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Hydrochemical and Microbial Quality of Groundwater in Anchal Gramapanchayat, Kerala: A Comparative Study of Open Wells and Tube Wells


ABSTRACT
Groundwater serves as a major source of drinking water in many rural and semi-urban regions; however, its quality can be influenced by both natural processes and anthropogenic activities. The present study evaluates the physicochemical and microbiological characteristics of groundwater sources in Anchal Gramapanchayat, Kerala, with particular emphasis on comparing open wells and tube wells. A total of 40 groundwater samples collected during 2022-2023 were analysed for parameters including pH, electrical conductivity, total dissolved solids (TDS), alkalinity, hardness, salinity, free carbon dioxide (CO₂), and total coliform counts following standard analytical procedures. The results showed that pH ranged from 5.30 to 8.41 with a mean value of 6.56, while TDS values varied between 54.5 and 656.8 mg/L. Most physicochemical parameters were generally within the permissible limits of the Bureau of Indian Standards (BIS 10500), with the exception of salinity, which exceeded the recommended limit in a few samples. However, significant variations were observed in microbial contamination. Open wells exhibited substantially higher total coliform counts (mean 831 ± 412.85 MPN/100 ml) compared to tube wells (7.15 ± 8.91 MPN/100 ml), indicating severe microbial contamination in shallow groundwater sources. Statistical analysis revealed that differences in physicochemical parameters between the two sources were not significant, whereas total coliform counts showed a highly significant difference (p < 0.001). Multivariate analyses including correlation analysis, Principal Component Analysis (PCA), and hierarchical cluster analysis further indicated that microbial contamination is largely independent of hydrochemical factors and mainly influenced by surface-related contamination sources. The findings highlight the greater vulnerability of open wells to microbial pollution and emphasize the need for regular monitoring, improved sanitary protection of wells, and effective groundwater management practices to ensure safe drinking water in the region.
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1. INTRODUCTION
Groundwater is one of the most important sources of freshwater for domestic, agricultural, and industrial uses worldwide, particularly in developing countries where it often serves as the primary source of drinking water. In many rural and semi-urban regions, open wells and tube wells provide essential water supplies due to their accessibility and relatively low cost of construction (Lapworth et al., 2017; Foster, 2022). However, the quality of groundwater can vary considerably depending on natural hydrogeological conditions and anthropogenic influences (Majagi et al., 2008). Physicochemical parameters such as pH, total dissolved solids (TDS), alkalinity, and salinity are commonly used indicators to evaluate the hydrochemical characteristics of groundwater systems, while microbiological parameters such as total coliforms are critical indicators of potential faecal contamination and public health risks (Khatri & Tyagi, 2015; Palamuleni & Akoth, 2015; Mvongo & Defo, 2025; Özler & Aydın 2008). Ensuring the safety of groundwater resources is therefore essential for maintaining public health and sustainable water resource management (Saidu, 2024; Traoré et al., 2023; Kim & Lee2023).
Microbial contamination of groundwater sources has been widely reported in many developing regions where shallow aquifers and poorly protected wells are exposed to contamination from domestic waste, septic systems, and surface runoff (Adeyemo et al., 2023; Chatterjee et al., 2007; Adesakin et al., 2020). Several studies have demonstrated that open wells and shallow groundwater sources are particularly vulnerable to microbial pollution due to their direct interaction with surface environments and inadequate sanitary protection (Mukhopadhyay et al., 2012; Moyo, 2013; Aboh et al., 2015; Lutterodt et al., 2018). Elevated levels of coliform bacteria in drinking water indicate possible faecal contamination and the potential presence of pathogenic microorganisms that may cause waterborne diseases (Ramteke et al., 1992; Van Geen et al., 2011; Ahmed et al., 2013; Eshcol 2009; Ercumen et al., 2017). In contrast, deeper tube wells and boreholes are often less susceptible to microbial contamination because of natural filtration processes within aquifer layers and reduced exposure to surface pollutants (Maran et al., 2016; Traoré et al., 2023).
Despite the increasing dependence on groundwater resources in many parts of India, regular monitoring of both physicochemical and microbiological characteristics remains limited in several local communities. Understanding the spatial variation and controlling factors of groundwater quality is therefore essential for ensuring safe drinking water supplies and effective resource management. In this context, the present study evaluates the physicochemical and microbial characteristics of groundwater sources from open wells and tube wells in Anchal Gramapanchayat, Kerala. The study further employs statistical and multivariate analytical approaches to compare groundwater quality between the two sources and to identify the major factors influencing groundwater contamination in the study area.
2. METHODOLOGY
2.1. Study area
Groundwater samples were collected from selected open wells and tube wells located in Anchal Gramapanchayat during the period 2022 - 2023 to evaluate the physicochemical and microbial quality of drinking water sources (Fig. 1). The geology of Anchal Grama Panchayat is characterized by Precambrian crystalline formations such as charnockite, khondalite, and gneiss, overlain by an extensive laterite weathering mantle and undulating midland-foothill geomorphology associated with the Western Ghats. The area supports a moderately fractured hard-rock aquifer system, with granite and laterite occurring as economically important mineral resources. 
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Figure 1. Location map of Study area

