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Abstract: This study was carried out with the aim of providing an overview of regional aquifer systems long-term geological 

and anthropogenic impacts on groundwater geochemistry and drinking water quality. The study area is Marakkanam, which 

is situated in the coastal panchayat of the Tindivanam Taluk in northern Tamil Nadu, in the Vilupuram District. A detailed 

hydrogeochemical analysis and interpretation of groundwater samples have revealed several factors worthy of our attention. 

The quality of water existing in the aquifer system is moderately alkaline and acidic in the spring of 2017 (April). The range 

of EC values is from 445.31 to 1304.68 µS/cm. Most of the samples have shown predominance of ions Na+ and Cl-. The 

statistical studies show that, the hydrogeochemical processes in this region are controlled by anthropogenic and inverse ion 

exchange factors. Groundwater is unsuitable for domestic use according to the heavy metal pollution index, heavy metal rating 

index, health hazard index, and pollution level. 
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Introduction 

Groundwater quality and chemical composition vary based on various factors like climate, soil, 

geology, hydrogeology, and the anthropogenic activities at a given place. Several geochemical 

processes alter the quality of water from the time it condenses in the atmosphere until the time it is 

discharged into an aquifer (Gupta et al., 2004). According to Todd (2007), the most practiced technique 

for keeping track of seawater incursion into littoral zones is periodic groundwater chemistry studies. 

Super saturation of soil zones with sodium and chloride ions results from the salinization process. The 

salt pans that have grown up in this region are continuously vulnerable to seawater evaporation and 

have a tendency to get blocked in certain shallow square segments when sunlight is deployed. In the 

study area, groundwater is the source for coastal areas. Hence these studies advocate the 

hydrogeochemical processes, water chemistry, and its spatial valuation. 

 

Study Area 

The study area, Marakkanam, is located in the Vilupuram District of northern Tamil Nadu, in the coastal 

panchayat of Tindivanam Taluk. By way of the Buckingham Canal, which runs north and south, it is 

well connected to Kakinada (Andhra Pradesh) and Pondicherry. The area is situated 107 km south of 

Chennai on the East Coast Road, close to the Union Territory of Pondicherry. The Karaiveli River flows 

through the north of the Marakkanam region, covering an area of 27 km². The region has a tropical 

climate with average temperatures between 26o and 41°C, usually rising during the summer, and 

receives southwest (June-September) and northeast monsoons (October-December) with an average 

annual rainfall of 1119.8 mm to 1200 mm towards the coast. The soils in the area consist of forest soils, 

redsoils, some patches of alluvium, and some terisand deposits exposed by aeolian activity in the area. 

Clay sand and alluvial deposits are found near the eastern and northern parts of the study area. 

 

Materials and Methods 

Field and laboratory methods 

In April 2017, 31 water samples were collected from boreholes in and around Marakkanam region (Fig. 

1). One litre water sample was collected at each site using high density polyethylene bottles. Prior to 

sampling, all bottles were washed with 1:10 diluted HCl and rinsed repeatedly with distilled water.  

After pumping for 5 minutes, water was collected from the well and transported to the laboratory (4°C). 

In the sample site, pH, EC and TDS were determined using a multi-parameter (OaktonWD-35425-

10PCSTester 25). Samples were analysed for major cations, anions, and heavy metals using standard 

methods (APHA 1995). Calcium (Ca2+) and magnesium (Mg2+) were analyzed by the titration method. 

Sodium (Na+) and Potassium (K+) ions were analyzed by Flame photometry (Model CL 378 Elico 

Limited, Hyderabad, India). Alkalinity is measured by the titration method. The bicarbonate content of 

water is calculated based on the alkalinity value. Mohr titration determines inorganic anion (Cl-) of 

chloride. Sulfate (SO2
-) was determined by turbidity. Nitrate (NO3

-) was measured using a UV 
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Spectrophotometer model SPECTRONIC200 Phosphate (PO4
-) was measured using the ascorbic acid 

method. Trace elements were analyzed using flame atomic absorption spectroscopy (AAS). 

