type and the low value of EC indicates low salt enrichment due to high elevated topography, high runoff, low infiltration, recharge water type [40]. Based on classification 51 samples fall under the Type-I (EC<1500µS/cm; with low salt enrichment), 30 samples fall under Type-II (EC 1500 µS/cm -3000 µS/cm; with medium salt enrichment) and none of the samples fall in Type-III(EC>3000 µS/cm; high salt enrichment) [41]. The TDS Value in the study area are from 253.5 to 1607.45 with an average 860.28 Mg/L. The total hardness value of the study area is from 90.00 to 393.00 with an average 216.58 mg/l. According to sawyer and Macarthy (1967) classification [42], 15 samples are moderately hard,55 samples are hard, 11 samples are very hard. The groundwater of the study area is moderately hard to hard but within permissible limit. The order of abundance of cations and anions of the study area are in order as Ca2+> Na+> Mg2+> K+ and HCO3-> Cl- > SO42->NO3- respectively. The Concentration of Calcium (Ca2+)) is the dominant cation (with mean 58.856mg/l) followed by Na+(with avg. 43.369 mg/l), Mg2+(avg. 16.57 mg/l), K+(avg.5.76 mg/l)
	Parameters
	Minimum
	Maximum
	Mean
	Standard deviation (n-1)
	Skewness (Pearson)
	Kurtosis (Pearson)
	Shapiro-Wilk-p

	pH
	6.520
	8.700
	7.673
	0.448
	-0.180
	-0.489
	0.441

	EC
	390.000
	2473.000
	1328.175
	515.152
	0.367
	-0.521
	0.094

	TDS
	249.600
	1582.720
	850.032
	329.697
	0.367
	-0.521
	0.094

	TA
	50.000
	550.000
	265.679
	115.775
	0.313
	-0.322
	0.343

	TH
	90.000
	393.000
	216.580
	72.918
	0.394
	-0.555
	0.155

	Ca2+
	13.650
	119.000
	58.856
	24.609
	0.446
	-0.016
	0.085

	Mg2+
	5.710
	30.490
	16.577
	5.771
	0.462
	-0.330
	0.064

	Na+
	9.470
	85.000
	43.369
	19.417
	0.089
	-0.913
	0.118

	K+
	0.470
	12.360
	5.769
	2.973
	0.231
	-0.817
	0.052

	Cl
	12.200
	110.650
	60.044
	23.887
	0.183
	-0.646
	0.271

	HCO3-
	100.540
	312.540
	220.426
	49.597
	-0.193
	-0.785
	0.137

	SO42-
	1.800
	77.560
	37.491
	18.504
	0.251
	-0.513
	0.154

	F
	0.050
	1.580
	0.665
	0.320
	0.402
	-0.229
	0.204

	NO3-
	1.230
	29.650
	13.418
	6.691
	0.425
	-0.277
	0.094


Table 1: Descriptive statistical summary of all physical and chemical parameters groundwater in Kaniha block

The main source of Ca2+is due to calcium bearing minerals present in the rock like plagioclase, amphibole and pyroxene [43]. The increase of Na+ level in the groundwater due to cation exchange from the source rock containing sodium feldspar and clay minerals as well as domestic wastes, septic tank leakage and agricultural practices are responsible for enrichment of Na+ in the groundwater chemistry [7]. 
The Mg2+ occurs in the groundwater in association with Ca2+ and derived from the weathering of ferromagnesium minerals like biotite, hornblende present in the rock and may be due to anthropogenic sources like mining or industrial activities [19]. The concentration of Potassium(K+) in the groundwater due to the application of chemical fertilizer in agriculture rather than source from weathering of potassium feldspar bearing mineral rocks [40].
Among anions the value of HCO3- having concentration avg. 221.1 mg/L is followed by Cl-(avg. 60.04 mg/l), SO42-(avg. 37.491 mg/l), NO3-(avg. 13.418 mg/l), F-( avg.0.665 mg/l) are present in the groundwater. The higher concentration of bicarbonate is due to weathering of silicate rock with content of CO2 in the soil, which produces the water alkaline in nature [40]. 
Another important anion presents in the ground water is chloride (Cl-) which derived from the various sources such as rock weathering, leaching in semi-arid climate with poor drainage condition and from irrigation return flow and may be due to sea water intrusion [19]. The sulphate (SO4) present in the groundwater comes from the weathering of sulphate bearing minerals and from the use of gypsum in agricultural field [40]. 
The fluorite content in the groundwater body due to the dissolution of fluorine into groundwater from fluorine-containing minerals present in rocks (apatite, biotite, amphibole) and the excessive use of chemical fertilizers, especially phosphate fertilizers along with anthropogenic influences, such as fly ash from burning fossil fuels, also contribute to fluoride concentrations [2][44].

