

  water-15-03662




water-15-03662







Water 2023, 15(20), 3662; doi:10.3390/w15203662




Review



A Review of the Status, Effects, Prevention, and Remediation of Groundwater Contamination for Sustainable Environment



Gokulan Ravindiran 1,2,*, Sivarethinamohan Rajamanickam 3, Sujatha Sivarethinamohan 4, Balamurugan Karupaiya Sathaiah 5, Gobinath Ravindran 6, Senthil Kumar Muniasamy 7 and Gasim Hayder 2,8





1



Department of Civil Engineering, VNR Vignana Jyothi Institute of Engineering and Technology, Hyderabad 500090, Telangana, India






2



Institute of Energy Infrastructure, Universiti Tenaga Nasional (UNITEN), Kajang 43000, Selangor Darul Ehsan, Malaysia






3



Symbiosis Centre for Management Studies (Constituent of Symbiosis International Deemed University), Bengaluru 560100, Karnataka, India






4



Department of Civil Engineering, K. Ramakrishnan College of Technology, Trichy 621112, Tamil Nadu, India






5



Department of Electronics and Communication Engineering, Karpaga Vinayaga College of Engineering and Technology, Chengulpattu 603308, Tamil Nadu, India






6



Department of Civil Engineering, SR University, Warangal 506371, Telangana, India






7



Department of Biotechnology, Karpaga Vinayaga College of Engineering and Technology, Chengalpattu 603308, Tamil Nadu, India






8



Department of Civil Engineering, College of Engineering, Universiti Tenaga Nasional (UNITEN), Kajang 43000, Selangor Darul Ehsan, Malaysia









*



Correspondence: gokulravi4455@gmail.com







Citation: Ravindiran, G.; Rajamanickam, S.; Sivarethinamohan, S.; Karupaiya Sathaiah, B.; Ravindran, G.; Muniasamy, S.K.; Hayder, G. A Review of the Status, Effects, Prevention, and Remediation of Groundwater Contamination for Sustainable Environment. Water 2023, 15, 3662. https://doi.org/10.3390/w15203662



Academic Editors: Peiyue Li, Jianhua Wu, Vetrimurugan Elumalai and Dimitrios E. Alexakis



Received: 24 August 2023 / Revised: 14 October 2023 / Accepted: 16 October 2023 / Published: 19 October 2023



Abstract

:

Most water systems that support ecosystems and feed humans are depleted or stressed. Aquifer characteristics, topography, subsurface activities, climate, and geochemical processes regulate groundwater availability, a reliable source of fresh water. Globally, agriculture, industries, and the domestic sector are the three major sectors that consume vast quantities of freshwater resources. Further anthropogenic activities, such as soil leaching, acid rain, fertilizer, pesticides, mining, and other industrial activities, resulted in the release of organic and inorganic pollutants that affected global water resources. In India, groundwater is used in huge quantities, resulting in groundwater depletion of 1 to 2 m a year. Low-income countries face many issues related to water pollution, and the availability of safe water is minimal. In 2019, deaths due to unsafe sanitation accounted for 2.2% of the total global deaths, amounting to 1.2 million people’s deaths. India recorded 6.6% of deaths due to unsafe sanitation in 2019. India and China accounted for around 90.41% and 60.4% of the groundwater utilization for agricultural purposes, respectively. In 2020, China and India utilized vast quantities of nutrients (nitrate and phosphate) for crop growth to enhance crop yield, resulting in the highest nitrate and phosphate concentrations in groundwater. Remediating contaminants from different sources requires knowledge of their concentration, behavior, cycling, and degradation pathways. According to safety guidelines, limiting and optimizing crop organic and inorganic fertilizer, pesticide waste disposal, and empty container disposal can reduce groundwater contamination. The present study summarized groundwater utilization in various sectors, potential sources of groundwater contamination impacts on human health and the environment, preventive measures, and mitigation methods to overcome groundwater pollution.
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1. Introduction


The increase in population, rapid urbanization, and industrial revolution resulted in the utilization of an enormous amount of fresh water [1]. The world’s freshwater source is not readily available for the human population since only 3% of the total water available is fresh water, and the remaining 97% is salt water [2]. Out of the 3% of the total fresh water available, 69% is in the form of ice and glaciers, 30% in the form of groundwater, and 1% in the form of surface water. A total of 87% of the total surface water is available in lakes, 11% in swamps, and 2% in rivers. So, approximately only 1% of the fresh water is available for the human population to meet its daily demands. The major drawback of this available fresh water is that it is not evenly distributed worldwide [3,4]. Most available fresh water is accumulated in Brazil, Canada, China, Colombia, Indonesia, Russia, and the United States. This results in most countries being in water scarcity and stress categories [5]. Globally, one-fifth of the total population needs to get the required amount of groundwater due to water stress or scarcity, resulting in a decrease in the economic growth of those developing countries [6].



Groundwater is the primary source for drinking, agricultural and industrial development. Around one-third of the total human population globally depends on groundwater for drinking purposes [7,8]. Groundwater is the only source in many arid and semi-arid regions where the rainfall is limited [9]. The leading sustainable development of nations is to provide a safe and renewable groundwater supply to the population [10]. The groundwater quality and quantity are degraded due to climate change, industrial, domestic, and agricultural activities [11,12]. Many organic and inorganic contaminants, namely nanoparticles, microplastics, and pesticides, are considered a severe threat to humans and the socioeconomic development of society [13,14,15]. Chemical contamination is the primary source of groundwater contamination, resulting in many researchers studying and understanding the process of groundwater contamination in the last three decades [16,17]. Critical Zone (CZ) studies the freshwater zones available, from green vegetation canopy to the bottom of the aquifers. Many researchers investigated the evolution and circulation of the groundwater to understand the CZ structures, processes, and functions [18,19].



Generally, in the olden days, groundwater contamination was assumed to be due only to geogenic origin, the dissolution of naturally available minerals in the earth’s crust to the groundwater in the aquifer. However, due to the vast expansion of urbanization and industrial activities, anthropogenic activities negatively impacted the groundwater [20,21]. Most countries where economic development is happening rapidly are affected by groundwater pollutants, and most of the countries are located in Africa and Asia [22,23]. Groundwater contamination is the addition of undesirable compounds in the water due to artificial activities, which may be chemicals, viruses, bacteria, heavy metals, dyes, and other substances [24]. Groundwater contamination differs from surface water contamination since the colour is invisible, and groundwater recovery is difficult to achieve [25,26]. Since groundwater contamination will result in chronic disease, detecting its negative impact on human health is complex. Since groundwater is located in subsurface earth strata, once it is contaminated, groundwater remediation is complex [8]. The natural recovery process will take more than 100 years to degrade the contaminants in the subsurface even though the contaminant’s source is reduced [27,28].