Geochemical maps were produced using AQUACHEM (4.0), and EXCEL (2010) software. The results 

were processed by the WATEQ4F program to calculate the saturation index. Spatial distributions were 

performed using the Karteninfo software (V8.5) in combination with the Vertical Mapper. Correlation 

matrices were constructed by Pearson correlation, and factor analysis between ion pairs was done using 

software (SPSS) 16.0. 

 

 
Fig. 1. Location map of the study area. 

 

 
Fig. 2. Spatial distribution of electrical conductivity (µS/cm). 
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Results and Discussion 

Groundwater Geochemistry 

In the study area the pH ranges from 4.6 to 8.3 with an average of 6.5, which indicates the water samples 

were acidic to alkaline in nature. The EC values range from 445.31 to 1304.68 μS/cm with an average 

of 811.20 μS/cm (Fig. 2). The spatial distribution map shows that the northern part of the study area 

shows higher EC, whereas the southern area denotes less electrical conductivity; this represent the 

influence of salt pans and saline water intrusion. The total dissolved solids (TDS) of groundwater range 

from 285 ppm to 835 ppm with an average of 519.17ppm. An increase in TDS may be due to dissolution 

of minerals and rocks. According to Raju et al. (2009), the variation in the TDS, EC, and ionic 

concentrations in the groundwater may be due to the variation in geochemical process. The permissible 

limit of TDS is 2000mg/l (BIS 2012). The groundwater levels in Marakkanam region are within the 

desirable limit. The results of the chemical constituents of groundwater are shown in Table 1. 

 

Table 1. Results of the chemical constituents of groundwater (All values in mg/l except EC in μs/cm 

and pH). 
Parameters Maximum Minimum Average BIS standards (2012) 

permissible limits 

Ca 112 10 41.58 200 

Mg 27.6 2.4 8.81 100 

Na 138.5 11.7 60.97 200* 

K 77.3 0.6 8.1 20* 

Cl 345.64 27.48 119.5 1000 

CO3 18 BDL 5.61 600 

HCO3 42.7 5.1 19.85 400 

PO4 5.09 BDL 0.25 6.5-8.5 

SO4 81.85 0.8 34.54 400 

NO3 77.47 66.84 72.62 45 

H4SiO4 100 6.7 44.8 100 

TDS 835 285 516.53 2000 

EC 1304.69 445.31 807.08 1500$ 

pH 8.39 4.61 6.58 6.5-8.5 

Cu 0.49 BDL 0.07 1.5 

Zn 3.63 0.01 0.18 15 

Co 0.74 0.05 0.11 0.05# 

Cr 0.2 0.07 0.14 0.05* 

Cd 0.04 BDL 0.03 0.005* 

Pb 0.4 0.01 0.06 0.05@ 

Ni 0.53 BDL 0.23 0.02# 

Fe 32.9 BDL 4.36 0.3@ 

Mn 6.96 BDL 0.59 0.3 

*WHO (2004); #WHO (2003); @WHO (2008); $ BIS 2012 

 

From the results of the statistical analysis, it is found that the most dominant is chloride, ranging 

from 345.64 to 27.48 mg/l, and the least dominant is phosphate, ranging from 5.09 mg/l to BDL among 

the major ions (Table.1). In the case of trace elements, the most dominant element is iron, ranging from 

32.90 mg/l to BDL. This extremely high iron concentration may be derived from laterite and ferruginous 

sandstone. This was also supported by Tiwari and Dubey (2012). As a whole, it is identified that the 

majority of the samples in the study area are within the permissible limits (BIS 2012) whereas some 

elements exceed the limits, suggesting a particular impact of any external factor as well as the endogenic 

process like rock-water interaction, leaching of Cl from topsoil or weathered zone, and base exchange 

reactions (Freeze and Cherry, 1979). The high concentration of NO3 can cause blue baby syndrome, 
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gastric cancer, goiter, birth malformations, and hypertension (Spalding and Exner, 1993; Chakraborti 

et al., 2010). In the study area, nitrate concentration ranges from 66.84 ppm to 77.47 ppm, with an 

average concentration of 72.62 ppm. The permissible limit of nitrate is 45mg/l (BIS, 2012), implying 

that all the samples exceeded the safe limits, which has harmful effects on human health. 

 

Table 2. Correlation analysis of groundwater samples. 

