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ABSTRACT:  

Introduction: Groundwater is a primary freshwater source in rapidly urbanizing Indian cities; 

however, increasing anthropogenic pressure and lithological controls significantly influence its 

quality and associated health risks 

Objectives: This study aims (i) to assess and spatially classify groundwater quality across    nineteen 

urban zones of Indore City using the Nemerow Pollution Index (NPI), and (ii) to identify dominant 

hydrogeochemical processes and evaluate potential non-carcinogenic health risks. 

Methods: Nineteen groundwater samples were analyzed for pH, Total Dissolved Solids (TDS), 

Total Hardness (TH), Nitrate, Sulphate, Fluoride, and Calcium following APHA (2017) methods. 

Pollution Index (Pi) and Nemerow Pollution Index (NPI) were computed using BIS (2012) 

standards. Pearson correlation and Principal Component Analysis (PCA) were applied to determine 

hydrochemical relationships and controlling mechanisms. 

Results: NPI values ranged from 1.615 to 3.969, indicating slight to heavy pollution, with no 

sampling site classified as safe (NPI < 1). PCA extracted two significant components explaining 

81.6% of total variance. PC1 (55.6%) reflected lithogenic control associated with basaltic mineral 

weathering, while PC2 (26.0%) indicated anthropogenic inputs linked to nitrate and sulphate 

enrichment. Fluoride-based Hazard Quotient (HQ) values were below unity (HQ < 1)..  

Conclusions: Groundwater quality in Indore is predominantly governed by geogenic processes with 

secondary anthropogenic influence. Continuous monitoring and integrated groundwater management 

strategies are essential for sustainable urban water security. 

. 

 

1. Introduction 

Groundwater constitutes a critical freshwater resource 

supporting domestic, industrial, and commercial needs in 

urban India. Rapid urbanization, industrial expansion, 

and inadequate wastewater and solid waste management 

have significantly impacted groundwater quality in many 

cities [1,2]. In hard-rock aquifer systems, limited dilution 

capacity intensifies contamination risks [3,4]. 

Groundwater chemistry is influenced by both geogenic 

and anthropogenic factors. Mineral weathering and 

water–rock interaction elevate dissolved solids and 

hardness [5], while sewage leakage, septic infiltration, 

and municipal solid waste disposal contribute additional 

contaminants [6,7]. Although Indore City has achieved 

national recognition under the Swachh Survekshan 

initiative for improved surface sanitation practices [8], 

subsurface groundwater quality requires continuous 

scientific evaluation. The Nemerow Pollution Index 

(NPI) integrates both average and maximum pollution 

levels, offering a conservative assessment of water 

quality [9]. This study applies NPI along with 

multivariate statistical tools to provide an integrated 

groundwater quality assessment. 

2. Objectives 

To assess and spatially classify groundwater quality 

across nineteen urban zones of Indore City using the 

Nemerow Pollution Index (NPI). 

To identify the dominant hydrogeochemical processes 

influencing groundwater chemistry and to evaluate 
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potential non-carcinogenic health risks associated with 

groundwater consumption. 

3. Methods 

Indore City, located in Madhya Pradesh, India, lies 

within the Deccan Trap basaltic formation. The region is 

characterized by hard-rock aquifers where groundwater 

movement through fractures enhances water–rock 

interaction. 

2.2 Sample Collection and Analysis 

Nineteen groundwater samples were collected from 

borewells and hand pumps using a grid-based spatial 

sampling strategy. Samples were collected in pre-cleaned 

HDPE bottles and analyzed according to APHA (2017) 

standard methods [10]. Parameters analyzed included 

pH, TDS (mg/L), Total Hardness (mg/L), Nitrate (mg/L), 

Sulphate (mg/L), Fluoride (mg/L), and Calcium (mg/L). 

BIS (2012) drinking water standards were used for 

comparison [11]. 

 

3.2 Parameters Analyzed 

Table 1: Physicochemical Analysis 
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Source: Based on Primary data, 2026 

3.3 Nemerow Pollution Index (NPI) 

Pollution Index (Pi) was calculated as: 

Pi = Ci / Si 

where Ci represents observed concentration and Si 

represents standard permissible limit. 

Nemerow Pollution Index was computed as: 

PN = √((Pavg² + Pmax²)/2) 

Water quality classification followed standard NPI 

thresholds [9]. 

 

Table 2: Physicochemical Parameters, Pollution Indices (Pi), and Nemerow Pollution Index (NPI) 
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Source: Computed by the authors based on primary data presented in Table 1. 

