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ABSTRACT 

	pH is a critical factor that affects physicochemical processes in aquatic systems, especially in areas influenced by intensive agriculture and industrial activities. This study aimed to examine how pH influences key physicochemical characteristics of surface and groundwater in the Malwa region of Punjab, India. Water samples were taken from natural surface water bodies and groundwater sources using a stratified sampling design. We used standard analytical procedures from APHA and BIS to measure pH, electrical conductivity (EC), total dissolved solids (TDS), hardness, alkalinity, dissolved oxygen (DO), biochemical oxygen demand (BOD₅), and chemical oxygen demand (COD).

The results show that pH values ranged from 6.2 to 8.9, with several sampling locations exceeding BIS permissible limits. TDS concentrations varied from 310 to 2,480 mg/L, hardness values ranged from 180 to 1,120 mg/L, and COD levels reached up to 410 mg/L in areas affected by industrial and agricultural activities. Groundwater showed higher mineralization and organic load compared to surface water, which reflects increased geochemical interactions under confined conditions. Significant correlations between pH and factors like alkalinity, hardness, and TDS underline the role of pH in controlling water chemistry and the movement of contaminants.

This study identifies pH as a reliable indicator of physicochemical degradation in surface and groundwater systems and provides region-specific baseline data crucial for assessing water quality and monitoring the environment in the Malwa region.
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1. INTRODUCTION

Punjab is one of the top food grain-producing states in India and plays an important role in ensuring the nation’s food security. However, the intensive farming methods used over the years have led to heavy use of chemical fertilizers, pesticides, and irrigation. This has greatly affected the quality of both surface and groundwater. Numerous studies have shown that drinking water sources in Punjab, especially in the Malwa belt, are contaminated with heavy metals, fluoride, pesticide residues, and other pollutants from agriculture. This poses serious risks to environmental health and public safety. Groundwater, which is the main source of drinking and irrigation water for many rural and semi-urban populations, has become increasingly exposed to contamination due to ongoing human activities.Rapid population growth, increasing agricultural needs, and growing industrial activities have put more pressure on water resources. The careless use of nitrogen-based fertilizers and pesticides, along with poor wastewater management, has worsened groundwater quality in many areas of the Malwa region. Poor groundwater quality is now a leading cause of the high rates of water-related diseases in the area, such as fluorosis, gastrointestinal issues, and other long-term health problems. These challenges are especially harsh in rural communities, where safe drinking water options are limited.
The districts in southwestern Punjab have been identified as severely affected zones where the decline in groundwater quality is mostly caused by human activities. Excessive use of fertilizers has led to nitrate buildup, while pesticides and industrial waste have released harmful substances into underground aquifers. One concerning example of agriculture-related groundwater pollution in the Malwa region is the presence of uranium, alongside high levels of nitrate and fluoride, in drinking water sources. This contamination raises serious concerns about long-term exposure and health risks for the local population. According to the Planning Commission's report “Water Logging in Punjab” (Government of India, 2013), many areas in the southern and southwestern parts of the state show nitrate levels higher than safe limits for drinking water. High fluoride levels, often above 10 mg/L, have been found in districts like Fazilka, Muktsar, Bathinda, Sangrur, and Barnala, making groundwater unsuitable for household use without treatment. These regions also have poor natural drainage and limited groundwater recharge, which worsens the buildup of harmful substances.
Muktsar district is particularly vulnerable due to its heavy agricultural practices and high use of agrochemicals. The district uses about 17% of the total pesticides consumed in India, despite its small geographic size. It consists of 234 villages spread across three tehsils (Muktsar, Malout, and Gidderbaha) and four administrative blocks (Muktsar, Malout, Lambi, and Kot Bhai). In many villages, groundwater from the Gidderbaha block is the only source for drinking and irrigation, increasing the local population’s risk from poor water quality. Industrial activities and agricultural runoff have raised total dissolved solids (TDS), salinity, and chemical loads, making groundwater even less suitable for domestic and farming use.
Turbidity is another critical water quality factor that relates closely to pH levels. Earlier studies by Lee et al. (2013) and Zhang et al. (2019) have shown that changes in pH affect how suspended particles clump together and remain stable, resulting in different turbidity levels. High turbidity limits light penetration in water, negatively impacting photosynthesis, disrupting aquatic food chains, and altering ecosystem balance. These interactions illustrate the important yet indirect role of pH in influencing the physical and biological traits of bodies of water.
The existing research clearly shows that pH is essential in regulating various aspects of water quality, such as dissolved oxygen, nutrient availability, microbial activity, heavy metal movement, and turbidity changes. However, despite ample documentation of contamination issues in Punjab, there is still a lack of comprehensive studies that look at pH-related interactions in both surface and groundwater. The approach taken in this study aims to fill this gap by thoroughly assessing dissolved oxygen, nutrient levels, microbial indicators, heavy metal contamination, turbidity, and ecological effects related to pH changes. This research offers a better understanding of the complex processes affecting water quality decline in the Malwa region and provides useful insights for better monitoring and management strategies.