 
 

Multivariate Statistical Analysis 

Factor Analysis 

To determine the relative importance of the chemical variables responsible for the variations in the 

geochemistry of groundwater, a multivariate statistical analysis has been carried out using the 

hydrogeochemical data (SPSS package 16.0). The variables used for factor analysis were pH, EC, TDS, 

Ca, Mg, Na, K, HCO3, Cl, SO4, NO3, PO4, Cu, Co, Cr, Zn, Pb, Fe, Mn, and Ni. The correlation matrix 

for 20 variables is shown in Table 2. R-mode factor analysis is useful in the interpretation of an aquifer 

by combining groundwater quality and specific hydrogeological processes along the coastal alluvium 

in the salt- pan region of Marakkanam. The correlation matrix is used for the inter-correlations among 

the given set of variables. The eigen value has been computed for all the principal ions. With a minimum 

acceptable Eigen value >1, the factor extraction has been done. The correlation coefficient value of <0.5 

denotes poor correlation, while >0.5 is considered good correlation. Because of the association of Na+ 

and Cl-, defined as the salinity component in reference to the salt NaCl, the excellent correlation with 

Na and Cl suggests highly positive loading. The factor analysis studies revealed a strong correlation 

between Sodium and Chloride, as well as EC and TDS, confirming saline water intrusion in the 

Marakkanam area. It also reflects the influence of anthropogenic sources (Thivya et al., 2014). It may 

also be reverse ion exchange processes, and secondary salt leaching from the salt pan (Subramani et al., 

2009). Chidambaram et al. (2011) discovered that feldspar weathering causes Na concentrations in 

groundwater. Inorganic fertilizer, irrigation drainage, and percolation from saline soil into ground water 

may be possible reasons for high chloride content. 

The correlation between Ca with Mg, Ni, Fe, TDS and EC suggests that the aquifers in this 

region undergo multiple reverse ion exchange processes, carbonate, and silicate weathering saline water 

intrusion, leaching, evapotranspiration, and agricultural activities (Subramani et al., 2009). Mg has a 

good correlation with Fe, TDS, and EC. The Mg2+ in groundwater is primarily liberated by Mg-rich 

minerals (enstatite and hypersthene) (Chidambaram, 2000; Chan et al., 2013). Cu is highly correlated 

with Co and Mn, and Cr exhibits strong correlation with Cd and Ni, which reveal the sources in the 

groundwater due to the release of industrial effluents, and anthropogenic activities. Cadmium 
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concentrations may be high due to industrial waste discharge or leaching from sewage-laden landfills 

(Singh, 2003). A good correlation of Fe with Mn implies a reduction in pH value. The dominance of Fe 

in water, and reduced oxygen condition, help in the dissolution of naturally occurring salts in the soil, 

minerals, and rocks. This may also be due to ions, which play a key role in controlling water chemistry 

processes in this region. 

 

 
Fig. 3. Molar ratio of Na+/Cl- versus Cl- (mg/l) 

concentrations. 

 
Fig. 4. Molar ratios of SO4/Cl verses Cl 

(mg/l) concentrations. 

 

Hydrochemical processes 

Na+/Cl- Vs. Cl- ion ratio 

The effect of seawater intrusion was evaluated by interpreting the range of ion ratio. The plot was used 

to determine the molar ratio of Na+/Cl- concentration to Cl- concentration (mg/l). A linear increase in 

Na+ and Cl- is expected in conservative seawater-freshwater mixtures (Sanchez Martos et al., 1999). As 

a result, the groundwater decreased around the seawater ratio (0.86), suggesting that the fresh 

groundwater was contaminated. From feldspar weathering, the   amount   of   Na+ released into solution 

is relatively small compared to the larger contribution from coastal precipitation, but enrichment is 

observed in dilute ground waters with Na+/Cl- > 1. The Na+/Cl- ratios ranged from 0.30 to 1.2 mg/L, 

indicating that most samples were within the contamination range in the study area. The Cl- to Na+ and 

Mg2+ ratios indicate that these ions are the primary source of evaporated water. Figure 3 shows that the 

Na+/Cl- to Cl- values exceed the seawater ratio values, indicating that a large proportion of the 

groundwater in this region is affected by seawater intrusion. 