Synthetic or naturally occurring chemicals, as well as any microorganisms that are not regularly monitored in the environment but have the potential to do so and have known or suspected adverse effects on human health or the environment, are considered to be emerging contaminants (ECs) [29]. ECs are known to be contaminants of emerging environmental concerns due to their persistence in the environment and ability to alter the physiology of target receptors. Pharmaceuticals and personal care products (PPCPs), plasticizers, surfactants, fire retardants, nanomaterials, and pesticides are some of the well-known EC classes [30]. Ten Latin American and Caribbean (LAC) nations have confirmed the existence of 159 PhACs, primarily anti-inflammatory and analgesics. However, exceptionally high levels of ethinylestradiol (6.8 μg/L) and carbamazepine (830 μg/L) were discovered in Brazil and Ecuador, respectively [31]. Table 1 summarizes some of the most common ECs and their permissible values recommended by the World Health Organization (WHO) in water. Because of their detrimental effects on endocrine systems, several ECs have been classified as endocrine disruptive compounds (EDCs). Contaminants in aquatic environment resources are a significant environmental, public health and safety concern. The water distribution system is now seriously threatened by these contaminations. Emerging contaminants (ECs) include medications, X-ray media, pesticides, endocrine disruptors, and personal hygiene products. These contaminants have been found in surface water, wastewater, and groundwater sources across the globe in recent years. The degradation and removal of contaminants using various treatment techniques, including physical, chemical, and biological has been the subject of numerous previous or ongoing investigations. Nevertheless, there needs to be more experimental data available to make accurate predictions about the removal and mechanistic degradation fate of ECs in a variety of real-world systems. The fate of ECs and their transport into groundwater systems are critical in understanding groundwater pollution. Many researchers studied the fate of many ECs and their transport into soil and groundwater systems, namely formaldehyde [32,33], titanium dioxide [34], cotransport of biocolloids [35], cotransport of human adenoviruses [36], cotransport of clay colloids [37,38], transport of bio colloids [39], and cotransport of Pseudomonas putida and kaolinite particles [40].




2. Global Scenario


Globally, freshwater utilization has increased six-fold from 1900 to 2014, twice that of the global population growth rate [42,43]. The World Meteorological Organization (WMO) estimated that 40% of the population lives in water-stressed regions. By 2050, the increase in population will be around 3 billion, resulting in water scarcity, a matter of life on earth [44]. In 2014, the world freshwater utilization was around 3.99 trillion m3, a 494% increase in utilization compared to 1900. The increasing population and industrial development is the main reason for freshwater utilization [45]. Globally, freshwater utilization was grouped into three categories based on the following regions: BRCIS (Brazil, Russia, China, India, and South Africa), OECD nations, and ROW (rest of the world) nations. India and China are the top two thickly populated countries, which may result in the overutilization of freshwater resources [45].



Similarly, OECD countries utilized approximately 20–25%, and ROW countries utilized around 30–33%. While 8.4% of the world’s population resides in Latin America and the Caribbean (LAC), the regions’ renewable water resources account for 35.1% of the world’s total. The availability of water per person in the LAC region is abundant compared to the rest of the World. On the other hand, rapid urbanization, poor governance, and inadequate infrastructure in some areas are to blame for water scarcity and an unequal social and geographical distribution of water resources. Furthermore, LAC has combined to become a global agricultural-product exporter, accounting for about 70% of freshwater withdrawal [46]. In LAC, the primary drivers of water consumption are agriculture and urbanization. Agricultural demands account for roughly 68% of freshwater availability, while industrial uses comprise 11% [46]. The available data show that developed countries utilize a low amount of fresh water compared to developing and poor countries [45].



India, China, and the United States are the top three countries where the freshwater utilization is maximum and accounts for about 647.5, 591.8 and 444.3 trillion m3 of water, respectively. India, China, and the United States account for 16.3, 14.9, and 11.21% of global freshwater utilization, resulting in approximately 42.5% of global freshwater resources [45]. Turkmenistan, Iraq, and Chile have the highest per capita freshwater utilization rates, with an average usage of 5753, 2646, and 2152 m3, respectively. In contrast, the per capita freshwater consumption in China, India, and the US is approximately 602.3, 425, and 1543 m3, respectively [45]. Water scarcity and security mainly depend on natural renewable resources, and naturally renewable resources depend on population and renewable flows through rainfall [47]. Similarly, the rainfall intensity decreased due to some seasonal variation, which will also decrease the rate of renewable resources. Generally, if the withdrawal of fresh water is more than the renewable capacity of the resource, it will result in water stress and scarcity in a county [48]. The renewable resource of India, China, and the United States was estimated at approximately 1045, 1998, and 8582 m3 per capita in 2019 [45]. However, due to the increase in population, this renewable rate decreased to 67, 53, and 44% for India, China, and the United States, respectively.



The increase in water demand, water scarcity, and security are the major concerns in the present century due to the increase in population and other developmental activities. Water stress indicates how fast the county utilizes groundwater rather than its renewable capacity [47,49]. South Asia, North Africa, and the Middle East are in the water stress region. Kuwait, United Arab Emirates, Saudi Arabia, Libya, and Qatar are the most water-stressed countries, and these countries’ availability of renewable water resources is more than 100% [45]. Those countries where this ratio is less than 50% are less water-stressed. India, China, and the United States have a water stress percentage of 66.49, 43.2, and 28.16%, respectively [45].




3. Freshwater Utilization


Freshwater withdrawals are directly related to the population, and like climate change, groundwater is also a significant concern in the present decades. Based on the present groundwater withdrawal, future withdrawals of the groundwater can be anticipated [50,51]. Agriculture, industries, and the domestic sector are the three major sectors that consume vast quantities of freshwater resources. Globally, population increases and associated daily activities resulted in increased freshwater consumption and the implementation of water conservation methods [48]. The government and many non-governmental organizations framed policies and methodologies to reduce water consumption and save for future generations.