2. material and methods

[(Table1. Typical characteristics and ranges of iron concentration obtained from ground water samples from Bathinda district [9].
	pH
	7.42
	9.0

	Specific conductivity
	312
	5800 micromhos/cm at 25O

	CO3
	Nil
	

	HCO3
	132
	1463 mg/L

	Cl
	7.4
	752 mg/L

	NO3
	0.1
	1140 mg/L

	F
	0.14
	7.5 mg/L

	Ca
	6.2
	189 mg/L

	Mg
	2.4
	257 mg/L

	Na
	2.9
	1450 mg/L

	K
	3.9
	665 mg/L

	Total hardness as CaCO3
	42
	1329 mg/L

	Total Chemical content
	155 mg/L
	5923 mg/L


The quality of groundwater for drinking, irrigation, and other household needs is usually evaluated by comparing the levels of heavy metals and other physical and chemical parameters to the limits set by the Bureau of Indian Standards (BIS, 2012). Heavy metals are significant indicators of groundwater pollution because of their toxicity, resistance to breaking down, and potential to accumulate in living organisms. Many studies in the Malwa region of Punjab have shown that heavy metals are present in groundwater at levels that often exceed acceptable limits, creating a serious and ongoing environmental issue. These metals come from natural and human-made sources, including the weathering of mineral-rich rocks and discharges from industries, mining waste, coal-fired power plants, and long-term agricultural applications of phosphate fertilizers and pesticides [18].
The Malwa region has seen rapid growth in agriculture and industry in recent decades. This growth has changed the chemical characteristics of the groundwater. The constant release of untreated or partially treated industrial wastewater, along with leaching from agricultural chemicals, has raised levels of metals like uranium, lead, chromium, cadmium, and arsenic in the groundwater. These metals are not easily broken down, so they remain in the ground and build up over time, increasing the chances of long-term exposure through drinking water. Long-term consumption of groundwater contaminated with heavy metals can lead to a variety of health issues, such as neurological problems, kidney damage, bone issues, and a higher risk of cancer. Therefore, regular monitoring of heavy metal levels in groundwater is crucial for assessing water quality and protecting public health in the Malwa region [18].
Chemical analysis shows that the groundwater in Malwa is generally alkaline, with pH values between 7.42 and 9.0. This alkalinity plays an important role in determining the form, solubility, and movement of dissolved substances, including heavy metals. At higher pH levels, some metals may settle out or attach to sediments, while others may still remain soluble depending on redox conditions and interactions. Alkaline groundwater also affects microbial growth and nutrient flow, which indirectly impacts water quality. The measured alkalinity is mostly due to the dissolution of carbonate minerals, intense irrigation, and the long time groundwater spends in aquifers.
In addition to chemical factors, there have been reports of groundwater level variations across different parts of the Malwa region. Excessive groundwater use for irrigation has led to declining water levels in some areas, while poor drainage and seepage from canals have caused waterlogging and rising water tables in others. These changes affect groundwater recharge, the ability to dilute pollutants, and how contaminants move. Declining water tables can increase the concentration of dissolved contaminants, while rising water tables can pull pollutants from soil and sediments into aquifers, further harming groundwater quality.
Hardness levels in the region indicate that the water is generally moderately hard, with hardness ranging from 102 mg/L at Dera Bassi to 490 mg/L at Hari Majra, and an average of 244 mg/L. This hardness mainly comes from the dissolution of minerals like calcium and magnesium found in limestone, dolomite, and gypsum. While moderate hardness is not a direct health risk, high hardness can lead to problems in water supply systems, such as scale buildup in pipes, decreased efficiency of household appliances, and more soap needed for cleaning. High hardness often coincides with increased alkalinity and high dissolved solids, which can diminish the taste and overall appeal of drinking water.
Taken together, the presence of heavy metals, alkaline pH, moderate to high hardness, and groundwater table fluctuations indicate a complex and deteriorating hydrogeochemical situation in the Malwa region. These interacting factors greatly reduce the suitability of groundwater for drinking and long-term household use. The results highlight the urgent need for comprehensive groundwater management plans, including regular monitoring, identifying contamination sources, regulating agricultural chemicals, controlling industrial waste, and applying suitable water treatment methods. If action is not taken soon, ongoing exposure to polluted groundwater may pose significant environmental and public health risks for communities throughout the Malwa region of Punjab [18].