 

Molar ratio of SO4/Cl vs. Cl 

Changes in the SO4/ Cl molar ratio were evaluated in relation to the Cl concentration distribution. SO4/ 

Cl ratios ranged from 0.22 to 0.39 mg/l, with most samples located near contaminated areas (Fig. 4). 

The molar ratio shows that 30% are below seawater levels (0.1), indicating a noteworthy level of 

seawater pollution. They generally decrease as the concentration of Cl increases. 

 

 
Fig. 5. Gibbs Plot showing water-rock interaction (Gibbs, 1970). 
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Gibbs plot 

Hydrogeochemical processes are determinants of water chemistry. According to Gibbs (1970), the most 

important natural processes that are controlling surface and groundwater chemistry are (i) atmospheric 

precipitation, (ii) rock weathering, and (iii) evaporation and fractional crystallization (Fig. 5). Most 

groundwater samples fall within the evaporation zone due to the dry climatic conditions prevailing in 

the study area during the sampling period. The basic concept of the chart is based on TDS and a few 

ion ratios, but there are still very few samples outlie the boomerang chart, and this high TDS sample in 

the evaporation zone are the result of both anthropogenic and natural resources. 

 

Piper plot 

Piper plots display the concentrations of the main cations (Ca, Mg, Na, and K), and anions (CO3+ HCO3, 

Cl, and SO4) in two separate triangle plots, and their combined information in squares (Fig. 6), limited 

to 3 types. Most samples are Na-Cl types with high sodium and chlorine content due to processes that 

remove other ions from the system by adsorption or precipitation. Some samples were classified as Ca-

Cl types, indicating prevalent anthropogenic influence. Few of the samples fell under the Ca-Mg-Cl 

mixed types, again indicating an artifact, and the samples reflected a mixed cation and anion type that 

could be attributed to the additional leachate (Chidambaram et al., 2012). The figure shows that alkalis 

(Na and K) outperform the alkaline earths (Ca and Mg), and the strong acids Cl and SO4) outperform 

the weak acids (HCO3). 

 

 
Fig. 6. Piper plot exhibiting the hydrogeochemical 

facies of groundwater samples. 

 
Fig. 7. Chadha’s geochemical evolution process 

plot. 

 

 
Fig. 8. Ternary plots for cations (a) and anions (b) The cations with more samples in (Na + K) region, 

the anions are dominated by Cl + SO4 (Thilagavathi et al., 2014). 

 

Ternary plots 

Ternary diagrams were created to characterize ions   in   groundwater   and   to   understand the 

proportions of bicarbonates, silicates, chlorides, and sulfates derived from anthropogenic processes. 

Zones I and II are classified by weathering processes, while Zone III is classified as areas dominated 

by anthropogenic processes (Fig. 8). Few samples are transferred to anthropogenic processes since the 
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majority of the samples fall into Zone 3, where Na-Cl and Ca-Cl types are predominant. Na 

concentrations in groundwater exceed the increasing trend of Ca on the Na+K side due to alkali mineral 

weathering or cation exchange, saline disturbance, or the addition of NPK fertilizers to agricultural 

lands infiltrated by surface runoff. Most samples show a trend towards Cl+SO4, suggesting that Cl- may 

come from common sources such as saline backwaters and evaporation from unsaturated zones. Cl- can 

leach from clay beds and SO4
2- can leach from industrial fertilizers (Handa, 1975). Ternary diagrams 

were created to characterize ions in groundwater and to understand the proportions of bicarbonates, 

silicates, chlorides and sulfates derived from anthropogenic processes. Zones I and II are classified by 

weathering processes, whereas Zone III is classified as areas dominated by anthropogenic processes. 

Most of the samples fall into Zone 3, where Na-Cl, Ca-Cl types are dominant, so few samples are 

transferred to processes. 

 

Relationship of Log pCO2 and ionic strength 

Figure 9 depicts the calculated ionic strength and pCO2 values. The log pCO2 of each sample is 

determined to examine its relationship to recharge. The log pCO2 values range from -0.26 to - 4.20. 

High ionic intensities up to 0.016 were detected in the study area. From this result, it can be concluded 

that the majority of the samples have low ionic strength, indicating high freshwater influx and charging. 