3.1. Agricultural


Water is an essential source for agricultural activities, either in the form of rainwater or groundwater. The cultivation of food crops, biofuels, non-food crop production, and livestock are some of the primary reasons for the increased freshwater utilization [52]. The population is directly related to food demand, resulting in increased groundwater utilization for the last few decades. For example, in 2010, India consumed a freshwater resource of around 700 billion m3 for agricultural activities, which is twice the consumption of 1975 [45]. In 2015, India ranked first in freshwater consumption, with a withdrawal of 688 million m3, followed by China, the second largest freshwater-consuming country, with 385 billion m3, and the United States consumed around 175 billion m3 [45]. It is estimated that around 70% of the total fresh water utilized is for agricultural sectors [53]. However, freshwater withdrawal for agricultural purposes varies significantly from county to country. In 2019, Somalia, Afghanistan, and Nepal consumed around 99.48, 98.17, and 98.14%, respectively, for agricultural purposes. India, China, and the United States accounted for around 90.41, 60.4, and 39.66%, respectively. It is also estimated that low-income countries withdraw more than 90%, middle-income countries consume between 80 and 90%, and high-income countries consume less than 41% for agricultural purposes. Germany and Belgium consumed less than 2% of the fresh water for agriculture. Furthermore, in 2020, the total agricultural land irrigated with groundwater was estimated, and Bangladesh stands first, with 82% of the total available land irrigated using groundwater, followed by Suriname (71.43%) and Pakistan (52.66%). In India, 39.96% of the total land is irrigated using groundwater, which is 7% higher compared to 2001. The United Kingdom, Austria, and Belgium irrigate less than 1% of the available agricultural land.




3.2. Industries


Approximately 20% of the available fresh water is globally used for industrial activities [54]. Next to agricultural sectors, industries depend on fresh water for industrial applications, namely cooling towers, washing, tanning, dyeing, dilution, steam generation, and manufacturing processes [55]. The energy sector, which utilizes coal, lignite, and other fossil fuels, and nuclear power plants consume huge quantities of fresh water for power generation [56]. In 2015, the United States, China, and Russia consumed approximately 248, 138, and 39 billion m3 per year for industrial development. India consumed around 39 billion m3 of fresh water for industrial development. Counties across America, Europe, and East Asia and some countries of the Pacific region consume more than 1 billion m3 of water for industrial activities. In contrast, South Asian and Sub-Saharan African countries consume less than 0.5 billion m3 of fresh water.



Freshwater withdrawal is very high in high-income countries and less in low-income countries. Since industries play a significant role in the economic development of a country, high-income countries consume more fresh water [57]. In 2019, Estonia, Slovenia, and Belgium consumed approximately 91, 82, and 81% of the total fresh water available within the country [45]. Since India is an agricultural country, only 2.23% of the available freshwater resources were consumed for industrial activities. China and the United States consumed around 22.3% and 47.2% of freshwater resources [45]. The industrial utilization of fresh water results in water pollution, further affecting the fresh water. Due to industrial activities, the pollutant concentration in fresh water is increased and affects human health and the environment [58].




3.3. Domestic


Around 10–12% of the available fresh water is globally used for municipal purposes [45], and the domestic use of fresh water includes cooking, drinking, bathing, and washing. Domestic utilization of fresh water is relatively less when compared to agricultural and industrial developments [2]. China tops first in municipal freshwater utilization, with an average consumption of 70 billion m3 in 2015. The United States consumed 62 billion m3, and India consumed 56 billion m3 [45]. Despite the lower population in the United States, freshwater consumption is high due to the highest per capita water demand. Freshwater utilization in many countries is less than 30% for municipal purposes. India, China, and the United States consumed around 7.55, 13.55, and 13.14% of the available freshwater resources. On average, low-income countries consume 6.96%, lower-middle-income countries consume 8.2%, middle-income countries consume 10.77%, upper-middle-income countries consume 14.02%, and higher-income countries consume 16.26% of the freshwater resources. South Asian countries consume only 6.8% of the available fresh water, whereas European Union countries and West Bank and Gaza countries consume 23.45 and 46.23%, respectively [45]. Figure 1 illustrates the overall freshwater consumption of India, China, and the United States.





4. Potential Sources of Contamination


Generally, groundwater contamination may be due to natural and anthropogenic activities. Natural processes such as climate change, natural disasters, soil matrix, rock–water interactions, and geological factors will contaminate the freshwater sources [12]. Anthropogenic activities, namely industrial waste discharge, solid and liquid waste, improper disposal of hazardous and biomedical waste, poor management of E-waste, mining activities, utilization of pesticides in agricultural practices, fertilizers, municipal waste, rapid urbanization, and land use, will result in groundwater contamination [12]. Figure 2 illustrates the different sources of groundwater pollution.



4.1. Natural Process


Natural disasters, namely volcanic eruptions, tsunamis, floods, drought, hurricanes, cyclones, and earthquakes, release vast quantities of natural waste and affect the fresh water’s quality [59]. Worldwide, from 2000 to 2022, 9142 natural disasters occurred, with an average of 415 natural disasters per year [60]. In 2022, the USA recorded the highest number of natural disasters, at 26, followed by 20 in Indonesia and 14 in Colombia. These natural disasters will affect the quality of the fresh water and cause pollution by mixing sewage water, municipal waste, and other contaminants. Next to natural disasters, geogenic contaminants are the primary concern, as they result in the degradation of the groundwater [12]. Geogenic contaminants occur naturally, resulting in elevated concentrations of certain chemical compounds that damage human health [61]. The most common geogenic pollutants are arsenic (As); chloride (Cl); fluoride (F); iodine (I); uranium (U); sodium (Na); sulfate (SO4); and trace elements such as chromium (Cr), iron (Fe), manganese (Mn), selenium (Se), etc. [62]. Some of the primary reasons for the geogenic contaminant in the aquifer are the weathering of rocks, rock–water interaction, environmental conditions like climate change, aquifer redox conditions and congestion of groundwater flow [63]. Anthropogenic activities also may be one of the reasons for the geochemical changes in the subsurface of the earth [64].