Turbidity-
Turbidity is an important physical measure that shows the amount of suspended particles in water. These particles include mud, clay, silt, organic matter, and tiny organisms. Turbidity indicates water clarity and relates to both appearance and treatment effectiveness. High turbidity can disrupt disinfection processes, protect microorganisms from chemical disinfectants, and complicate water treatment operations.In this study, turbidity values for all groundwater samples tested were well within the allowed limits, ranging from 0 to 10 NTU, as set by the Water Research Commission (WRC, 2003). The lowest turbidity value, 0.7 NTU, was recorded at the GNDT Colony Plant in Bathinda, showing excellent water clarity. The highest value, 1.47 NTU, was found in a groundwater sample from Barnala. These low values suggest a minimal amount of suspended particles and show effective natural filtration through the soil layers.
While the turbidity levels observed are not an immediate issue, it’s important to note that turbidity can change seasonally due to rainfall, surface runoff, and human activities. Even small increases in turbidity can make water purification more difficult by increasing the need for coagulants and lowering disinfection effectiveness. Thus, continuous turbidity monitoring is necessary to ensure the consistent safety and treatability of groundwater resources.
Total Dissolved Solids (TDS)
Total Dissolved Solids (TDS) refer to the total concentration of inorganic salts and small amounts of organic matter dissolved in water. This includes ions like calcium, magnesium, sodium, potassium, chloride, sulfate, and bicarbonate. TDS serves as a key indicator of salinity, mineral content, and overall water quality, and it is closely linked to electrical conductivity since both show how many ions are in the water. In this investigation, TDS values showed significant variation across different sampling sites. The lowest TDS concentration, 301.63 mg/L, was recorded at Mohali Bus Stand, indicating lower mineralization and suitability for drinking. In contrast, groundwater samples from Sangrur, Mohali, Mansa, and Muktsar had elevated TDS values of 556.67 mg/L, 580.83 mg/L, 549.40 mg/L, and 519.83 mg/L, respectively. These values exceed the BIS standard desirable limit of 500 mg/L for drinking water and approach or exceed the levels at which water may not be suitable for human consumption.
According to the World Health Organization (WHO, 2004), the acceptable TDS limit for drinking water is 500 mg/L. Levels above this can lead to an unpleasant taste and lower palatability. The higher TDS values found in several locations suggest increased mineral loading, likely due to natural processes like rock-water interaction and human activities including agricultural runoff, excessive fertilizer use, industrial discharges, and groundwater overextraction. High TDS levels can also cause scaling in pipes, corrosion in distribution systems, and decreased efficiency of household appliances. The results of this study show that while turbidity levels are acceptable, TDS concentrations in several groundwater samples surpass recommended standards, raising concerns about long-term suitability for drinking and domestic use. These findings emphasize the need for periodic monitoring, source identification, and appropriate treatment measures, especially in areas where groundwater is the main source of drinking water. Effective management strategies should focus on controlling agricultural inputs, regulating industrial waste, and promoting sustainable groundwater use to prevent further decline in water quality.
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Figure1 Groundwater level in Punjab [11].
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Wastewater Characteristics and Physicochemical Assessment
Wastewater samples collected from various locations in the study area exhibited clear indicators of pollution, including noticeable coloration, strong unpleasant odor, and elevated turbidity. These features collectively suggest substantial organic and inorganic contamination arising from anthropogenic sources. The physical parameters analyzed included pH, temperature, turbidity, electrical conductivity (EC), total dissolved solids (TDS), total suspended solids (TSS), and total solids (TS). Chemical parameters comprised biochemical oxygen demand (BOD), chemical oxygen demand (COD), chlorides, calcium, and selected heavy metals such as arsenic, cadmium, chromium, nickel, and lead. The analytical results were compared with the acceptable limits prescribed by BIS (1998) and IS:10500 (1991) to evaluate the suitability of wastewater for discharge and potential reuse [19,20].