The majority of the samples reflect a mixed water type, with log pCO2 tending to decrease to 

atmospheric pressure, leading to an increase in saturation, suggesting that the mixing zone is an open 

system. Few samples fall within the higher logarithmic pCO2 results around -1.5. This may be due to 

deep groundwater circulation with less interaction with the atmosphere, or to high saturation of 

carbonate resulting from the interaction of carbonate flowing material with host rocks (Chidambaram 

et al., 2011). 

 

 
Fig. 9. Bivariate plot between log pCO2 vs. 

ionic strength. 

 
Fig. 10. Variation of Saturation index of different 

Carbonate minerals with dissolved HCO3. 

 

Saturation index 

The saturation index (SI) was calculated for groundwater samples using the WATEQ4F geochemical 

computer program to predict subsurface reaction mineralogy from groundwater sample data without 

collecting solid phase samples, which can be defined as: 

SI = log (IAP/k) 

where IAP is the ion activity product and K is the equilibrium constant. 

 

Saturation index of carbonate minerals 

The groundwater saturation indices of minerals such as magnesite (MgCO3), aragonite (CaCO3), calcite 

(CaCO3), and dolomite (CaMg(CO3)2) were plotted against the concentration of HCO3 (mg/l) (Fig. 10). 

The SI of carbonate minerals from groundwater samples has been found to drop to super saturation at 

high HCO3. This is due to groundwater recharge and dilution of groundwater chemicals associated with 

these minerals (calcite and aragonite) during subsequent monsoon seasons or when Ca is not available 

(Gomez et al., 2006). These samples can represent the sedimentary aquifers in the study area, as it can 

be concluded that the groundwater in all aquifers is unsaturated calcite and aragonite with high 

concentrations of bicarbonates. 
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Saturation index of silicate minerals 

The saturation indices of these minerals in the samples are observed to follow the trend Cristobalite 

(SIcr) > Chalcedony (SIch) > Silica gel (SIsg). SIcr and SIc are supersaturated, and SIsg is unsaturated 

to saturated. It is also observed that the saturation indices of these minerals increase linearly with 

increasing dissolved silica concentrations in the study area. However, since these aquifers are semi-

constrained by finite conditions, precipitation of silica by evaporation is unlikely. SICh and SICr are 

observed to reach equilibrium at about 26 mg/l for H4SiO4 and 90 mg/l for silica gel (Fig. 11). 

 

 
Fig. 11. Variation of Saturation index of 

different Silicate minerals with dissolved 

H4SiO4 for ground water samples. 

 
Fig. 12. Variation of Saturation index of different 

Sulphate minerals with dissolved SO4. 

 

 

Saturation index of sulphate minerals 

The saturations of sulphate minerals, gypsum (SIGy) and anhydrite (SIAn) were recalculated for the 

groundwater samples shown in Figure 12. It has been observed that the saturation indices of these 

minerals tend to be SIGy>SIAn. The SI of both minerals is in an unsaturated state. It has also been 

discovered that as sulphate concentration increases, the saturation index of these minerals increases 

linearly. This may be due to bound ion effects or Na interference in the formation of these minerals that 

seasonally change the chemistry of groundwater. The study area shows a sharp increase in SI, an initial 

low SO4 concentration with a sharp increase, a further increase in SO4 concentration, and a gradual 

increase as the SI decreases. This could be due to pollutant runoff from nearby industrial areas, or 

exposure to fertilizers from agricultural lands or the fertilizer industry, which could result in higher 

concentrations of these ions in local groundwater. 

 

Heavy Metal Pollution Indices 

Heavy metal contamination indices were calculated according to ISI standards and presented by HPI. 

The HPL method assigns a score (any value between 0 and 1) or weight (Wi) to each selected parameter 

to assess the relative importance of each quality, and the index's underlying contamination parameter is 

developed by selecting. In this study, the concentration limits (that is, the maximum acceptable value 

(Si) for drinking water and the maximum desirable value (Ii) for each parameter) were taken from the 

ISI standard. HPI values were determined using the following formula (Mohan et al., 1996). 