Hydro-Chemical Facies of Groundwater
[bookmark: _Hlk211297203]The facies analysis of the study area is obtained from the piper trilinear diagram (Figure 2), which shows that water samples fall in the “Ca-HCO3”, Ca-Mg-Cl -SO4 and mixed type of facies. Dug well samples are clustered in the Ca-HCO3 and mixed Ca-Mg-Cl-SO4 facies which represent the recent recharge with limited mineralisation. The facies Ca-HCO3 is thought to be due to rock weathering and cation exchange reactions [23][45]. For An alkaline pH with comparatively greater Ca2+ and Mg2+ concentrations and lower SO42− concentration could have regulated the ion dissolution in the coal-bearing aquifer [33]. Tube well samples are mostly falling in the Na+-K-HCO3- and mixed type of facies which suggested that groundwater influenced by ion exchange, silicate weathering and longer subsurface circulation. Some of the tube well samples are trending towards chloride and sulphide dominant facies which signifies that mineral dissolution or influence of anthropogenic inputs. 
[image: ]
Figure 2: Piper trilinear diagram showing hydrochemical facies.
Gibbs Diagram and Rock-Water interaction
Gibbs diagrams use the relationship TDS vs. (Na++ K+)/ (Na++K++Ca2+) and TDS vs. (C1−) / (C1−+HCO3−) to explain the origin of chemical components in water in relation to precipitation (atmosphere), rock (lithology), and evaporation (climate) in groundwater systems which shown in Figure 3a and 3b [21]. According to Gibbs plot, it is found that “all most all the water samples fall in the rock dominance field”, which indicates that the ionic dominance due to weathering of the host rock and ion exchange. Few samples are drifted towards evaporation dominance due to surface exposure and anthropogenic contact.
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	Figure 3: (a)Gibbs Diagram (Cation)	(b) Gibbs Diagram (Anion)




