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This study investigates the contamination of groundwater in Dhaka City, Bangladesh, focusing on six potentially toxic elements, including As, Cu, Mn, Cr, Al, and B, due to their implications for public health as groundwater serves as the primary source of drinking water in the region. 15 samples were taken into consideration and was analyzed for six elements (As, Cu, Mn, Cr, Al, and B) using an Atomic Absorption Spectrophotometer (AAS). Arsenic (As) and chromium (Cr) were undetectable in all samples. The average concentrations of Copper (Cu), Aluminum (Al), Boron (B), and Manganese (Mn) were measured at 0.075 mg/L, 0.087 mg/L, 1.14 mg/L, and 0.48 mg/L, respectively. Among these, only one sample (S-05) exceeded the WHO (2022) drinking water limits for Boron, and 10 samples surpassed the limits for Manganese. Pollution indices like MEI, NI, and Cd were used to evaluate contamination levels, revealing significant pollution in multiple samples. Metal evaluation index (MEI) values were found between 0.39 and 17.97 with the average of 6.71. The average values of the Nemerow pollution index (NI) and degree of contamination (Cd) were found sequentially to be 4.35 and 5.71. In both cases, eight samples were found to be highly contaminated. The observed hazard index (HI) values for adults varied from 0.20 to 2.47, whereas for children it ranged from 0.32 to 3.93. All samples indicate values of children exceed the HI values of adults which indicates that children are more susceptible than adults through oral exposure to drinking water. The elevated concentrations of manganese were the primary cause of the higher NI, Cd, and HI values in eight samples. This study highlights groundwater contamination as a critical public health concern and advocates the need for mitigation efforts to ensure safe drinking water access. The study underscores the urgent need for implementing stricter groundwater management policies and public health interventions to mitigate contamination risks.
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1 INTRODUCTION
Groundwater has emerged as a paramount water source for several sectors globally, including drinking, irrigation, and industry, owing to its exceptional quality, reduced seasonal fluctuations, and convenient utilization (Barlow and Reichard, 2010; Güler et al., 2012; Carol et al., 2013; Huang et al., 2013; Patel et al., 2016). The quality of the groundwater is significantly influenced by natural phenomena, which encompass the geological and mineralogical characteristics of aquatic systems and subterranean aquifers, the dynamics of groundwater flow, interactions between water and geological formations, and the mixing of different water sources (Schot and Van der Wal, 1992; Appelo and Postma, 2004; Nagarajan et al., 2010; Alexakis, 2011). Yet, a variety of human activities can change the composition of groundwater, including excessive water withdrawal, fertilizer application, the impact of irrigation water circulation, and the infiltration of water from septic systems and municipal waste disposal sites (Kumar et al., 2011; Triki et al., 2014).
Through the chemical weathering of rocks and minerals, elements like arsenic (As), iron (Fe), copper (Cu), boron (B), manganese (Mn), cadmium (Cd), zinc (Zn), lead (Pb), chromium (Cr), nickel (Ni), aluminum (Al), and others are released into groundwater (Singh, 2005; Rango et al., 2009; Tajwar and Uddin, 2021). Potentially toxic elements releases into shallow groundwater are also caused by human activities such as urbanization, industrialization, dumping of solid waste, and agricultural practices (Kumar et al., 2016; Pugazhendhi et al., 2018; Bhattacharjee et al., 2019; Saha et al., 2021). These hazardous elements can pose a considerable risk to human health, even at low amounts (Ali et al., 2019). According to several studies (Muhammad et al., 2011; Lu et al., 2015; Nkpaa et al., 2018; Singh et al., 2018), consuming water contaminated with these metals can lead to several detrimental health consequences, including neurological diseases, gastrointestinal bleeding, vascular disease, hypertension, cancer, restrictive lung disorder, and reproductive concerns. Particularly arsenic has long-term harmful effects on health, including disorders of the digestive system, decreased blood cell synthesis, exhaustion, skin irritations, malignant skin growth, and a variety of cancers affecting the bladder, liver, and lungs in addition to neurological and cardiovascular conditions (Hughes, 2002). Excessive consumption of drinking water containing copper can lead to nausea, diarrhea, upset stomach, and damage to liver tissue (National Research Council et al., 2000). According to (Adimalla and Li, 2019) long-term chromium exposure can cause neurological, gastrointestinal, cardiovascular, renal, hepatic, and even fatal consequences on the hematopoiesis. Long-term high manganese exposure can damage DNA and cause neurological problems and diminished intellectual function (World Health Organization, 2021). High boron levels in drinking water are harmful to human health; in babies, they can cause vomiting, diarrhea, skin rashes, irritability, and convulsive convulsions. In adults, they can cause comparable symptoms such as nausea, vomiting, diarrhea, skin redness, and throat ulcers (Epa, 2011). Drinking water contaminated with aluminum has been linked to non-carcinogenic health hazards such as renal failure, Alzheimer’s disease, dementia, and disorders of the bones or brain (Ingerman et al., 2008; Lina and Shaharuddin, 2017). Moreover, groundwater containing iron (Fe), mercury (Hg), lead (Pb), and cadmium (Cd) may be harmful to people’s health. (Tirkey et al., 2017; Rahman et al., 2020; Tajwar et al., 2023).