Pollution Classification Based on Nemerow Pollution 

Index 

   

     

Based on the above plotted diagrams, the Nemerow 

Pollution Index value is as follows: 

NPI 

Range 

Water Quality 

Status 
Zones 

< 1 Safe None 

1–2 Slightly Polluted 
Zones: 6, 7, 10, 14, 

16 and17 

2–3 Moderately Polluted 
Zones: 1, 3, 5, 8, 9, 

11, 12, 15 and18 

>3 Heavily Polluted 
Zones: 2, 4, 13 

and19 
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(Table 1). 

3.4 Principal Component Analysis (PCA) 

Principal Component Analysis (PCA) was employed to 

identify the dominant hydrogeochemical processes 

controlling groundwater quality in the study area and to 

reduce the dimensionality of the multivariate dataset. 

PCA is a widely used multivariate statistical technique 

that transforms a set of correlated variables into a smaller 

number of uncorrelated variables called principal 

components (PCs), while retaining most of the original 

dataset's variance. This approach facilitates the 

interpretation of complex hydrochemical interactions 

and helps distinguish between geogenic and 

anthropogenic influences. Before analysis, the dataset 

was standardised using z-score normalisation to 

eliminate the effect of differing measurement units and 

magnitudes among variables (e.g., mg/L, pH). 

Standardisation ensures that each variable contributes 

equally to the analysis and prevents parameters with 

larger absolute values (such as TDS or hardness) from 

dominating the component structure. 

Table 4: Eigenvalues and Variance Explained: 

Component Eigenvalue 
% 

Variance 

Cumulative 

% 

PC1 3.89 55.6% 55.6% 

PC2 1.82 26.0% 81.6% 

PC3 0.71 10.1% 91.7% 

PC4 0.38 5.4% 97.1% 

PC5 0.12 2.9% 100% 

     Source: PCA results derived from groundwater 

quality dataset presented in Table 1. 

 

Only PC1 and PC2 were retained for interpretation as 

their eigenvalues exceeded unity. 

Parameter PC1 PC2 

TDS 0.91 0.28 

Total Hardness 0.94 0.22 

Calcium 0.89 0.18 

Nitrate 0.32 0.84 

Sulphate 0.45 0.78 

Fluoride 0.36 0.41 

 

Interpretation of Components: PC1 (Lithogenic 

Factor – 55.6% Variance Explained) 

The first principal component (PC1) accounts for 55.6% 

of the total variance, indicating that it represents the 

dominant hydrogeochemical process governing 

groundwater chemistry in the study area. PC1 exhibits 

strong positive loadings of Total Dissolved Solids 

(TDS), Total Hardness, and Calcium, suggesting that 

these parameters are closely interrelated and primarily 

controlled by natural geogenic processes. The high 

loading of TDS reflects the cumulative concentration of 

dissolved ionic constituents derived from mineral 

weathering. Similarly, the strong association between 

hardness and calcium indicates dissolution of calcium-

bearing minerals, particularly within the basaltic 

formations of the Deccan Trap. In hard-rock aquifer 

systems, groundwater movement through fractures 

enhances water–rock interaction, promoting dissolution 

of carbonate and silicate minerals. This process increases 

ionic concentration and contributes significantly to 

baseline groundwater salinity and hardness. The 

dominance of PC1 therefore confirms that lithogenic 

weathering and groundwater–rock interaction constitute 

the principal mechanism influencing groundwater 

chemistry in Indore. The strong covariance among TDS, 

hardness, and calcium further supports the interpretation 

of a common geochemical origin. 

PC2 (Anthropogenic Factor – 26.0% Variance 

Explained) 

The second principal component (PC2) explains 26.0% 

of the total variance and is characterised by high positive 

loadings of nitrate and sulphate. Unlike PC1, which 

represents natural geochemical processes, PC2 reflects 

secondary anthropogenic influences on groundwater 
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quality. Elevated nitrate concentrations are typically 

associated with urban wastewater infiltration, septic 

system leakage, agricultural runoff, and domestic 

effluent discharge. Sulphate enrichment may result from 

sewage contamination, industrial effluents, and surface 

runoff carrying dissolved salts into the subsurface 

environment. The moderate association between nitrate 

and sulphate suggests mixed anthropogenic inputs rather 

than a single-point contamination source. The presence 

of this component indicates that, although geogenic 

processes dominate overall groundwater chemistry, 

localised human activities contribute measurably to 

groundwater quality modification. Spatial variability in 

nitrate and sulphate concentrations further suggests that 

anthropogenic influence is unevenly distributed across 

urban zones. 