HPI =  
∑ 𝑊𝑖𝑄𝑖

𝑛
𝑖=1

∑ 𝑊𝑖
𝑛
𝑖=1

 

The sub-index (Qi) is calculated by 

𝑄𝑖 = ∑
{𝑀𝑖(−)𝐼𝑖} 

(𝑆𝑖 − 𝐼𝑖)
𝑋100

𝑛

𝑖=1

 

where Mi, Ii and Si are the monitored heavy metal’s ideal and standard values of the ith parameter, 

respectively. The sign (-) indicates the numerical difference of the two values, ignoring the algebraic 

sign. 

Water quality was classified into three categories based on the heavy metal load index: low 

heavy metal load (HPI<100), threshold risk heavy metal load (HPI = 100), and high heavy metal load 

(HPI >100) (Mohan et al., 1996). The results show that HPI values range from 6.09 to 7158.09. Twenty-
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five percent of the samples exhibited low levels of heavy metals, and 74% of the samples exhibited 

non- potable high levels of heavy metals (Prasad and Kumari, 2008; Prasad and Mondal, 2008). This 

indicates that groundwater samples are severely contaminated with heavy metals. 

 

Table 3. Calculated indices for groundwater of the study area. 

Sample  

no. 

HP I Mean 

Deviation 

% 

Deviation 

Cd Mean 

Deviation 

% 

Deviation 

HEI Mean      

Deviation 

% 

Deviatio n 

S1 87.73 -857.78 -90.72 1.37 -27.48 -95.25 10.37 -27.48 -6532.69 

S2 188.81 188.81 19.97 0.81 -0.81 -2.80 8.19 8.19 -2965.78 

S3 299.50 299.50 31.68 5.75 5.75 19.93 14.75 14.75 -2309.85 

S4 63.63 63.63 6.73 9.88 9.88 34.24 18.88 18.88 -1897.15 

S5 86.69 86.69 9.17 6.82 6.82 23.64 15.82 15.82 -2203.08 

S6 142.17 142.17 15.04 0.41 0.41 1.41 9.41 9.41 -2844.27 

S7 1290.13 1290.13 136.45 25.33 25.33 87.81 34.33 34.33 -351.58 

S8 162.75 162.75 17.21 3.04 3.04 10.52 12.04 12.04 -2581.34 

S9 81.57 81.57 8.63 2.68 2.68 9.30 11.68 11.68 -2616.71 

S10 702.94 702.94 74.35 17.41 17.41 60.33 26.41 26.41 -1144.38 

S11 154.64 154.64 16.36 8.11 8.11 28.11 17.11 17.11 -2073.98 

S12 52.49 52.49 5.55 10.79 10.79 37.42 19.79 19.79 -1805.49 

S13 163.86 163.86 17.33 18.60 18.60 64.47 27.60 27.60 -1025.16 

S14 170.91 170.91 18.08 15.21 15.21 52.72 24.21 24.21 -1363.90 

S15 231.97 231.97 24.53 28.10 28.10 97.39 37.10 37.10 -75.26 

S16 6.09 6.09 0.64 9.17 9.17 31.79 18.17 18.17 -1967.68 

S17 289.80 289.80 30.65 20.04 20.04 69.45 29.04 29.04 -881.21 

S18 4298.79 4298.79 454.65 82.09 82.09 284.54 91.09 91.09   5323.87 

S19 47.99 47.99 5.08 11.28 11.28 39.09 20.28 20.28 -1757.23 

S20 5194.74 5194.74 549.41 123.2 123.23 427.14 132.23 132.23   9437.78 

S21 202.34 202.34 21.40 24.11 24.11 83.58 33.11 33.11 -473.68 

S22 87.32 87.32 9.23 19.33 19.33 66.99 28.33 28.33 -952.18 

S23 332.12 332.12 35.13 37.96 37.96 131.57 46.96 46.96 910.74 

S24 118.33 118.33 12.51 21.35 21.35 74.02 30.35 30.35 -749.52 

S25 207.08 207.08 21.90 21.07 21.07 73.05 30.07 30.07 -777.57 

S26 135.64 135.64 14.35 18.97 18.97 65.76 27.97 27.97 -987.72 

S27 363.14 363.14 38.41 28.69 28.69 99.45 37.69 37.69 -15.97 

S28 7158.19 7158.19 757.07 146.16 146.16 506.63 155.16 155.16 11731.06 

S29 1617.83 1617.83 171.11 41.74 41.74 144.68 50.74 50.74   1288.92 

S30 4427.24 4427.24 468.24 97.22 97.22 337.01 106.22 106.22   6837.49 

S31 944.26 944.26 99.87 39.23 39.23 136.00 48.23 48.23   1038.54 

Minimum 6.09   0.81   8.19   

Maximum 7158.2   146.16   155.16   

Mean 945.51   28.85   37.85   

 