Fluoride is considered one of the significant critical geogenic contaminants since it affects groundwater worldwide. Igneous and sedimentary rocks are considered significant sources of fluoride minerals. They are present in these rocks as fluorite and apatite; these minerals have less solubility in the water [65]. Fluoride based pesticides result in fluoride leaching into the soil, getting mixed with clay minerals, and reaching groundwater [66]. Asian and African countries are mostly affected due to fluoride contamination, and fluorosis is the most common problem that people are facing in these countries. Many countries recorded a fluoride concentration of 5 to 9 mg/L, indicating severe groundwater pollution since the WHO recommended level of fluoride is 1 mg/L [67]. Iron is the most commonly used ore in the industrial process; during mining and due to the weathering of iron mineral rocks, iron will become soluble in groundwater and affect the quality [68]. Iron is also released from the animal and plant metabolism process. Similarly, arsenic concentration in the groundwater is increased due to the weathering of sedimentary and volcanic rocks, fossil fuels, and geothermal areas [69]. Rocks containing nickel ore dissolve and leach into the groundwater when they come into contact with the water flowing downstream [70].




4.2. Agricultural Practices


The agricultural practices resulted in emerging pollutants, namely nutrients (nitrate and phosphate), fertilizers, pesticides, and insecticides. Nitrate is considered one of the essential nutrients for the growth of the crop and to increase the yield of the crop [71]. Nitrates present in the nitrogen fertilizer, when applied to the crop, will result in water, soil, and air pollution [72,73]. The crops will only partially utilize the total applied fertilizers, resulting in soil deposition. During heavy rainfall, nitrate in the soil dissolves with rainwater, reaches surface water through runoff, and percolates into the soil and reaches aquifers. This will result in the contamination of both surface and groundwater. In 2020, China, India, and the United States were the top three countries that utilized vast quantities of nutrients for crop growth. China utilized 45 million tons, India utilized 32.54 million tons, and the United States utilized 20.96 million tons. To meet the population’s demand, the utilization of fertilizers has been increasing vigorously over the last two decades [74]. Several parts of Indian county reported the highest concentration of nitrate in the groundwater, between 40 and 1000 mg/L, and the threshold level of nitrate in the groundwater should not exceed 50 mg/L [75].



Followed by nitrate, phosphorus is the second major nutrient required for crops for proliferation and growth. Phosphorus is available in orthophosphate and dihydrogen phosphate; orthophosphate is the most preferred source of phosphorus for plants’ growth [76]. The plants do not utilize this soluble orthophosphate, causing it to eventually reach water bodies, resulting in an eutrophication process [77]. Phosphates reach the water bodies through industry effluent discharges, domestic wastewater, agricultural runoff, soil erosion, weathering of rocks, and livestock [78]. Pesticides, namely insecticides, herbicides, fungicides, and nematicides, are used in considerable quantities in agricultural practices to control weeds, kill insects, and control plant diseases [66]. Dichlorodiphenyltrichloroethane (DDT) is a well-known pesticide; it is most commonly used and has a half-life period of 15 years. It is less soluble [79] and reaches groundwater quickly, resulting in severe groundwater contamination.




4.3. Hazardous Waste Disposal


Urban areas experience severe stress in water bodies due to water pollution caused by anthropogenic activities. Sewer networks play a significant role in urban infrastructure development. Sewer networks protect the urban water environment, prevent human health threats, and eliminate waterborne diseases [80,81]. Due to the corrosive nature and complex nature of wastewater, sewer network leakage occurs and contaminates groundwater. Leachate generated from the landfill also results in soil pollution, followed by wastewater that will interact with the rocks and result in the leaching of rock minerals to the confined and unconfined aquifers.



Several researchers conducted an analysis of leachate and concluded it is composed of organic and inorganic pollutants, ammonia, metal ions, fluoride and some of the heavy metals [82]. Leachate with high heavy metals concentration seriously threatens the aquatic ecosystem [83]. In addition to industrial waste, biomedical waste from hospitals and biowaste from research centers result in severe issues for human health and the environment. In the hospital, many chemicals are used to diagnose disease and are thrown into the dust bins [84]. This waste, when disposed of in a landfill, causes serious issues. For example, ethidium bromide is a chemical used in the hospital for visualizing nucleic acid and is thrown out in the dust bins. These chemicals and many radioactive wastes are generated from the hospital during cancer diagnosis and X-ray studies [85]. This chemical waste has emerged in the past two decades due to advancements in medical diagnosis. It needs to be recycled appropriately; source reduction will be the one possible remediation [86].



Heavy metals are metallic compounds, and some of the most common heavy metals detected in water are arsenic, lead, chromium, cadmium, nickel, and antimony. These heavy metals enter the human body through air, water, and soil. These heavy metals enter the human body through ingestion (drinking water) and dermal activities [87]. Metal smelting, chemical manufacturing, battery manufacturing, secondary metal processing, and paint production are the significant sources of lead contamination in groundwater [88]. The pH, minerals in water, and dissolved salts in the water decide the amount of lead solubility. Chromium is not available in elemental composition; it is available in its natural form. Electroplating industries and chromium-containing material disposal will contaminate chromium [89]. Cadmium is present in nickel–cadmium batteries, and the improper disposal of these batteries will release an increased concentration in groundwater sources [90]. Similarly, fossil fuel burning, the mining of metals, fertilizer application, and the disposal of municipal and industrial waste are some of the significant sources of nickel contamination in the groundwater [91].




4.4. Municipal Solid Waste


Globally, due to rapid industrialization, urbanization, and modernization, solid waste generation has increased. The municipal authorities collect the solid waste generated from the urban areas, and it is then recycled and disposed of adequately using some treatment techniques. In rural areas, waste collection is not strictly regulated, so it is disposed of without proper guidelines. In the long run, these practices will result in several environmental issues and harm human health. Plastic waste is becoming a huge problem, and the utilization of plastic is increasing due to its advantages, like strength, low cost, and adaptability [92,93]. However, plastics are non-biodegradable, resulting in several issues in treatment and disposal, and plastics that are less than 5 mm are called microplastics, one of the emerging pollutants degrading groundwater quality [94,95]. Other pollutants released from households are detergents, chemicals used in floor washing, E-waste, food waste, medicines, and other organic and inorganic waste. PCPs include anti-dandruff shampoo, toothpaste with fluoride, skin moisturizers, deodorants, face and body cleansers, hair removal creams, and other cosmetics that contain medications and chemicals that, when combined with discarded container settings, can significantly contribute to water contamination [96].