Ion Exchange Process
For further evaluation of the geochemical characteristics and reactions, from the plot of “Ca2+/Na+ vs Mg2+/Na+” and “Ca2+/Na+ vs HCO3-/Na+” (Figure 4a and 4b), it is found that most of the samples from deep and shallow aquifers are exhibiting a clear positive trend. The pattern indicates the progressive transitional in geochemical control. The samples are falling in the lower Ca²⁺/Na⁺ and HCO₃⁻/Na⁺ ratio range, indicating comparatively longer groundwater residence times and ion exchange reactions whereas greater ratios, indicating that the hydrochemistry is primarily influenced by the dissolution of silicate and carbonate minerals [46]. 
The detailed study about the mechanism of rock weathering by using the diagram Ca2+ +Mg2+ vs HCO3- which is shown in Figure 4c. All the groundwater sampling points in this diagram fall above the equiline that the dissolution of silicate minerals like feldspars and pyroxenes is mostly responsible for the release of divalent cations [47]. 
The scatter plot between HCO3-+ SO42- and Ca2+ +Mg2+ provide in Figure 4d where the sampling points deviate from the theoretical line (1:1) and move towards HCO3-+ SO42- which indicating the excess of HCO3-concentration due to ion exchange process by weathering of Na+ and K+ silicates [30][48]. From the scatter diagram “Ca2++Mg2+ vs Na++K+” which shown in Figure 4e, the points move towards Ca2++Mg2+, so that they have appeared as major contributor and lower Na++K+ due to Ca2+/Na+ exchange reaction. The weathering of sodium feldspar and potassium feldspar which are present in the biotite gneiss, is the prime contributor of Na+ and K+ in the groundwater [47][49]. 
From the scatter diagram “Ca2++Mg2+ vs Total Cation” which shown in Figure 4f, some points lies above and close to line 1:1 which shows dominance of alkaline earth metals in the groundwater over alkalis.  Most of the points moved towards total cation from Ca2++Mg2+ dominance zone, so that weathering of carbonate and silicate minerals may release Mg2+ and Ca2+ ions into the system during rock-water interaction. [45].  
The molar ratio of Na+/Cl- is ranging between 0.202 to 5.522 with an average 1.394. Most of the samples have ratio more than one, which implies that the cation ion exchange takes place in the aquifer system and ratio less than 1 also indicated that reverse ion exchange process takes place in the aquifer system [9]. In the Figure 4g, the samples from dug well (Shallow aquifer) are fall above the equiline, which indicated that higher Cl⁻ values, reflecting the influence of surface recharge mixed with minor anthropogenic inputs. 
From the Figure 4h, the Na/Cl ratio exhibits a modest negative connection with EC (R2 = 0.0837), suggesting that sodium's proportionate contribution to chloride reduces as salinity rises samples having elevated Na/Cl ratios at lower EC values likely correspond to recharge zones influenced by silicate weathering or initial stages of cation exchange [9][50]. However, samples with reduced Na/Cl ratios along with higher EC values suggest progressive salinization may be due to evaporation process in shallow aquifer and enhanced ion-exchange reactions occurring in deeper aquifer sections [51][52]. 
The ion exchange processes are further explained by calculation of chloro-alkaline indices (CAI-1 and CAI-2) in Equation 4 and 5. The values of CAI-1and CAI-2 of the study area, 47 samples have negative value which implies that the ion exchange process takes place where Ca2+ and Mg2+ in water exchanged with Na+ and K+ from the host rock (Figure 4i and 4j). Whereas 34 samples have positive value which defines that reverse ion exchange process takes place where Ca2+ and Mg2+ in water exchanged with Na+ and K+ from the host rock [31][53]. 
Chemometric Analysis
The chemometric analysis refers to various statistical methods for extensive study of ground water quality as well as geochemical evolution. The methods are “bivariate coefficient correlation analysis, multivariate factor analysis, principal component analysis, cluster analysis” for assessment and management of water quality and explore the different geochemical processes affect the water chemistry [32]. These techniques are organized and simplified by the dataset.


Bivariate Coefficient Correlation Analysis
The correlation matrix dataset is presented at Table 2. There is a strong correlation(r=1.000) exist among Total dissolve solid (TDS) and Electrical conductivity (EC), indicating that groundwater conductivity is directly governed by ionic concentration.  
Total hardness (TH) is highly correlated with both Ca2+ (r=0.926) and Mg2+ (r=0.495), suggesting that the dissolution of carbonate and silicate minerals is the primary source of groundwater hardness. The significant positive correlations between TH–Cl⁻ (r=0.645) and TH–SO₄²⁻ (r=0.524) indicate that minerals containing sulphate and chloride, possibly enhanced by anthropogenic influences like domestic effluents. 
The relationship between Ca²⁺–Cl⁻ (r=0.618) and Ca²⁺–SO₄²⁻ (r=0.478) suggests that calcium coexists with chloride and sulphate because of mineral weathering and concentration driven by evaporation [8]. The strong correlation of Ca2+-Cl-, Ca2+-NO3-,Ca2+-SO42- indicates the dissolution of plagioclase feldspar, sulphate bearing minerals (Gypsum) which are used as fertilizer [15]. The positive correlation of Na⁺–HCO₃⁻ (r =0.520) indicates the occurrence of cation exchange reactions and feldspar weathering, which implies that the enrichment of sodium is a consequence of rock–water interactions rather than the dissolution of halite, given the weak Na⁺–Cl⁻ correlation. 
In a similar manner, the Na⁺–K⁺ (r =0.441) correlation illustrates their release from silicate minerals during the weathering process. The NO₃⁻ ion demonstrates significant positive correlations with TH (r =0.633), Ca²⁺ (r =0.576), and Cl⁻ (r =0.477), highlighting the impact of human activities, particularly from agricultural fertilizers and the leaching of organic waste. 
Additionally, the negative correlation between pH and NO₃⁻ (r = –0.406) suggests that a lower pH level increases the mobility of nitrate and the dissolution of minerals within the aquifer system. The weak relationship between Ca2+ and Mg2+ indicates the base ion exchange reaction takes place in aquifer system [2]. 
The strong relationship between Cl- -SO42- and weak relationship between Cl-HCO3- may be due to anthropogenic sources such as mineral dissolution, irrigation return water flow, drainage waste, septic tank leakage, chemical fertilizer [15]. Overall, the correlation findings indicate that the chemistry of groundwater is influenced by a mix of geogenic and anthropogenic factors, such as the dissolution of carbonates and silicates, ion exchange processes, and specific instances of anthropogenic contamination.