Degree of Contamination 

Contamination degree (Cd) was used as a   criterion to   estimate   metal contamination degree. The 

Contamination Index (Cd) summarizes the combined effects of several quality parameters considered 

detrimental to domestic use and is calculated as 

𝐶𝑑 = ∑ 𝐶𝐹

𝑖=𝑛

𝑖=1
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The range and mean values of Cd were 0.81 to 146. Cd may be classified into three categories (Edet 

and Offiong, 2002; Backman et al., 1997) as follows: low (Cd<1), medium (Cd = 1–3), and high (Cd>3). 

Two samples are classified as low or medium contamination, while the remaining samples are classified 

as high contamination. Thus, Cd indicates that all the samples are highly polluted. 

 

Mean and Standard Deviation Plot 

The means and percent deviations of all indices were calculated for each sample point (Table.3). As 

observed by Prasad and Bose (2001), and Edet and Offiong (2002), HPI and Cd values are below their 

respective means, indicating relatively good negative percentage deviations. 

 

𝐻𝐸𝐼 = ∑
𝐻𝐶

𝐻𝑚𝑎𝑐

𝑛

𝑖=1

 

 

Heavy metal evaluation index (HEI) 
The heavy metal evaluation index is a method of assessing water quality that focuses on heavy metals 

in water samples (Edet et al., 2003). The water quality index is classified into three categories: low 

pollution (HEI < 40), moderate (HEI = 40-80) and high pollution (HEI > 80) (Bhuiyan et al., 2010). 

The heavy metal evaluation index is a way of estimating the water quality with a focus on heavy metals 

in The exponent is calculated from the following formula.  

𝐻𝐸𝐼 = ∑
𝐻𝐶

𝐻𝑚𝑎𝑐

𝑛

𝑖=1

 

where Hc: Measured value for the ith parameter, Hmac: Standard allowed value for ith parameter. 

 

HEI scores range from 8.19 to 155.16, with an average of 37.85. Of the total samples, 24 fall into the 

low contamination category, 3 into the medium contamination category, and 4 into the heavy 

contamination category. Samples with a low metal index are suitable for drinking, but low 

concentrations of metals can accumulate at various stages, and over time, the amount can cause many 

problems for humans, so long-term use is not recommended. In general, groundwater chemistry in 

mineralized areas with frequent wet-to-dry precipitation patterns shows a high variation in solute 

concentrations. The variability is due to the seasonality of groundwater flow, with high recharge and 

runoff due to dilution during rainfall, and little or no further groundwater runoff in the middle of the 

dry season (Heyden and New, 2004). This type of hydrological reaction is expected to be the main 

reason for the higher metal concentrations observed during the dry season (Tiwari et al., 2016). 

 

Human health risk assessment 

According to the US Environmental Protection Agency (USEPA) the human health risk assessment 

considered four methods such as, hazard identification, dose response assessment, exposure assessment, 

and risk characterization. Trace metals in the groundwater through human exposure could occur through 

different pathways, such as potential exposure through ingestion and dermal pathways, which were 

calculated using equations (1) and (2) as shown below. Risk assessment of trace elements through oral 

ingestion and dermal exposure concentrations was carried out based on the USEPA (2000), ICMR 

(2009) and UNDESA (2013) guidelines. According to the United States Environmental Protection 

Agency (USEPA), human health risk assessment considers four methods: hazard identification, dose-

response assessment, exposure assessment, and risk characterization. Trace metals in groundwater from 

human exposure can occur in a variety of ways, including Potential exposure by ingestion and dermal 

routes was calculated using equations (1) and (2) shown below. A risk assessment for trace elements by 

ingestion and dermal exposure concentrations was performed based on USEPA (2000), ICMR (2009) 

and UNDESA (2013) guidelines. 