2.2. Sample Collection and Analysis
A total of 40 samples were collected following standard protocols. A stratified sampling design was adopted to collect groundwater samples from representative open wells and tube wells across the study area. All physicochemical and microbial analyses were carried out in the Water Quality Testing Laboratory of the Department of Environmental Science, St. John’s College, Anchal, which is accredited by the Kerala State Pollution Control Board (KSPCB). The analysed parameters included pH, electrical conductivity, total dissolved solids (TDS), alkalinity, hardness, salinity, free carbon dioxide (CO₂), and total coliform counts. Physicochemical parameters were determined using standard analytical techniques such as pH meter measurements, conductivity meter analysis, and titrimetric methods for alkalinity, hardness, and free CO₂ determination. The obtained values were compared with the drinking water standards prescribed by the Bureau of Indian Standards (BIS 10500). 
Microbiological analysis of groundwater samples was performed using the Most Probable Number (MPN) method to determine total coliform counts. Appropriate culture media and incubation conditions were maintained according to standard procedures. The results were expressed as MPN per 100 ml of water. All analytical procedures were conducted following the standard protocols described in Standard Methods for the Examination of Water and Wastewater (APHA, 2012) to ensure accuracy and reliability of the results. 
2.3. Statistical analysis
Statistical analysis was performed to evaluate variations and relationships among groundwater quality parameters. Descriptive statistics including minimum, maximum, mean, and standard deviation were calculated to summarize the overall characteristics of the dataset. An independent sample t-test was applied to determine whether significant differences existed between open wells and tube wells for selected parameters such as pH, TDS, salinity, and total coliform counts. The significance of the test was evaluated at a 95% confidence level (p < 0.05).
In addition, Pearson correlation analysis was carried out to examine the relationships among physicochemical and microbial parameters. Multivariate statistical techniques including Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were also employed to identify the major factors influencing groundwater quality and to classify sampling locations based on similarities in water quality characteristics. Graphical representations such as box plots, violin plots, and logarithmic distribution plots were used to visualize variations in groundwater parameters and microbial contamination patterns between the two groundwater sources. All statistical analysis were carried out using windows based PAST 4.3 and Excel software.
3. RESULTS
3.1. Hydrochemical and Microbiological Baseline Characteristics
The physicochemical and microbial characteristics of groundwater samples collected from open wells and tube wells in Anchal Gramapanchayat during 2022 - 2023 are analysed during the study. A total of 40 groundwater samples were analysed for key parameters including pH, electrical conductivity, total dissolved solids (TDS), alkalinity, hardness, salinity, free carbon dioxide, and total coliform counts. The summary statistics of the analysed parameters are provided in Table 1. The results reveal noticeable variations in groundwater quality parameters and highlight significant differences in microbial contamination between shallow open wells and deeper tube wells.
Table 1. Descriptive Statistics and Compliance of Groundwater Quality Parameters with BIS 10500 Standards.
	Parameter
	Minimum
	Maximum
	Mean
	Standard Deviation
	Drinking Water Standard*