Scree plot: 

 

The scree plot illustrates the distribution of eigenvalues 

against principal component numbers. A sharp decline in 

eigenvalue magnitude is observed from PC1 to PC2, 

followed by a distinct flattening of the curve from PC3 

onwards. This clear “elbow” after the second component 

indicates that only the first two principal components 

significantly contribute to explaining variability in 

groundwater chemistry. According to the Kaiser criterion 

(eigenvalue > 1), only PC1 (3.89) and PC2 (1.82) were 

retained. Together, these components explain 81.6% of 

the total variance, confirming that groundwater 

chemistry in the study area is predominantly governed by 

two major hydrogeochemical processes. The minimal 

contribution of subsequent components (<10% variance 

each) suggests that they represent minor localised 

variations rather than dominant geochemical controls. 

4. Results 

Nemerow Pollution Index (NPI) 

NPI values ranged from 1.615 to 3.969. 

• Slight Pollution (1–2): Zones VI, VII, X, XIV, 

XVI, XVII 

• Moderate Pollution (2–3): Zones I, III, V, VIII, 

IX, XI, XII, XV, XVIII 

• Heavy Pollution (>3): Zones II, IV, XIII, XIX 

No zone was classified as safe. 

Elevated TDS and Total Hardness were the primary 

contributors to high NPI values. 

4.2 Correlation Analysis 

Strong positive correlations were observed: 

• TDS & Hardness (r = 0.88) 

• Hardness & Calcium (r = 0.91) 

Moderate correlation: 

• Nitrate & Sulphate (r = 0.63) 

These relationships indicate dominant lithogenic control 

with localized anthropogenic input. 

4.3 Principal Component Analysis (PCA) 

Two principal components explained 81.6% of total 

variance: 

• PC1 (55.6%) – Strong loadings of TDS, 

Hardness, Calcium → Lithogenic weathering 

factor 

• PC2 (26.0%) – High loadings of Nitrate, 

Sulphate → Anthropogenic influence 

Scree plot confirmed retention of two components. 

Discussion 

The paper provides a comprehensive hydrochemical 

evaluation of groundwater quality in Indore City using 

the Nemerow Pollution Index (NPI), Pearson correlation 

analysis, and Principal Component Analysis (PCA). The 

combined application of these analytical tools provides a 

robust understanding of both the spatial distribution of 

groundwater pollution and the underlying 

hydrogeochemical processes controlling water 

chemistry. 

The Nemerow Pollution Index results indicate that 

groundwater quality across the study area ranges from 

slightly polluted to heavily polluted, with values 

between 1.615 and 3.969. Notably, none of the sampling 

locations fell within the safe category (NPI < 1), 

indicating that groundwater in the urban zones of Indore 

is under varying degrees of chemical stress. The absence 
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of safe zones suggests that long-term hydrochemical 

processes, combined with increasing urban pressure, 

have significantly altered the natural groundwater 

composition. Similar findings have been reported in 

several Indian urban environments where rapid 

urbanization and groundwater extraction intensify 

hydrochemical variability and contamination risks. 

The high NPI values observed in Zones II, IV, XIII, and 

XIX primarily result from elevated Total Dissolved 

Solids (TDS) and Total Hardness, which significantly 

influence the maximum pollution index component of 

the NPI formula. In hard-rock aquifer systems such as the 

Deccan Trap basalt formations underlying Indore, 

groundwater interacts extensively with mineral-rich 

rocks during subsurface flow. This prolonged water–rock 

interaction promotes dissolution of carbonate and silicate 

minerals, thereby increasing ionic concentrations in 

groundwater. As a result, TDS and hardness commonly 

exceed permissible limits in basaltic aquifers. Similar 

hydrogeochemical behavior has been documented in 

groundwater studies conducted in other basalt-

dominated regions of India, where mineral weathering 

represents the dominant source of dissolved ions. 

Correlation analysis further supports the lithogenic 

control on groundwater chemistry. The strong positive 

correlation between TDS and Total Hardness (r = 0.88) 

and between Hardness and Calcium (r = 0.91) indicates 

that these parameters originate from a common 

geochemical source. Calcium-bearing minerals present 

in basaltic rocks dissolve during groundwater circulation, 

increasing both hardness and overall ionic concentration. 

This relationship confirms that natural geological 

processes play a major role in shaping baseline 

groundwater chemistry in the study area. 

In contrast, moderate correlations between nitrate and 

sulphate (r = 0.63) suggest localized anthropogenic 

influences. Nitrate contamination in groundwater is often 

associated with urban wastewater infiltration, septic 

system leakage, agricultural inputs, and improper solid 

waste disposal. In rapidly growing cities such as Indore, 

expanding residential areas and inadequate sewer 

infrastructure can facilitate the migration of nitrate-rich 

effluents into shallow aquifers. Similarly, sulphate 

enrichment may originate from domestic sewage 

discharge, industrial effluents, and surface runoff 

carrying dissolved salts into the subsurface environment. 