Many studies have documented high levels of arsenic, iron, manganese, boron, and fluoride contamination in groundwater at different locations in Bangladesh (Islam and Mostafa, 2024). For instance, arsenic contamination in groundwater has been a well-documented issue, particularly in the southern regions of Bangladesh. A study by (Ahmed et al., 2004) identified significant arsenic levels in alluvial aquifers, with concentrations exceeding the World Health Organization’s (WHO) guidelines for safe drinking water. These findings were consistent with studies in the coastal regions, where arsenic, along with manganese and boron, were frequently detected at elevated levels, posing severe public health risks (Rahman et al., 2020). In urban areas like Chittagong and Khulna, similar patterns of contamination have been observed, particularly regarding manganese and boron, where industrial discharges and the use of fertilizers have contributed to the increasing contamination levels (Bodrud-Doza et al., 2019b).
Studies in the coastal region of Bangladesh have shown fluoride contamination along with manganese and boron as dominant pollutants in groundwater, further complicating the water quality scenario (Rahman et al., 2021b). The findings of elevated manganese levels in Dhaka City are consistent with those in other cities such as Khulna and Rajshahi, where high manganese concentrations were linked to both natural mineral weathering and industrial effluents (Hoque et al., 2014). Boron contamination, identified in both urban and coastal regions, was often attributed to agricultural runoff and the use of boron-based fertilizers, reflecting the widespread anthropogenic impact on groundwater quality (Mustafa, 2008).
Moreover, studies conducted in other South Asian countries, such as India and Pakistan, have documented similar patterns of contamination. In India’s Subarnarekha River Basin, high levels of arsenic and iron were reported, correlating with Bangladesh’s experience of naturally occurring arsenic contamination in groundwater (Giri and Singh, 2015). In the Kohistan region of Pakistan, elevated levels of manganese and boron were found to be closely associated with agricultural practices and poor waste management, similar to the situation in Dhaka (Muhammad et al., 2011). These findings highlight the regional nature of groundwater contamination in South Asia, emphasizing the need for collaborative mitigation strategies (Ahmed et al., 2004; Atikul Islam et al., 2017; Rahman et al., 2018; 2021b; 2021a; Tajwar and Uddin, 2022). The sources of the detected toxic elements in groundwater can be attributed to both natural and anthropogenic activities. Natural sources include the weathering of rocks and the dissolution of minerals containing elements like manganese, boron, and arsenic. Human activities, such as industrial discharge, agricultural runoff, and improper waste management, also contribute significantly to groundwater contamination (Ahmed et al., 2004; Rahman et al., 2020).
Like other urbanized regions of Bangladesh and its neighboring countries, the capital, Dhaka, is significantly reliant on groundwater resources for multiple purposes. This increased reliance is eliciting concerns regarding water quality. Although prior research has examined groundwater contamination in different regions of Bangladesh, there is a shortage of studies specifically addressing the occurrence of naturally occurring potentially toxic elements (PTEs) such as arsenic (As), manganese (Mn), chromium (Cr), copper (Cu), aluminum (Al), and boron (B) in the aquifers of Dhaka. Moreover, there is an absence of thorough risk assessments regarding the health effects of these contaminants on the residents of Dhaka. Hence, a substantial gap exists in the evaluation of particular contaminants and their role in detrimental health effects on the capital’s inhabitants. Addressing these deficiencies is crucial to protect public health and guide sustainable groundwater management strategies. To mitigate these issues, strategies such as improving industrial waste treatment, promoting best management practices in agriculture, and enhancing groundwater monitoring systems need to be implemented (Mustafa, 2008).