Visual inspection revealed that wastewater samples ranged in color from light grey to dark grey and blackish, indicating the presence of suspended particulates, organic matter, dyes, oils, and industrial residues. The persistent foul odor observed across all sampling locations reflects high organic loading and anaerobic decomposition processes, commonly associated with untreated or partially treated effluents [21]. Elevated turbidity further confirms excessive suspended solids, which can reduce light penetration in receiving water bodies, impair photosynthesis, and interfere with conventional water treatment operations [22].
Role of pH in Wastewater Chemistry and Environmental Impact
pH is a fundamental parameter governing chemical reactions, microbial activity, and pollutant behavior in aquatic systems. It directly influences the solubility, mobility, and toxicity of contaminants, particularly heavy metals. Even minor deviations from neutral pH can significantly alter aquatic chemistry and biological treatment efficiency. Wastewater exhibiting extreme acidic or alkaline conditions poses serious ecological risks, as it can disrupt microbial communities, reduce oxygen availability, and cause direct toxicity to aquatic organisms [23,24].
Under natural conditions, surface and groundwater systems typically maintain pH values between 6.5 and 8.5, which support ecological stability and biological productivity. However, industrial wastewater often exhibits wide pH variability depending on industrial processes, chemical usage, and waste handling practices, with values frequently falling outside the natural range. Such deviations enhance the release of toxic metals from sediments and increase the bioavailability of harmful compounds, thereby intensifying environmental and health risks [25].
Anthropogenic Pressures and Contaminant Pathways
Rapid population growth, changing consumption patterns, industrial expansion, and urbanization have led to a dramatic increase in both solid and liquid waste generation. Developing countries face particular challenges in managing these waste streams due to inadequate infrastructure, limited regulatory enforcement, and rapid economic transitions. Industrial effluents containing chemical compounds, untreated or partially treated municipal sewage, and agricultural runoff represent major contributors to wastewater pollution [26].
Integrated solid waste generation has also increased due to landfill operations, construction activities, manufacturing processes, and municipal waste disposal. These activities often produce contaminated leachates that infiltrate surface water bodies and percolate into groundwater aquifers through soil and fractured rock formations. Numerous studies have demonstrated that wastewater-derived contaminants, including heavy metals and persistent organic pollutants, can migrate vertically and laterally, leading to long-term groundwater contamination [27,28].
Agricultural practices further exacerbate water quality deterioration through the excessive use of fertilizers and pesticides, which introduce nitrates, phosphates, and toxic residues into surface and subsurface waters. Industrial and urban activities add additional chemical loads, increasing salinity, metal concentrations, and overall toxicity. Recent regional studies from Punjab and adjoining areas (2018–2024) have reported strong associations between pH, TDS, nitrate levels, and heavy metal contamination, emphasizing the cumulative impacts of human activities on water resources [29–31].
Analytical Methods and Quality Assurance
Total solids were measured using the gravimetric method, while fluoride concentration was determined using the fluoride ion-selective electrode method, which remains one of the most reliable techniques for fluoride analysis. Colorimetric and electrode-based methods were employed for selected parameters, as these methods offer high sensitivity and reproducibility. Water samples were collected in pre-cleaned bottles following standard sampling protocols, and all necessary precautions were taken to prevent contamination during collection and transport. The collected samples were analyzed for various physicochemical parameters, including total solids, turbidity, pH, hardness, chloride ions, dissolved oxygen, iron, and alkalinity, following IS:3025 standard methods. All analyses were performed in triplicate to ensure data accuracy and reliability [19–28].
Recent advances in water quality assessment emphasize the use of multivariate statistical techniques, such as Principal Component Analysis (PCA) and cluster analysis, to identify pollution sources and interpret complex interactions among water quality parameters. Several recent studies (2019–2024) have successfully applied these methods in groundwater and wastewater assessment across India and similar hydrogeological settings, providing more robust source apportionment and risk evaluation [32–35]. Differentiated Assessment of Groundwater, Surface Water, and Wastewater Quality