The landfill is the most preferred disposal method for solid waste. All the solid and hazardous waste collected from the urban waste will be pretreated, resource recovery will happen, and, finally, the remaining waste will be disposed of in a landfill. The biodegradable, industrial, and biomedical waste, namely drugs and medicines, plastics, and batteries, will mix with this municipal waste [97]. The hydrolysis process will result in the breakdown of the compound using water and result in the generation of a considerable quantity of liquid waste. This liquid waste will leach through the soil and enter into aquifers. The groundwater is affected by these landfill sites, and communities close to the dumping site will experience severe groundwater contamination [98].




4.5. Extraction of Natural Gas


Natural gas is also a fossil fuel, but burning natural gas has less greenhouse gas emissions when compared to other conventional fossil fuels, like coal, lignite, and crude oil. Methane gas is the primary component of natural gas, and during extraction and transportation through pipelines, there is a greater chance of leakage. Natural gas extraction is an unconventional method that utilizes some chemicals for the borehole and fracturing of wells and some chemicals for the refining and processing of gas, which will affect the nearby community by creating water pollution [99]. The extraction of methane gas will result in the release of radioactive materials, gases, and minerals that will mix with the groundwater due to leaking [100]. Natural gas extraction will also utilize a large quantity of water, creating an additional pollution load and depletion of groundwater. During extraction, gas from the well will leak, and sometimes the well will fail, and these natural gases will get mixed with the groundwater and cause pollution [101]. Groundwater pollution due to natural gas has been reported in many places throughout the world.




4.6. Mining and Quarrying


Earth is abundantly filled with many minerals and water, the two essential components of the day-to-day activities of human being, and mining minerals is a primary source for many industrial activities [102]. However, these mining activities have several environmental impacts, and groundwater has a strong interrelationship with mining activities. Mining activities will result in the degradation of both surface and groundwater. Some of the impacts of mining activities on surface water are mine flooding, water logging, chemical pollution, effluent discharge, and other anthropogenic activities [103]. Similarly, mining activities also affect the groundwater and have several disadvantages, namely reduction in the groundwater table, saline water intrusion, and aquifer contamination that may be permanent or temporary. Some significant impacts of mining are acid attacks, heavy metal contamination, chemical pollution due to processing, and erosion and sedimentation [102]. During mining activities, the sulfur that is present in the minerals, when exposed to the atmosphere, moisture content, and iron-oxidizing bacteria, results in an acid attack on the nearby areas, and groundwater will become more acidic. Furthermore, these acids will interact with the mined minerals and result in the leaching of some heavy metals, namely arsenic, nickel, cadmium, and other trace compounds, resulting in severe water pollution [104]. In mining areas, some of the chemical, namely cyanide or sulfuric acid, and ferric hydroxide precipitation are used to process the ores, resulting in chemical pollution to the nearby water bodies.




4.7. Climate Change


Groundwater is the only source in the coastal regions that meets the demands of domestic, agricultural, and industrial activities. The surface water in the coastal regions is saline, mainly due to the mixing of seawater with the surface water [105]. The natural backwater flow of the sea will convert the fresh water available in the rivers and estuaries to salt water. Approximately 40% of the population lives in developed coastal regions worldwide [106]. The increase in population and density resulted in increased utilization of fresh water from the ground [1]. In coastal regions, the average population density is approximately 80 per sq. km, and it is twice the population density of the world [105]. In coastal regions, the evaporation rate is high and will result in non-availability of surface water for the community. Climate change is another critical natural phenomenon which has affected the coastal region vigorously in the past two decades. Due to climate change, the seawater level has increased due to ice melting and seawater expansion due to warming [107]. An increase in seawater levels and groundwater depletion will result in saltwater intrusion into the aquifers of the coastal regions. Saltwater intrusion will affect the groundwater quality and result in many health impacts on human beings. The impact and extent of the saltwater intrusion vary from place to place. Many researchers studied the impact of saltwater intrusion in groundwater aquifers [108,109,110]. Seawater intrusion and groundwater degradation are predominately found in Asian countries.



India is one of the fastest-growing countries, and the country’s economic development depends on industries and agricultural practices; groundwater is utilized in huge quantities to meet the demands [111]. India accounts for around 7500 km of coastal state surrounded by the Indian Ocean, the Bay of Bengal, and the Arabian Sea. Many districts of South India are already severely affected due to seawater intrusion, resulting in 21,000 sq. km of soil being affected and becoming saline soil [105]. Climate change will also result in natural disasters, namely floods, drought, heatwaves, hurricanes, and changes in weather patterns. The earth’s average temperature is increasing continuously, and the present situation is that, by the end of 2100, the earth will experience an average temperature of 1.5 to 2.5 °C [112]. Climate change has affected the weather pattern, and in the present decade, many countries have experienced an unexpectedly high rainfall intensity, which resulted in floods [113].



The Intergovernmental Panel on Climate Change (IPCC) was formed in 1988; the primary goal of the IPCC is to mandate the nations to adopt specific mitigation strategies to reduce the effects of climate change. About 1700 scientists in 1992 gave the first warnings about climate change and its detrimental effects on the ozone layer, biodiversity, sea level rise, human health, and other environmental damages. The Conference of Parties (COP) was established under the United Nations Framework Convention on Climate Change (UNFCCC) in 1992 to frame the global response to climate change. Its first meeting was held in Berlin in 1995, and subsequent meetings have been held annually since then. The average earth temperature will rise by 3 to 4 °C by 2100 compared to preindustrial times (1850), according to the IPCC’s fifth assessment report on climate change, released in November 2014. With 196 participating countries, the COP held its 21st meeting in 2015, with the primary objective of lowering the planet’s temperature by 2 °C, ideally by at least 1.5 °C. In August of 2021, the IPCC published its sixth assessment report on climate change, and according to the report, the average earth temperature will rise by 3.9 °C by the end of 2100. In October 2021, Scotland hosted the 26th Conference of Parties (COP), preceded by the 6th IPCC meeting, and the primary goal of the 26th COP meeting is to implement the Paris Agreement’s goal of a 1.5 °C global temperature reduction.