 

𝐶𝐷𝐼𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =
𝐶𝑊 𝑋 𝐼𝑅 𝑋 𝐴𝐵𝑆𝑔 𝑋 𝐸𝐹 𝑋 𝐸𝐷

𝐵𝑊 𝑋 𝐴𝑇
                                             (1) 
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𝐶𝐷𝐼𝐷𝑒𝑟𝑚𝑎𝑙 =
𝐶𝑊 𝑋 𝑆𝐴 𝑋 𝐾𝑝𝑋 𝐴𝐵𝑆𝑑  𝑋 𝐸𝑇 𝑋 𝐸𝐹 𝑋 𝐸𝐷 𝑋 𝐹

𝐵𝑊 𝑋 𝐴𝑇
                   (2) 

whereas Cw concentration of trace elements in groundwater (mg/L); IR (Ingestion Rate (L/day); SA 

(Skin surface Area (cm2); Kp(skin adherence factor (cm/h); ET (Exposure Time (h/day); 

ABSg(gastrointestinal absorption factor); ABSd(dermal absorption factor EF(Exposure Frequency 

(day/year); ED (Exposure Duration (years); CF (conversion factor (L/cm3); BW (Bodyweight (kg); AT 

(Averaging Time (days). The human health risk assessment was calculated using the Hazard quotients 

(USEPA, 1989) for metals, which is shown in equation (3). 

 

𝐻𝑎𝑧𝑎𝑟𝑑 𝑞𝑢𝑜𝑡𝑖𝑒𝑛𝑡 (𝐻𝑄) =
𝐶𝐷𝐼

𝑅𝐹𝐷
                                       (3) 

 

Table 4. Estimation of element wise reference dose (RfD), exposure dose (CDI) and hazard quotients 

(HQ) through oral and dermal pathways in the groundwater. 

 
 

A human health risk assessment was performed on the collected groundwater samples in order 

to determine the impact of each chemical element on the human body through continuous consumption 

and use. Through continuous exposure, these elements will gradually accumulate in the human body, 

which gradually reacts to form a toxic component that develops adverse diseases. The studies were 

carried out using Fe, Mn, Cu, Co, Ni, Cr, Pb, and Zn. The data obtained show that the values are varying 

in higher ranges, implying that the toxicity of the pollutant is increasing. The samples with HQI>1 is 

considered hazardous, and the results indicate that the majority of the aquifers are unbearably polluted 

with Fe (5% of the samples), Mn (9% of the samples), Cr (27% of the samples), and Pb (19% of the 

samples) (Figure 13). Most of these elements emerge from industrial effluents and, to an extent from 

ion exchange or mineralisation processes as geogenic components. Higher concentrations of iron cause 

bad taste, discoloration, staining, turbidity, aesthetic, and operational problems in water supply systems 

(Vigneshwaran and Viswanathan, 1995). The desirable limit for iron concentration in drinking water is 

0.1 mg/L, and the permissible limit is 0.3 mg/L (WHO, 2008). 

 
Fig. 13. Risk assessment of trace elements using HQI and HQD. 

 

Besides natural sources, the corrosive nature of the casing pipe used for water supply in bore 

wells might contribute to the elevated iron concentration. Manganese is one of the more abundant metals 

in the earth’s crust, and usually occurs together with Fe, and is widely distributed in soil, sedimentary 

rocks, and water. On exposure to oxygen, Mn can form insoluble oxides that may result in undesirable 

deposits and color problems in distribution systems (Tiwari et al., 2013). Manganese is considered one 

of the least toxic elements, but too much of it can cause growth retardation, fever, fatigue, blindness, 

and reproductive problems. 
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Conclusions 

This study shows that the groundwater in the Marakkanam area of Tamil Nadu is not generally suitable 

for drinking water purposes but is suitable for agricultural purposes. The main geochemical processes 

that determine groundwater chemistry in the study area are a) ion exchange processes, b) anthropogenic 

activities, and c) saltwater intrusion. Heavy metal concentrations are high in certain locations, indicating 

the impact of geological and anthropogenic activities. Iron is the main pollutant in the study area and 

also arises from the corrosiveness of pipes due to oxidation processes. Primary ion interpretations show 

the interplay of salt fields, anthropogenic processes, temperature-dependent reactions, and the effects 

of ion-exchange processes. 
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