	pH
	5.30
	8.41
	6.56
	0.72
	6.5 - 8.5

	Conductivity (µS/cm)
	28.42
	768.90
	248.61
	178.15
	–

	TDS (mg/L)
	54.50
	656.80
	209.64
	160.83
	500

	Alkalinity (mg/L)
	0
	875
	180.00
	187.18
	200

	Free CO₂ (mg/L)
	2.2
	291.6
	69.22
	67.50
	–

	Hardness (mg/L)
	0
	300
	36.20
	59.64
	300

	Salinity (ppt)
	0.037
	1.07
	0.43
	0.27
	<0.5

	Total Coliform (MPN/100 ml)
	<2
	1600
	409.15
	515.71
	<10


*Standards based on BIS drinking water guidelines (BIS 10500).
The pH ranged from 5.30 to 8.41 with a mean value of 6.56, indicating slightly acidic to alkaline conditions. Total dissolved solids varied between 54.5 and 656.8 mg/L with an average of 209.6 mg/L. Alkalinity exhibited a wide range (0–875 mg/L), while hardness values remained relatively low in most samples. Salinity ranged from 0.037 to 1.07 ppt, exceeding the recommended limit in several samples. Total coliform counts showed large variation (<2–1600 MPN/100 ml), indicating significant microbial contamination in certain groundwater sources.
3.2. Variation in Physicochemical and Microbial Load by Well Type
The comparative analysis of physicochemical and microbial parameters between open wells and tube wells is presented in Table 2. The mean pH of tube wells (6.86 ± 0.69) was slightly higher than that of open wells (6.26 ± 0.63), indicating relatively more stable hydrochemical conditions in deeper groundwater sources. Conductivity and TDS values showed moderate variation between the two water sources, although both remained generally within acceptable limits for drinking water. Open wells exhibited comparatively higher alkalinity and free CO₂ concentrations, suggesting stronger influence of surface infiltration and organic matter decomposition.
A striking difference was observed in microbial contamination. The mean total coliform count in open wells (831 ± 412.85 MPN/100 ml) was substantially higher than that recorded in tube wells (7.15 ± 8.91 MPN/100 ml), indicating severe microbial contamination in shallow groundwater sources. These results highlight the greater vulnerability of open wells to faecal contamination, likely due to surface runoff, improper well protection, and proximity to domestic waste disposal systems.
Table 2. Comparative Hydrochemical and Microbiological Profile of Shallow Open Wells versus Deep Tube Wells.
	Parameter
	Open Wells (Mean ± SD)
	Tube Wells (Mean ± SD)

	pH
	6.26 ± 0.63
	6.86 ± 0.69

	Conductivity (µS/cm)
	211.98 ± 124.63
	285.23 ± 216.54

	TDS (mg/L)
	194.91 ± 159.52
	224.36 ± 162.77

	Alkalinity (mg/L)
	213.75 ± 211.63
	146.25 ± 152.36

	Free CO₂ (mg/L)
	79.74 ± 78.24
	58.70 ± 58.93

	Hardness (mg/L)
	26.50 ± 33.84
	45.90 ± 75.39

	Salinity (ppt)
	0.43 ± 0.23
	0.42 ± 0.31

	Total Coliform (MPN/100 ml)
	831.00 ± 412.85
	7.15 ± 8.91



3.3. Assessment of Coliform Distribution and Safety Thresholds
The distribution of total coliform counts in groundwater sources is illustrated using a violin plot (Fig. 2). The plot reveals a wide distribution of coliform concentrations in open wells, with several samples showing extremely high values, indicating significant microbial contamination. In contrast, tube wells exhibited a narrow distribution with generally low coliform counts. The density pattern clearly demonstrates that microbial contamination is predominantly associated with open wells, while tube wells show comparatively lower contamination levels. This observation suggests that shallow groundwater sources are more vulnerable to microbial pollution from surface activities.
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Figure 2. Density Distribution and Range of Microbial Load in Open versus Tube Wells.