5. Consequences of Groundwater Contamination


Groundwater pollution poses several impacts on human health, affects the country’s economic growth, creates an imbalance in the aquatic ecosystem and freshwater scarcity, and affects green vegetation on the earth [58]. Figure 3 illustrates the impact of groundwater pollution on different sectors.



5.1. Human Health


Low-income countries face many issues related to water pollution, and the availability of safe water is minimal. In 2019, the deaths that occurred due to unsafe sanitation amounted to 2.2% of the total global deaths, and it accounts for 1.2 million people’s deaths. India recorded 6.6% of deaths being due to unsafe sanitation in 2019. The highest death rate, 10.9%, due to unsafe sanitation, was observed in Chad, and in India, for every 1 Lakh people, 57 died in 2019 [114]. The nitrate concentration in the fresh water is increasing due to fertilizer application. As per the Environmental Protection Agency (EPA), a nitrate concentration greater than 10 mg/L is considered harmful to humans. Nitrate is easily soluble in water and forms N-nitroso, which causes cancer in human being and quickly enters through drinking water [115,116]. An excess nitrate concentration will result in blue baby syndrome in newborn babies and gastrointestinal cancer in adults and children [117].



According to the EPA, 5 mg/L is the permissible phosphate limit in drinking water. Continuous consumption of phosphate-contaminated water for a more extended period will result in kidney disease and osteoporosis. Phosphate content also affects natural water bodies by enhancing the eutrophication process. Algae and cyanobacteria consume this excess phosphate and release toxins into the water bodies, further affecting human health. Phosphate also affects the micro and macronutrients and leads to hormonal imbalance in the human body [118]. Pesticide application in agricultural practices also results in congenital disabilities, cancer, and nervous system damage. Pesticides also result in diarrhoea, vomiting, skin irritation, nausea, and abdominal pain [119]. Excess fluoride concentration in the drinking water results in fluorosis and creates skeletal, dental, and non-skeletal problems. Fluorosis also results in muscle damage, gastrointestinal system issues, and a combined impact on several organs.



A high chloride concentration in the drinking water will result in elevated blood pressure and human cardiovascular disease [120]. It also affects plants, like crop burning and defoliation issues. Iron is essential for human health, and as per the World Health Organization (WHO), the permissible limit of iron in groundwater is 0.3 mg/L, and excess ion concentration in drinking water results in hemochromatosis conditions that affect organs and organ systems. At extreme levels, it results in liver failure, heart disease, and diabetes [121]. As per the WHO, the permissible level of manganese in the groundwater is 0.4 mg/L, and as per the Bureau of Indian Standards (BIS), it is 0.1 mg/L. The excess manganese intake will result in neurological conditions similar to Parkinson’s disease. An excess manganese concentration will also result in DNA replication and mutation in mammalian cells [122].



Heavy metals are hazardous to human health and are reused in the human body through drinking water. Due to industrialization, the weathering of rocks and mining of minerals result in increased levels of heavy metals in groundwater [123,124]. Because of the high levels of arsenic in groundwater, people might experience several health issues, including heart failure, myocardial depolarization, gastrointestinal symptoms, abdominal colic, and respiratory distress due to mucous membrane irritation, which can lead to rhinitis or laryngitis, bronchitis, etc. Skin conditions brought on by long-term arsenic use include generalized hyperkeratosis; warts or corns on the palms and soles; and hypopigmentation in the face, neck, and back [125]. As per the WHO, 10 μg/L is the permissible lead level in drinking water, and lead is a poisonous metal that harms humans when consumed in excess. Excess lead consumption will result in mental illness, heart disease, and kidney failure [126]. As per the WHO, the permissible limit of chromium in drinking water is 0.05 mg/L. Chromium results in various health problems, such as nosebleeds and irritations, skin rashes, allergic responses, ulcers, kidney and liver damage, weaker immune systems, and genetic material changes, and chromium overdose results in death [66]. Cadmium in drinking water should be less than 0.005 mg/L, as per the WHO’s standards, and excess cadmium results in detrimental health effects in people, including lung cancer, prostate cancer, and renal impairment. Itai-itai disease’s chronic cadmium poisoning was initially identified in Japan in the early 20th century [127]. Nickel in drinking water should be less than 0.1 mg/L, resulting in allergic reactions in humans. Humans working in nickel processing plants will develop nasal sinus issues, lung cancer, and chronic bronchitis.




5.2. Economic Growth


The water and the economic growth of a country are interlinked. Since water is required for health, industrial activities, and economic growth, pollution increases costs for additional treatment. Pollutants are the by-products of each process, and when mixed with water, this creates water pollution, and water pollution will result in economic loss to society. The economic impacts can be seen in health care sectors, water treatment costs, tourism, real estate, fisheries, aquaculture, industries, and other sectors that depend on water for regular operations. Algal blooms and nitrates in drinking water sources can significantly raise treatment costs. For instance, in Minnesota, nitrate-removal systems raised supply costs from 5 to 10 cents per 1000 gallons to more than USD 4 per 1000 gallons. In addition, cleaning up polluted water sources might cost billions of dollars. Spending money on water source protection results in cost savings for water treatment [128] The EPA estimates that each year, water pollution accounts for loss of USD 1 billion revenue in the tourism industry [128]. The cause of this is nutrient contamination and the resulting algae blooms. An urgent health issue was caused in August 2018 by a red algae bloom off the southwest coast of Florida [129]. Toxic vapors released by decomposing algae increased hospital admissions by 54% [130], and between 2004 and 2007, the state spent USD 11,114 and USD 250,000 on red-tide cleanup projects [131]. Many researchers formulated a model for studying the economic loss due to water pollution. It is estimated that if water is moderately polluted, it results in an economic loss of 1.4%, and when water is heavily polluted, it results in an economic loss of 2% [132].




5.3. Imbalance in Aquatic Ecosystem


Due to the industrial revolution and increase in population, aquatic ecosystems have become a sink for pollutants. Pollutants from agricultural practices, industrial processing, and domestic applications will reach the aquatic ecosystem. This will result in the degrading of the water quality and several diseases affecting human beings and aquatic species [133]. Naturally, all water bodies have a natural self-purification process, but when the concentration of the contaminant increases vigorously, the self-purification process is reduced and results in water pollution. Chemicals reaching the aquatic environment include heavy metals, volatile organic compounds, dyes, detergents, microfibers, plastics, microplastic, and several other chemicals [134]. Globally, 80% of the sewage and millions of tons of industrial waste are disposed into the water bodies. An aquatic ecosystem comprises freshwater ecosystems and marine ecosystems. The marine ecosystem comprises 70% of the earth’s surface and comprises oceans, coral reefs, estuaries, and coastal ecosystems [135]. At the same time, the freshwater ecosystem comprises only 1% of the earth’s surface and consists of a wetland, lentic, and lotic ecosystem.