This study aims to evaluate whether the groundwater of Dhaka city is contaminated with naturally occurring potentially toxic elements (PTEs) and to assess their concentrations against national and international drinking water standards. Moreover, the target is to quantify pollution indices, hazard indices, and health risks associated with oral exposure routes by identifying the sources of these contaminants, whether geogenic or anthropogenic. The ultimate goal is to provide evidence-based recommendations for policymakers and stakeholders to mitigate risks and enhance sustainable groundwater management practices in Dhaka.
2 MATERIALS AND METHODS
2.1 Study area
This research emphasized some specific areas of Dhaka City, situated within the latitudinal range of 23°40′to 23°54′N and the longitudinal range of 90°20′to 90°28′E (Figure 1). Dhaka city covers about 370 square kilometers and is surrounded by interconnected streams, namely the Balu River to the east, the Turag River to the west, the Tongi Canal to the north, and the Buriganga River to the south. However, these rivers are not extensively utilized for drinking water compared to groundwater. Dhaka City comprises 40% of the Madhupur Tract, formed during the Pleistocene period, while the remaining 60% consists of recent alluvial deposits containing both ancient and recent floodplain and, river channel sediments (Hoque et al., 2007; 2014). Those cities surrounding rivers are influenced by several faults on the Madhupur Tract, which can impact the interaction between the aquifer and the rivers (Hoque et al., 2007).
[image: Figure 1]FIGURE 1 | Study area and the GW sampling points.
The geological and hydrogeological condition of the Dhaka city is very complex. Geologically the main aquifer of Dhaka city lies within the Holocene and Pleistocene sediments of Ganges-Brahmaputra delta (Khan et al., 2011). Throughout the study area, the Madhupur formation is overlain by the Pliocene Dupi Tila sand formation that formulate the main aquifer system (Hasan et al., 2022). The main aquifer system in this region is characterized as semi-confined to confined. Groundwater recharge in Dhaka occurs primarily through rainfall, river infiltration, and surface water interactions (Hasan et al., 2019). However, urbanization has altered natural recharge patterns, with increased surface runoff and reduced infiltration due to extensive concrete cover. Groundwater extraction in Dhaka is high, especially for drinking water and irrigation, leading to concerns about depletion and the long-term sustainability of the aquifers (Ahmed et al., 2010; Akther et al., 2010).
The rapid urbanization of Dhaka, with its dense population and industrial growth, has significantly impacted groundwater quality (Bodrud-Doza et al., 2019b). Industrial effluents, untreated sewage, and landfill leachate are some of the major sources of groundwater contamination (Bodrud-Doza et al., 2020). Dhaka lacks a proper wastewater treatment infrastructure, and untreated wastewater from households and industries is often discharged directly into the environment, leading to contamination of both surface and groundwater (Bodrud-Doza et al., 2020).
2.2 Groundwater sampling and chemical analyses
Fifteen groundwater samples were collected from monitoring wells at depths of 60–90 m, representing the maximum feasible number given the constraints of this megacity, balancing the need for quality data and practical considerations, adhering to American Public Health Association (APHA) standards for sampling, preservation, and analysis. Given the circumstances that the study area’s groundwater table is at 30–78 m, residents of this megacity are likely to encounter this aquifer water while installing water wells at minimal cost. Sampling sites were selected by considering all the major residential, industrial and other contamination sources in the concerned area. Sampling locations are well distributed for best representation and a density of 0.6 samples per sq. km (15 samples for 25 sq. km) was maintained to meet the global standard (Luo et al., 2019) for similar studies. Samples were sorted by evaluating the borehole lithologs to maintain the same source of aquifer throughout the study. Stagnant water was pumped from the wells for at least ten minutes before sample collection. Two bottles were taken from each site—one acidified with 1% v/v concentrated HNO₃ and the other left unacidified. All samples were filtered through a 0.45 μm syringe-head membrane filter immediately after collection. A geologist from the Bangladesh Water Development Board supervised the process at the sampling locations. The samples were transported to the laboratory following APHA protocols, using pre-cleaned, high-density polyethylene containers to avoid contamination. They were stored at 4°C in a portable cooler to preserve their chemical and biological integrity, with minimal holding time before analysis. A strict chain of custody ensured the proper handling of samples, maintaining their accuracy in representing the groundwater conditions at the time of collection (Tajwar et al., 2023).