Table 2: Correlation Matrix of Physio-Chemical parameters

	Variables
	pH
	EC
	TDS
	TA
	TH
	Ca2+
	Mg2+
	Na+
	K+
	Cl-
	HCO3-
	SO42-
	F
	NO3-

	pH
	1
	
	
	
	
	
	
	
	
	
	
	
	
	

	EC
	-0.207
	1
	
	
	
	
	
	
	
	
	
	
	
	

	TDS
	-0.207
	1.000
	1
	
	
	
	
	
	
	
	
	
	
	

	TA
	0.347
	0.498
	0.498
	1
	
	
	
	
	
	
	
	
	
	

	TH
	-0.342
	0.449
	0.449
	0.159
	1
	
	
	
	
	
	
	
	
	

	Ca2+
	-0.302
	0.432
	0.432
	0.163
	0.926
	1
	
	
	
	
	
	
	
	

	Mg2+
	-0.149
	0.240
	0.240
	0.093
	0.495
	0.166
	1
	
	
	
	
	
	
	

	Na+
	0.357
	0.292
	0.292
	0.458
	-0.318
	-0.286
	-0.125
	1
	
	
	
	
	
	

	K+
	0.370
	-0.175
	-0.175
	0.059
	-0.434
	-0.437
	-0.137
	0.441
	1
	
	
	
	
	

	Cl-
	-0.274
	0.620
	0.620
	0.268
	0.645
	0.618
	0.330
	-0.007
	-0.369
	1
	
	
	
	

	HCO3-
	0.208
	0.236
	0.236
	0.353
	0.366
	0.340
	0.249
	0.520
	0.218
	0.061
	1
	
	
	

	SO42-
	-0.230
	0.584
	0.584
	0.289
	0.524
	0.478
	0.314
	0.071
	-0.131
	0.368
	0.116
	1
	
	

	F
	0.159
	0.197
	0.197
	0.126
	-0.171
	-0.190
	0.028
	0.271
	0.037
	-0.081
	-0.002
	0.182
	1
	

	NO3-
	-0.406
	0.412
	0.412
	0.011
	0.633
	0.576
	0.319
	-0.266
	-0.474
	0.477
	0.046
	0.388
	-0.194
	1
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Figure 4: (a) Scatter Diagram of (Ca2+/Na+ ) vs (Mg2+/ Na+),  (b)  Scatter Diagram of (Ca2+/Na+ ) vs (HCO3-/ Na+),   (c) Scatter Diagram (Ca2++Mg2+) vs (HCO3-), (d)Scatter Diagram (Ca2++Mg2+) vs (HCO3-+ SO42-), (e)  Scatter Diagram (Ca2+ +Mg2+) vs (Na++K+),(f)  Scatter Diagram (Ca2+ +Mg2+) vs Total Cation, (g)  Scatter Diagram  Na+ vs Cl-  , (h) Scatter Diagram (Na+/Cl-) vs EC, (i) Schoeller’s Diagram (CA1-1 vs CAI-2) (j)Graph of Chloro-Alkaline Indices



























Principal component analysis
The principal Component Analysis was carried out using ten physicochemical parameters of groundwater to determine the primary hydrogeochemical processes that are active during the pre-monsoon period. According to Kaiser-Meyer-Olkin (KMO) and Bartlett’s tests, the data set was sufficient for PCA [54]. From Bartlett’s test of sphericity X2 value is 570.87(df=45, p<0.001), which confirmed that correlation matrix differs significantly from identity matrix and that intervariable correlations are sufficient for PCA. The Scree plot and the three-dimensional component plot in rotated space are presented in Figure 5a and 5b respectively. 
The result showed that three components have eigenvalue greater than 1, whose cumulative variance is 73.72% of the total variance and three components describe the different attributes to signify the water chemistry (Table 3). The first component has a variance of 40.80 % and contains large positive loading of TH (0.931), Ca2+(0.903), Cl- (0.770), SO42-(0.630), TDS (0.668) and NO3-(0.746). 