Anthropogenic activities, including deforestation, road and bridge construction, and other industrial activities, result in water pollution. Agriculture is the main reason for aquatic ecosystem damage. European Union countries experience 36% of the aquatic ecosystem being affected by water pollution. In the USA, agricultural activity is the leading source of pollution in rivers and streams, followed by wetlands and lakes. In China, agricultural practices account for water pollution in surface and groundwater. Excess application of nutrients, namely nitrate, phosphate, and organic manure, to the soil will be utilized less than 100% [135]. During heavy rainfall, these pollutants will reach the water bodies and increase the nutrient concentration in the water bodies, resulting in eutrophication. Due to the increased nutrient content, algal blooms and other aquatic plants will be grown in the ecosystem. These plants will severely damage the other aquatic species in the ecosystem. Around 420 coastal areas are globally experiencing eutrophication, and 169 are hypoxic. Over the century, harmful algal blooms (HABs) have resulted in water quality degradation, the killing of many microorganisms and aquatic species, and public health risks [135,136]. Cyanobacteria are one of the main HABS in the freshwater ecosystem. Cyanobacteria results in poisoning cattle, animals, and humans and also creates an off-flavor in domestic water supplies.



Water bodies act as a sink for sewage disposal, and sewage consists of domestic, solid, and industrial waste. Almost 58% of the liquid waste from urban areas and 81% from industries are discharged into waste bodies. These activities resulted in extensive damage to the aquatic ecosystem by killing several aquatic species and affecting the structure of aquatic biota [137]. Sewage mixing into the aquatic environment will result in the depletion of dissolved oxygen, and its level in the water will become less than 5 mg/L. Most industrial waste consists of heavy metals, dyes, and toxic substances, which will not be degraded easily, resulting in a long-term impact on the aquatic ecosystem and the food chain of human beings [138].




5.4. Freshwater Scarcity


Groundwater pollution will result in water scarcity, and the available fresh water for public use will be limited. Water scarcity is uncommon in many parts of the world, and poor countries are affected very much due to water scarcity [48]. Water scarcity is mainly caused by several factors, varying from country to country, including population growth, climate change, natural disasters, war and conflict, wastewater treatment facilities, and a lack of regulatory bodies. Around 1.1 million people are struggling due to a lack of water, and 2.7 people are struggling for fresh water for one month in a year [139]. Water pollution is widespread worldwide, and the primary sources come from agricultural practices, industries, and domestic applications. Freshwater scarcity further affects the lives of humans, livestock, and agricultural activities, and industrial development is also affected. Due to groundwater pollution and water scarcity, many waterborne diseases will affect low-income and poor countries [58]. Water scarcity will also result in the migration of humans and animals, leaving the larger land area unsuitable for cultivation due to lack of water.




5.5. Vegetation


Groundwater is considered a critical source of water for plants during drought due to the non-availability of surface water. Groundwater plays a major role in vegetation, and it has several impacts on vegetation, namely composition, diversity, richness, distribution, structure, and function [140]. Groundwater affects vegetation function in several ways: transpiration, productivity, survival, nutrient cycle, respiration, and habitat changes in groundwater depth result in alteration in the vegetation composition. Several studies confirmed that groundwater contributes to the diversity and richness of green vegetation [141]. Groundwater depth and groundwater chemistry are important to species diversity since the pH, carbonate, bicarbonate, calcium, and magnesium salt concentrations vary according to the groundwater depth. Maximum diversity was observed in the herbs with the concentration of calcium and magnesium at a shallower groundwater level [142]. Severe diversity was observed in trees when the groundwater’s salinity and total dissolved solids were less with deeper groundwater levels. Due to alterations in the groundwater level, vegetation stress and mortality are increased, and shifts in the vegetation distribution and native species are mostly affected. A lack of groundwater availability and anthropogenic activity will increase vegetation stress and result in a progressive alteration in the vegetation distribution of a locality [143]. Deeper groundwater does not directly impact vegetation distribution; oxygen level and water stress play a significant role in vegetation distribution. In water-limited conditions, due to water stress, the vegetation structure is affected [144].





6. Prevention of Groundwater Pollution


Clean drinking water is good for the environment, personal hygiene, and health, and it promotes economic growth. Therefore, having efficient methods to stop groundwater pollution is essential. The cheapest and most practical alternative to remediation is the prevention of groundwater pollution [145]. Groundwater pollution can be undetected for years and severely damage human health when detected; therefore, prevention saves treatment costs [146]. The following factors should be considered in a successful preventative strategy: stormwater management, hazardous waste management, small- and medium-sized businesses, storage tanks and pipelines, monitoring wells, and the development of water policy and wastes need to be disposed of appropriately [147]. On-site septic systems must be used and maintained correctly according to the plan. Surface tanks should be preferred because they are easier to monitor. Control regarding overloading and storage locations must be exercised, and chemical use may be diminished or replaced. Stormwater pollution must be avoided to stop chemicals and garbage from entering aquifers during heavy rain and flooding.



Periodically conducting environmental audits is crucial, and this would result in the creation of a plan to prevent pollution. When an emergency response strategy is being created, high-risk regions must be routinely evaluated. Important aquifers and healthy fields would need to be protected in land use plans. Businesses and residents need to be educated and informed. Every household is required to collect hazardous waste. Monitoring is required for all storage tanks and pipelines, and it is essential to purchase materials of the proper caliber. Keeping track of their lifespan and replacing them as necessary is essential. Water wells that have not yet been used should be appropriately disposed of. Individual, small-, and medium-sized businesses that generate chemical waste must receive special attention. It is best to stop using insecticides and pesticides altogether or to use them as little as possible. The pipeline network and the area around storage tanks should have monitoring wells built regularly. To ensure the early discovery of leaks, these would be inspected regularly. Additionally, a body must be assigned the job of implementing the water policy, and the water policy should explicitly outline all prevention efforts. The public should be well informed, and awareness initiatives and penalties should be clearly stated. Figure 4 illustrates the different solutions to overcome groundwater pollution.