For metal analysis, Cu, Cr, Al, Mn, and As were quantified using Atomic Absorption Spectroscopy (AAS) on a Thermo Scientific iCE 3,000 Series instrument. Certified reference materials (CRMs) from Inorganic Ventures, Christiansburg, Virginia (ISO 17,034), were used to ensure accuracy. Standards traceable to the National Institute of Standards and Technology (NIST) (SRM 3114, SRM 3112a, SRM 3101a, SRM 3132, SRM 3103a) were employed to analyze Cu, Cr, Al, Mn, and As, respectively. Calibration curves were prepared using at least five points for each metal, and all correlation coefficients (R2) exceeded 0.995, indicating excellent linearity. Instrument settings were optimized for each element, including lamp current (Cu: 3.75 mA, Cr: 6.0 mA, Al: 10.0 mA, Mn: 5.0 mA, As: 10.0 mA), slit width (Cu: 1.0 nm, Cr: 1.0 nm, Al: 0.5 nm, Mn: 1.0 nm, As: 0.5 nm), and flame type (air-acetylene) (Ahmed et al., 2004).
Limits of detection (LD) were calculated using the formula:
[image: image]
where σ is the standard deviation of replicate blank measurements.
Limits of Quantification (LQ) were determined using the formula:
[image: image]
The limits of detection (LD) for copper (Cu), chromium (Cr), aluminum (Al), manganese (Mn), and arsenic (As) were determined to be between 0.001 and 0.005 mg/L, while the limits of quantification (LQ) ranged from 0.005 to 0.01 mg/L. Calibration curves for Cu, Cr, and Al spanned the range of 0.01–1 mg/L, for Mn the range was 0.005–0.5 mg/L, and for As, the range was 0.001–0.1 mg/L.
Boron was analyzed using a UV-VIS Spectrophotometer (HACH DR3900) with the Carmine Method 8,015, where boron forms a red complex with curcumin, measured by absorbance at 555 nm. The samples were acidified with sulfuric acid to stabilize boron, and calibration curves were generated using certified standards, with correlation coefficients (R2) above 0.999. The detection limit for boron was 0.01 mg/L, with a quantification range of 0.01–5 mg/L. All samples were analyzed in duplicate, and accuracy was ensured using analytical blanks and standard references. Additional testing at the University of Dhaka and the Bangladesh Council of Scientific and Industrial Research (BCSIR) yielded a high correlation coefficient of 0.975 between laboratories, demonstrating strong consistency and reliability in the analytical methods used.
Precautions were taken throughout the analysis to prevent contamination, including the use of clean latex gloves and talc-free lab coats. Functional standards were assessed after every ten samples. Calibration curves were optimized for signal intensity and sensitivity during the chemical analysis of each sample.
2.3 Pollution evaluation indices
The Metal Evaluation Index (MEI), Nemerow Pollution Index (NI), and Degree of Contamination (Cd) were selected for their ability to comprehensively assess groundwater contamination. MEI evaluates overall water quality, NI accounts for the severity of both average and maximum pollutant levels, and Cd quantifies the impact of elements exceeding safe limits. These indices provide a clear understanding of contamination and its health risks (Edet and Offiong, 2002). These metrics—MEI, NI, and Cd—are significant in assessing groundwater quality as they provide a detailed evaluation of contamination levels and associated health risks. MEI quantifies overall metal contamination, NI identifies the most critical pollutants by considering both mean and maximum concentrations, and Cd assesses the cumulative impact of elements exceeding permissible limits. This approach offers a comprehensive risk assessment that is crucial for formulating mitigation strategies and protecting public health (Wu et al., 2010; Ayejoto et al., 2023).
2.3.1 Metal Evaluation Index
The overall heavy metal quality of water is assessed by the Metal Evaluation Index (MEI). The following (Equation 1) was used to measure MEI (Edet and Offiong, 2002):
[image: image]
The observed value for parameter i is denoted as Hc, while the maximum permissible concentration (MAC) of parameter i is represented by Hmac. According to WHO (World Health Organization, 2021) acceptable thresholds for the amounts of As, Cu, Mn, Al, Cr, and B are 0.01, 2, 0.08, 0.9, 0.05, and 2.4 mg/L, respectively. According to (Edet and Offiong, 2002; Bodrud-Doza et al., 2019a) the metal contamination level of groundwater was assessed by categorizing the index into three distinct groups: low MEI ≥10, medium MEI (10–20), and high MEI > 20.
2.3.2 Nemerow Pollution Index
Groundwater metal contamination levels were assessed using the Nemerow Pollution Index (NI). This index integrates both the mean and the maximum readings from the single-factor pollution indices, giving precedence to factors that are significantly polluting (Equation 2).