Table 3: Principal component analysis of the parameters for the groundwater studied
	[bookmark: _Hlk215683363]Variable
	PC1
	PC2
	PC3

	TDS
	.668
	.218
	.532

	TH
	.931
	.010
	-.200

	Ca2+
	.903
	.016
	-.219

	Na+
	-.168
	.788
	.422

	K+
	-.505
	.610
	.014

	Cl-
	.770
	-.037
	.144

	HCO3-
	.300
	.855
	-.163

	SO42-
	.630
	.069
	.448

	F-
	-.133
	.011
	.818

	NO3-
	.746
	-.228
	-.086

	Eigen value
	4.080
	2.055
	1.236

	Variance%
	40.801
	20.553
	12.361

	Cumulative %
	40.801
	61.354
	73.715
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Figure 5: (a) Scree plot for PCA of the study area and (b) Component plots in rotated space.

The Factor loadings of PC1 indicates that the water chemistry influenced by carbonate and sulphate mineral dissolution, and anthropogenic inputs such as nitrate contamination from fertilizers or sewage infiltration [10]. The PC1 reflects mineral dissolution and anthropogenic enrichment governing groundwater salinity and Total hardness during the premonsoon period.
The PC2 has an eigen value of 2.055 with variance 20.553% of the total variance, having strong positive loading of Na+(0.788), K+(0.610), and HCO3-(0.855). The robust correlation between Na⁺ and HCO₃⁻ suggests cation exchange and silicate weathering processes, wherein Na⁺ replaces Ca²⁺ and Mg²⁺ on clay mineral exchange sites. Prolonged water-rock contact within the aquifer system is suggested by elevated bicarbonate levels and somewhat higher pH values [10][55]. Thus, this factor represents groundwater's alkali enrichment and natural geochemical evolution [56]. 
PC3 having 12.36 % variance with moderate correlations with TDS (0.532) and SO₄²⁻ (0.448), as well as a substantial positive loading for F⁻ (0.818). This factor indicates the dissolution of fluoride-bearing minerals like fluorite, biotite, and apatite, indicates fluoride mobilization under high bicarbonate and low calcium circumstances [2][57]. This factor, which is often obtained from the alkaline conditions, the correlation with total dissolved solids implies that fluoride enrichment rises with residence duration and water–rock contact [58][59][27]. 
The PCA findings revealed that groundwater chemistry in the pre-monsoon period is primarily influenced by three interconnected processes such as carbonate and sulphate dissolution with anthropogenic influence (PC1), Ion exchange and silicate weathering (PC2), Fluoride enrichment from geogenic sources (PC3).
Factor Analysis of Ionic ratios
The main hydrogeochemical processes were identified by three key factors, with two having eigenvalues greater than one and the third having an eigenvalue of less than one, collectively explaining 85.75% of the total variation in the ionic ratio dataset (Table 4). The Scree plot for determination of factor using kaiser norm and three-dimensional component plot in rotated space are presented are shown in Figure 6a and 6b.

Table 4: Factor loadings of the ionic ratios.
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	F1
	F2
	F3