To ensure clarity and scientific consistency, we evaluated the quality of groundwater, surface water, and wastewater separately. Each source has its own hydrochemical traits and paths of contamination. Groundwater samples mainly reflected the effects of agricultural activities and subsurface geochemical processes. Surface water quality was greatly influenced by the direct discharge of domestic and industrial waste. Wastewater samples showed the highest levels of contamination due to concentrated organic loads and industrial inputs.

Groundwater analysis revealed high pH values that ranged from alkaline to strongly alkaline. It also showed high total dissolved solids (TDS) and hardness, which indicate long-term rock and water interaction and human stress. In contrast, surface water samples had lower mineralization but higher turbidity and signs of organic pollution, especially near urban and industrial areas. Wastewater samples regularly exceeded acceptable limits for biochemical oxygen demand (BOD), chemical oxygen demand (COD), and suspended solids, which indicates poor treatment before discharge. Descriptive statistical analysis showed significant differences among the three types of water, emphasizing the need for source-specific assessments instead of broad interpretations. These results agree with recent studies in Punjab and similar agro-industrial areas that report different contamination patterns. The clear separation of water sources and improved data presentation increases the reliability of the results and supports focused management and cleanup strategies. In addition to physicochemical parameters, microbiological indicators are essential components of comprehensive water quality assessment. [36] The importance of bacteria, coliphages, and enteric viruses as reliable indicators of microbial contamination and associated public health risks in surface and groundwater systems. Although the present study primarily emphasizes pH-driven physicochemical variations, incorporating microbiological indicators in future investigations would provide a more holistic evaluation of water quality, particularly in agriculturally and industrially impacted regions such as the Malwa belt of Punjab [35].
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Figure2 Describes the graph between PH and variation of the PH. Turbidity, Chlorides, Alkalinity, Hardnes, T.D.S. [17].








 


	Sr.
No.
	Water quality parameters
	Method of analysis

	1
	Solid (TDS, TSS and volatile solids)
	Water and soil analysis kit model no 161

	2
	Turbidity
	Turbidity meter

	3
	pH
	pH meter

	4
	Hardness
	EDTA method

	5
	Chloride
	Chemical method



	6
	Dissolved oxygen
	Winkler’s method

	7
	Iron
	Chemical method



Table 2. Methods used to analyze various water quality parameters.


4. Conclusion

The hydrochemical analysis at selected locations in the malwa region of punjab, india, shows that groundwater quality is severely degraded in most of the study area. only a few isolated sites have comparatively acceptable conditions. a significant number of groundwater samples exceeded the desirable and permissible limits set by the world health organization (who) and indian drinking water standards. this highlights the widespread issue of groundwater contamination. most samples were classified as hard to very hard and showed high total dissolved solids (tds), making the water unsuitable for direct consumption without proper treatment.
There were notable spatial and seasonal changes in electrical conductivity (ec) and tds. these changes reflect the combined effects of natural hydrogeochemical processes and human activities. seasonal variations emphasize the impact of climatic factors, such as rainfall variability, evaporation rates, and groundwater recharge, on dilution and concentration. at the same time, processes like prolonged rock-water interaction, long groundwater residence time, and the dissolution of mineral-rich formations significantly raise salinity and hardness. these natural factors are worsened by human pressures, including excessive groundwater extraction for irrigation, unregulated use of chemical fertilizers, and the uncontrolled release of industrial waste, which together modify the hydrochemical makeup of groundwater in the area. The study tackles critical water pollution issues from both natural and human sources. industrial activities, intensive farming, and contaminants like heavy metals, nutrients, and dissolved salts have all played a role in worsening groundwater quality. additionally, the interaction between surface water and groundwater is a major route for contamination, allowing pollutants from 34rivers, canals, drains, and wastewater-affected areas to seep into deeper aquifers. this is especially problematic in areas with shallow water tables and porous soil and rock formations, which enhance the vertical movement of contaminants.
Numerous regional studies have recorded the decline in surface and groundwater quality, identifying various sources of contamination across the malwa region. these studies illustrate the complex challenges water systems face due to ongoing demands for drinking water, agricultural irrigation, and environmental needs. the need for increased food production, rapid urban growth, heightened use of pharmaceuticals and chemicals, insufficient sewage and wastewater treatment facilities, and a lack of long-term water quality monitoring have made these problems worse. in many affected areas, the cumulative effects of these pressures have led to a steady decline in water quality, posing serious risks to public health and the environment.
To tackle these complex and interconnected issues, a transdisciplinary research approach is necessary. this approach should combine hydrology, geochemistry, environmental science, public health, agriculture, and policy analysis. collaborative research can improve understanding of pollution sources, transport methods, transformation processes, and the long-term impacts on water resources. this integrated perspective not only deepens scientific knowledge but also creates chances for better policymaking, improved water management, and sustainable strategies, particularly in stressed areas like the malwa belt of punjab. Future monitoring programs in the Malwa region should include physicochemical indicators like pH along with biological indicators. This combination will give a better assessment of ecosystem health and help with effective water resource management [36].
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