The distribution of total coliform counts in groundwater samples is further presented on a logarithmic scale in Figure 3. The horizontal reference line represents the BIS drinking water standard of 10 MPN/100 ml. Most open well samples were positioned far above the permissible limit, indicating substantial microbial contamination. In contrast, the majority of tube well samples were located near or below the BIS threshold, suggesting relatively lower levels of microbial contamination in deeper groundwater sources. The log-scale representation clearly highlights the large difference in contamination levels between the two groundwater sources and emphasizes the vulnerability of open wells to faecal pollution.
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Figure 3. Logarithmic Distribution of Total Coliform Relative to the BIS Permissible Drinking Water Threshold.
3.4. Identification of Contamination Drivers through Multivariate Analysis
3.4.1. Boxplot Analysis
The distribution of selected physicochemical parameters between open wells and tube wells is illustrated through box plots (Fig. 4 to 6). The pH values of groundwater samples showed moderate variation, with tube wells generally exhibiting slightly higher median pH compared to open wells, indicating relatively stable hydrochemical conditions in deeper aquifers. The distribution of total dissolved solids (TDS) revealed wider variability in tube wells, with several samples exhibiting higher concentrations, possibly reflecting mineral dissolution in deeper groundwater strata. In contrast, alkalinity values demonstrated considerable variation in both groundwater sources, with some open wells showing elevated levels likely influenced by surface infiltration and geochemical interactions within the aquifer system. This box plot analysis highlights the variability of groundwater quality parameters and the influence of well type on hydrochemical characteristics.
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Figure 4. Comparative Box-and-Whisker Plots illustrating Interquartile Variations in pH by Groundwater Source. 
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Figure 5. Comparative Box-and-Whisker Plots illustrating Interquartile Variations in TDS by Groundwater Source.
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Figure 6. Comparative Box-and-Whisker Plots illustrating Interquartile Variations in Alkalinity by Groundwater Source.
3.4.2. T-test
An independent sample t-test was performed to evaluate the differences in groundwater quality parameters between open wells and tube wells (Table 3). The results indicated that pH, total dissolved solids (TDS), and salinity did not show statistically significant differences between the two groundwater sources (p > 0.05). However, total coliform counts exhibited a highly significant difference (p < 0.001), with open wells showing markedly higher microbial contamination compared to tube wells. The mean coliform concentration in open wells (794 MPN/100 ml) was substantially greater than that observed in tube wells (24.8 MPN/100 ml), highlighting the greater susceptibility of shallow groundwater sources to microbial pollution.
Table 3. Statistical Significance of Water Quality Variations between Well Types: Results of Independent Sample t-tests.
	Parameter
	Open Wells (Mean)
	Tube Wells (Mean)
	t-value
	p-value
	Significance