	Ca/Mg
	0.458
	0.482
	-0.624

	Na/cl
	-0.931
	0.192
	-0.103

	Ca/(HCO3+SO4)
	0.909
	0.285
	-0.196

	Ca+Mg/HCO3
	0.908
	0.147
	0.248

	Cl/HCO3
	0.758
	-0.357
	0.209

	Na/Ca
	-0.812
	-0.339
	0.234

	(Na+K)/Ca+Mg)
	-0.868
	-0.330
	-0.025

	(Na+K)/Cl
	-0.928
	0.200
	-0.099

	CAI-1
	0.928
	-0.200
	0.099

	CAI-2
	0.947
	0.020
	0.184

	SO4/Cl
	-0.337
	0.641
	0.440

	NO3/Cl
	-0.192
	0.814
	0.294

	Eigen value
	7.482
	1.877
	0.932

	Variance%
	62.348
	15.642
	7.769

	Cumulative %
	62.348
	77.989
	85.758




















Although the third factor has an eigenvalue of 0.932, it exhibits distinct and significant ionic loadings (Ca/Mg = –0.624), that indicate a unique hydro-chemical process and omitting it would result in the loss of essential geochemical information [60]. Therefore, it is appropriate to retain this factor.
Three principal factors explained 85.76% of variance. Factor-1 (62.35%) reflects carbonate/silicate weathering and reverse ion exchange, responsible for Ca–Mg–HCO₃ water type and geogenic fluoride enrichment due to Ca depletion [38][10]. Factor-2 (15.64%) represents anthropogenic influence, dominated by NO₃⁻ and SO₄²⁻ inputs from fertilizers and wastewater [2]. Factor-3 (7.77%) indicates groundwater evolution through cation exchange and mixing of deep and shallow flow paths. Overall, groundwater quality is primarily geogenically controlled with localized anthropogenic impacts.
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Figure 6: (a) Scree plot for ionic ratio (b) Component plot in the rotated space (PCA). 



R-Mode cluster analysis
Hierarchical Cluster Analysis identified three unique hydrogeochemical categories within the groundwater of the Gondwana sedimentary and nearby metamorphic regions (Figure 7). 

Cluster1 (HCO₃⁻, TH, TA) is indicative of carbonate dissolution processes that are prevalent in the weathered sedimentary layers [61][62]. Cluster2, which includes major cations and anions (Na⁺, Ca²⁺, Mg²⁺, K⁺, Cl⁻, SO₄²⁻, NO₃⁻, F⁻, pH), signifies a mixed system shaped by the weathering of silicate minerals in khondalite–charnockite rocks, evapo-concentration, and human activities [63]. Cluster3 (TDS) stands as a separate group, reflecting the combined impact of all geochemical processes and the accumulation of salinity. This clustering method effectively differentiates groundwater systems based on lithology, duration of water residence, and external factors, offering a solid foundation for evaluating groundwater development and quality throughout the study region [27][64]. 
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Figure 7: Clustering dendrogram of water quality parameters from the study area
CONCLUSION
The hydrochemical analysis of the study area (Kaniha Block, Angul district, Odisha) reveals that the groundwater of the region is moderately hard to hard type and are alkaline in nature. The abundance of the minerals is in order Ca2+> Na+> Mg2+> K+ and HCO3->Cl-> SO42->NO3-. The Piper diagram shows that the facies of the study area move from Ca2+-HCO3-, Ca-Mg-Cl -SO4 and mixed type of facies. The water chemistry is heavily influenced by rock-water interaction, with varying lithologies, determined from Gibbs diagram. The ion exchange process is the most dominant part of groundwater evolution which, is determined from the value of chloro-alkaline indices (CAI). From the study of ionic ratio, it was found that in the initial phases of groundwater development in recharge zones, leading to a transformation from Ca-Mg-HCO3 water types to Na-HCO3 types as silicate hydrolysis progresses. In deeper aquifer sections, samples showing lower Na/Cl ratios along with elevated electrical conductivity (EC) values suggest ongoing salinization and intensified ion-exchange reactions. The correlation findings have been indicated that groundwater is influenced by a mix of dissolution of carbonates and silicates, ion exchange processes, and specific instances of anthropogenic contamination. This aligns with the occurrence of inverse or direct cation-exchange reactions that modify groundwater chemistry during mixing or salinization. The PCA results indicated that during the pre-monsoon season, groundwater chemistry is shaped by three related processes: the dissolution of carbonates and sulphates influenced by human activities (PC1), ion exchange and the weathering of silicates (PC2), and the enrichment of fluoride from natural sources (PC3). From the clustering technique, the groundwater systems has been distinguished by considering lithology, water residence time, and external influences, with providing a robust basis for assessing groundwater development across the study area.
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