Although the concentrations of these parameters 

generally remain within permissible limits, their spatial 

variability indicates increasing anthropogenic pressure 

on groundwater resources. 

Principal Component Analysis provides further insight 

into the dominant hydrogeochemical mechanisms 

controlling groundwater composition. The PCA results 

revealed two major components explaining 81.6% of the 

total variance, indicating that groundwater chemistry in 

the study area is primarily controlled by two major 

processes. 

The first principal component (PC1) accounts for 55.6% 

of the total variance and is characterized by strong 

positive loadings of TDS, Total Hardness, and Calcium. 

This component clearly represents a lithogenic factor, 

reflecting the influence of basaltic mineral weathering 

and groundwater–rock interaction. The high loadings of 

these parameters suggest that natural geochemical 

processes dominate groundwater chemistry in the region. 

Basaltic aquifers typically contain minerals such as 

plagioclase feldspar, pyroxene, and olivine, which 

gradually dissolve during groundwater circulation, 

releasing calcium and other ions into solution. The strong 

covariance among TDS, hardness, and calcium therefore 

confirms the dominant role of lithological controls in 

determining groundwater quality. 

The second principal component (PC2) explains 26.0% 

of the total variance and exhibits strong loadings of 

nitrate and sulphate. This component represents 

anthropogenic influence, indicating that human 

activities contribute secondary modifications to 

groundwater chemistry. The presence of this component 

suggests that although natural geological processes 

dominate the hydrochemical environment, localized 

human activities are increasingly affecting groundwater 

quality. The coexistence of geogenic and anthropogenic 

components is a common characteristic of groundwater 

systems in rapidly urbanizing regions. 

The scree plot further confirms the dominance of these 

two components. A sharp decline in eigenvalues after 

PC2 indicates that the majority of hydrochemical 

variability can be explained by the first two principal 

components. Subsequent components contribute only 

minor variance and therefore represent localized 

variations rather than dominant geochemical processes. 
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The combined interpretation of NPI, correlation analysis, 

and PCA demonstrates that groundwater quality in 

Indore is influenced by a dual control mechanism 

consisting of natural lithogenic processes and secondary 

anthropogenic inputs. While mineral weathering 

determines the baseline chemical composition of 

groundwater, urban development and wastewater 

infiltration introduce additional contaminants that locally 

modify water quality. 

From a public health perspective, the analysis indicates 

that fluoride concentrations remain within 

permissible limits, and the calculated Hazard Quotient 

values are below unity, suggesting negligible non-

carcinogenic health risk under current conditions. 

However, the widespread moderate pollution status 

identified through the Nemerow Pollution Index 

highlights the need for proactive groundwater 

management. Continuous monitoring, improved 

wastewater infrastructure, and sustainable groundwater 

extraction practices are essential to prevent further 

deterioration of groundwater quality. 

Overall, the integration of hydrochemical indices with 

multivariate statistical techniques provides a 

comprehensive framework for evaluating groundwater 

quality in complex urban environments. Such integrated 

approaches are particularly valuable in hard-rock aquifer 

systems where both geological processes and human 

activities influence groundwater chemistry. The findings 

of this study therefore contribute to a better 

understanding of urban groundwater dynamics and 

provide important insights for sustainable water resource 

management in rapidly growing cities. 

Conclusion 

This paper provides a comprehensive chemical 

assessment of groundwater quality across nineteen urban 

zones of Indore City using the Nemerow Pollution Index 

(NPI), multivariate statistical analysis, and non-

carcinogenic health risk evaluation. The results 

demonstrate that groundwater quality ranges from slight 

to heavy pollution, with NPI values between 1.615 and 

3.969, and no sampling location categorized as safe (NPI 

< 1). Elevated Total Dissolved Solids and Total Hardness 

were identified as primary contributors to chemical 

deterioration. Principal Component Analysis revealed 

that lithogenic processes associated with basaltic mineral 

weathering represent the dominant hydrogeochemical 

control, while localized anthropogenic inputs contribute 

secondary nitrate and sulphate enrichment. Although 

fluoride concentrations remained within permissible 

limits and Hazard Quotient values were below unity, the 

widespread moderate pollution status indicates persistent 

chemical stress on the aquifer system.The findings 

emphasize the need for continuous groundwater quality 

monitoring, controlled extraction practices, and 

integrated chemical risk management strategies to ensure 

long-term public health protection in rapidly urbanizing 

hard-rock regions. 
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