	pH
	6.35
	6.76
	-1.84
	0.074
	Not significant

	TDS (mg/L)
	182.80
	236.47
	-1.06
	0.297
	Not significant

	Salinity (ppt)
	0.43
	0.42
	0.13
	0.894
	Not significant

	Total Coliform (MPN/100 ml)
	831
	7.15 
	7.11
	<0.001
	Highly significant



3.4.3. Pearson correlation analysis
The relationships among selected groundwater quality parameters were evaluated using Pearson correlation analysis and are illustrated through a correlation matrix heatmap (Fig. 7). The analysis indicates moderate positive correlations between pH, TDS, and alkalinity, suggesting that mineral dissolution processes may influence the hydrochemical characteristics of groundwater in the study area. Salinity exhibited relatively weak correlations with most parameters, indicating localized variations in dissolved ionic content. Total coliform counts showed weak or negative correlations with physicochemical parameters, implying that microbial contamination is primarily controlled by external factors such as surface infiltration, sanitary conditions, and anthropogenic activities rather than intrinsic hydrochemical processes.
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Figure 7. Heatmap Analysis of Inter-parameter Pearson Correlations for Groundwater Quality Indicators. 
3.4.4. Principal Component Analysis (PCA)
Principal Component Analysis (PCA) was performed to identify the major factors controlling groundwater quality in the study area, and the results are illustrated in Figure 8. The analysis extracted two principal components with eigenvalues greater than one, explaining the majority of the variance in the dataset. The PCA biplot reveals the relative contribution and association of the measured parameters. Parameters such as TDS, pH, and alkalinity are positioned in similar directions along the first principal component (PC1), indicating a positive association and suggesting that these variables are primarily influenced by geochemical processes such as mineral dissolution. In contrast, salinity and total coliform show different orientations in the PCA space, reflecting distinct sources of variation. The second principal component (PC2) is mainly associated with microbial parameters, particularly total coliform counts. The separation of coliform along a different axis indicates that microbial contamination is largely independent of hydrochemical parameters and is likely influenced by external environmental factors such as surface infiltration, sanitation conditions, and anthropogenic activities. 
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Figure 8. PCA Biplot Identifying Dominant Geochemical and Anthropogenic Factors Controlling Groundwater Chemistry.
3.4.5. Hierarchical Cluster Dendrogram of Groundwater Samples
Hierarchical Cluster Analysis (HCA) was performed to classify groundwater samples based on similarities in physicochemical and microbial parameters, and the resulting dendrogram is presented in Figure 9. The analysis grouped the groundwater samples into three major clusters representing different water quality characteristics. Cluster I mainly consisted of tube well samples characterized by low coliform counts and relatively stable physicochemical parameters. Cluster II included samples showing moderate hydrochemical variation, particularly in dissolved solids and alkalinity. Cluster III comprised predominantly open well samples with elevated coliform concentrations, indicating significant microbial contamination in shallow groundwater sources. The clustering pattern highlights the influence of groundwater source type on water quality and suggests that shallow open wells are more vulnerable to microbial pollution compared to deeper tube wells.
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Figure 9. Dendrogram of Ward’s Hierarchical Clustering for Site Classification based on Multi-parameter Similarities. 
4. DISCUSSION
The physicochemical characteristics of groundwater sources in Anchal Gramapanchayat indicate moderate variation in hydrochemical conditions between open wells and tube wells. The observed pH values ranging from slightly acidic to mildly alkaline conditions are generally consistent with groundwater systems influenced by natural geochemical interactions between aquifer materials and infiltrating water. Similar pH ranges and dissolved solids concentrations have been reported in groundwater studies from different regions, where mineral dissolution and aquifer lithology play important roles in determining water chemistry (Majagi et al., 2008; Khatri & Tyagi, 2015; Constant et al., 2025). The moderate levels of total dissolved solids, alkalinity and salinity observed in the present study also suggest that groundwater chemistry is largely governed by natural geochemical processes rather than intensive anthropogenic pollution (Islam, 2001; Nogueira et al., 2003). Previous studies have similarly reported that groundwater parameters such as TDS and alkalinity often reflect mineral weathering and groundwater–rock interactions within the aquifer system (Palamuleni & Akoth, 2015; Wali et al., 2022). The slightly higher alkalinity and free CO₂ concentrations observed in open wells further indicate the influence of surface infiltration and organic matter decomposition, which commonly affect shallow groundwater systems (Lapworth et al., 2017; Khatri & Tyagi, 2015).
In contrast to the relatively stable physicochemical parameters, microbial contamination showed pronounced differences between the two groundwater sources, with open wells exhibiting significantly higher total coliform counts compared to tube wells (Sarikar et al., 2024; Özler & Aydın 2008; Kim & Lee 2023). This pattern reflects the greater vulnerability of shallow groundwater sources to faecal contamination from surface activities, poor sanitation, and inadequate well protection. Similar findings have been widely reported in groundwater studies where open wells or shallow aquifers show higher microbial contamination due to direct exposure to surface runoff and domestic waste disposal (Mukhopadhyay et al., 2012; Aboh et al., 2015; Akpataku et al., 2020). The high coliform levels detected in several open well samples also exceed the recommended drinking water standards, indicating potential public health risks associated with untreated groundwater consumption (WHO, 2017; BIS, 2012). Previous investigations in different regions have likewise reported elevated coliform contamination in shallow wells compared with deeper tube wells or boreholes, emphasizing the role of well depth and structural protection in determining microbial safety of groundwater sources (Maran et al., 2016; Lutterodt et al., 2018; Bashir et al., 2018; Traoré et al., 2023). The multivariate analyses conducted in the present study further support this observation by showing that microbial contamination is largely independent of physicochemical parameters and is primarily associated with external environmental and anthropogenic factors affecting shallow groundwater systems (Wali et al., 2022)
5. CONCLUSION
The present study assessed the physicochemical and microbiological characteristics of groundwater from open wells and tube wells in Anchal Gramapanchayat, Kerala, revealing noticeable variations in water quality between the two sources. Most physicochemical parameters, including pH, TDS, alkalinity, hardness, and salinity, were generally within acceptable limits for drinking water, indicating that the hydrochemical characteristics of groundwater are largely controlled by natural geochemical processes. However, microbial analysis demonstrated significantly higher total coliform contamination in open wells compared to tube wells, highlighting the greater vulnerability of shallow groundwater sources to faecal pollution from surface runoff, poor sanitation practices, and inadequate well protection. Statistical analyses, including t-test, correlation analysis, PCA, and cluster analysis, further confirmed that microbial contamination is the primary factor differentiating open wells from deeper tube wells in the study area. These findings emphasize the need for regular monitoring of groundwater quality, improved sanitary protection of open wells, and public awareness regarding safe water handling practices to ensure sustainable and safe drinking water resources in the region.
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