7. Remediation Technique for Groundwater Pollution


The technique adopted to clean up contaminated groundwater is known as groundwater remediation. Because each groundwater aquifer is different, the heterogeneity properties like hydraulic conductivity, pore structure, and microorganisms determine whether organic contaminants are mineralized by biotic or abiotic forces. The two methods discussed below share some processes but differ because in situ operations are significantly more compatible with bioremediation procedures. In situ bioremediation techniques have a definite economic and environmental advantage over physical–chemical ones if they can successfully be applied from the lab to the field [148].



Drilling a well into the contaminating plume is often one of the physical–chemical approaches of aquifer remediation. Techniques, namely reverse osmosis, air stripping, and activated charcoal, are available to remove contaminants from groundwater aquifers [149]. It is possible to eliminate emerging contaminants from pharmaceuticals by using membrane filtration, ultrasound, and single or combined biological methods [150]. Toxic organic substances must still be disposed of after contaminants have been removed from the aqueous phase, often achieved through incineration. Studies performed recently using modified clays have shown that they can absorb polluting chemicals from groundwater and degrade pollutants that have sorbed to the surface [151]. Biological degradation happens spontaneously in the subsoil. However, the breakdown rates in many soil conditions are sluggish for some refractory compounds, like organochlorine insecticides and some organochlorine solvents. As a result, the concentration of these compounds does not significantly decrease as they move away from their source of entrance [152]. Surface-based bioreactors have the benefit that bacterial growth may be precisely managed within these containments with the addition of nutrients (nitrogen, phosphorus, and carbon sources) to encourage a quick breakdown and high rates of conversion. This approach has some serious flaws. The capital and operating expenses could be more favorable due to the high pumping cost for removing contaminated groundwater from the subsurface [153]. This technique cannot remove pollutants embedded or adsorbed in the subsurface’s porous media. These leftovers are long-term sources of groundwater pollution release. Microorganisms taken from contaminated aquifers have been used in several laboratory experiments to test their capacity to break down a wide range of organic compounds [148].



Biotransformation was accelerated by alternately pumping pulses of oxygen and methane-containing groundwater into the subsurface’s contaminated zone. These field studies have shown that the right environmental factors can stimulate in situ microbial changes in the field, just as they can in the lab. Pollution can be eliminated in a variety of ways. These techniques can be roughly split into two categories. Both in situ and ex situ technologies exist [153]. Whatever the technique, cleaning up groundwater is costly. However, the price varies according to the scope, potential health effects, and accessible alternatives [154]. To stop further contamination, the aquifer might be sealed off. The water can subsequently be treated on the surface using physical, chemical, or biological technologies by draining the contaminated aquifer, which is recharged into the aquifer [155]. In situ technology involves the thermal, chemical, or biological treatment of groundwater within the aquifer. However, ex situ technology may use the following techniques: Adding steam to the water during the steam stripping process removes the pollutants in the pumped-out groundwater. The condensate can be used to recover the extracted steam, and further treatment options include incineration—the introduction of oxidizing and reducing chemicals during oxygen sparging. O3, H2O2, and hypochlorite are examples. These will chemically change the hazardous pollutants into less hazardous substances [148].



Without drawing water from the aquifer, in situ technology treats groundwater where it is. These could be produced via air sparging. Air sparging converts hydrocarbons from a dissolved form to a vapor phase by injecting contaminant-free air into the subsurface saturation zone. Bioremediation, in-well air stripping, chemical oxidation, thermal treatment, and phytoremediation are other in situ technology techniques [156]. Bioremediation involves injecting oxygen to speed up biodegradation [157]. It also incorporates the infusion of nutrients and degrading bacteria into the aquifer to promote biodegradation. In-well air stripping injects air into a well with two screens to force water out of the upper screen and up the well. Regarding chemical oxidation, reduction–oxidation processes change harmful pollutants into less dangerous compounds [148].




8. Conclusions


The maintenance of natural ecosystems, societal advancement, and human life and health all depend on groundwater resources. Pollution-related quality degradation of groundwater bodies is a significant global problem. There are many different and interconnected sources of groundwater pollution, including natural and anthropogenic sources. The primary sources of groundwater contamination are anthropogenic activities, namely excessive abstraction, inadequate wastewater treatment, industrial activities, disposal, and the use of fertilizers in agriculture. Seawater intrusion causes coastal groundwater bodies to become more salinized and unsuitable for drinking. Remediation is less appropriate than preventing groundwater pollution. While remediation methods include oxygen sparging, stream stripping, air stripping, thermal treatment, bioremediation, and chemical oxidation, prevention methods include monitoring hazardous materials, conducting periodic environmental audits, and health education. Additionally, most groundwater pollution is anthropocentric and can be avoided by providing extensive health education.
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Figure 1. Freshwater consumption in the year 2019. 
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Figure 2. Potential sources of groundwater pollution. 
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Figure 3. Effects of groundwater contamination on different sectors. 
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Figure 4. Different solutions for groundwater contamination. 
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Table 1. Emerging contaminants (ECs) in the groundwater sources [41].
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	ECs in Groundwater
	WHO Permissible Limits (µg/L)





	1,4-Dioxane
	50



	17 β-estradiol
	1



	2,4,6-Trichlorophenol
	200



	2,4-D
	30



	Alachlor
	20



	Benzo (a) pyrene
	0.7



	Bisphenol-A
	0.1



	Bromate
	10



	Bromodichloromethane
	60



	Bromoform
	100



	Chlorate
	700



	Chlordane
	0.2



	Chloroform
	300



	Chlorpyriphos
	30



	DBCP
	1



	DDT
	1



	Dibromoacetonitrile
	70



	Dibromochloromethane
	20



	Dichloroacetate
	50



	Edetic acid
	600



	Endrin
	0.6



	Erythromycin
	0.103



	Lindane
	0.2



	Malathion
	900



	Mecoprop
	10



	N-Nitrosodimethylamine
	0.1



	Pentachlorophenol
	9



	Perchlorate
	70



	Styrene
	20



	Terbuthylazine
	7



	Tetrachloroethane
	40



	Toluene
	700



	Trichloroacetate
	200



	Vinyl chloride
	0.3



	Xylenes
	500
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