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Here, ‘n’ signifies the count of indices, ‘Ci’ represents the recorded concentration of each heavy metal ‘i’, and ‘Si’ denotes its corresponding standard value. According to the NI, groundwater’s heavy metal pollution is classified into six distinct categories: non-polluted (<0.5), safe (0.5–0.7), cautionary (0.7–1.0), minimally polluted (1.0–2.0), moderately polluted (2.0–3), and heavily polluted (>3.0). (Li et al., 2001).
2.3.3 Contamination index ([image: image])
The contamination index has been employed in prior research to evaluate levels of metal contamination (Mustafa, 2008). It represents the aggregate of contamination factors for various parameters that surpass their allowable limits, as described in Equation 3.
[image: image]
where [image: image], Cfi = contamination factor for the parameter i, CAi = measured value of the ith component, and CNi = maximum allowable concentration of the ith component. Here, ‘N' denotes the standard value, and the values for CNi were derived from the Maximum Allowable Concentrations (MACs) presented in Table 2. Cd was categorized into three levels: low ([image: image] < 1), medium ([image: image] = 1–3), and high ([image: image] > 3). (Edet and Offiong, 2002)
2.4 Human health risk assessment
Quantitative assessment is conducted to evaluate the health hazards linked to metals or metalloids, which are categorized as either carcinogenic or non-carcinogenic health risks (U.S. Environmental Protection Agency U.S. EPA, 2009). This study assessed the non-carcinogenic health risks of chronic daily intake (CDI), hazard quotient (HQ), and hazard index (HI) using the standard approach recommended by (Epa, 2011).
2.4.1 The chronic daily intake (CDI)
The (Equation 4) considered for the oral exposure and the determination of the chronic daily intake (CDI) of components through this route was approximated as follows.
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Where, [image: image] denote the exposure dosage (mg/kg/day) by oral intake and are computed using the values of the parameter from Table 1.
TABLE 1 | Parameters for determining metal exposure by oral consumption and the dermal exposure pathways.
[image: Table 1]2.4.2 The hazard quotient (HQ)
The United States Environmental Protection Agency (Epa, 2011) assessed non-carcinogenic health risks associated with exposure to concerning metals by comparing the calculated quantity of pollutants from various exposure pathways (oral and dermal) against a predefined reference dose (RfD) to ascertain the hazard quotient (HQ). An HQ value below 1 signifies an absence of non-carcinogenic health risks, whereas an HQ value exceeding 1 denotes a health risk deemed unacceptable (U.S. Environmental Protection Agency U.S. EPA, 2001). HQ was calculated by Equation 5:
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The calculation of HQ involves the hazard quotient (HQ) and the reference dose (RfD, in mg/kg/day). Specifically, the RfD values for oral toxicity of Cu, Fe, Mn, and Zn are set at 0.04, 0.3, 0.02, and 0.3 respectively (Wu et al., 2010; Bodrud-Doza et al., 2019b).
2.4.3 Hazard index (HI)
The Hazard Quotients (HQs) for each metal at a specific site are aggregated to form aHazard Index (HI) (Equation 6), which is used to assess the cumulative potential for non-carcinogenic effects resulting from exposure to multiple metals (Epa, 2011)
[image: image]
According to the USEPA (2011), health risks associated with potentially toxic elements are categorized based on the HI value: an HI greater than 1 indicates a condition of risk or unsafety, while an HI less than 1 suggests no detrimental impact on health safety.
2.5 Data analysis
Metal concentration data were initially assessed according to World Health Organization standards (World Health Organization, 2021). A comprehensive statistical evaluation of metal concentrations, encompassing minimum, maximum, average, and standard deviation measures, was performed utilizing Microsoft Excel 2019. Nemerow pollution index and degree of contamination were presented in graduated symbols using ArcGIS software 10.2.
3 RESULTS AND DISCUSSION
3.1 Metal concentrations in the groundwater
The findings of the research conducted on six potentially toxic elements (PTEs), namely arsenic (As), copper (Cu), manganese (Mn), boron (B), chromium (Cr), and aluminum (Al), are displayed in Table 2. The purpose of this analysis was to evaluate the levels of contamination in the groundwater area under investigation. Arsenic (As) and chromium (Cr) were below the detection limit in all the analyzed samples. Copper (Cu) was detected in all the samples except sample numbers S-02 and S-05 and other samples ranged between 0.02 and 0.2 mg/L with a mean value of 0.075 mg/L. No samples exceeded the WHO (2021) drinking water limits. Manganese (Mn) was found in all 15 samples, ranging from 0.001 to 1.39 mg/L, with a mean concentration of 0.48 mg/L. Among these samples, 10 samples exceeded the WHO (2021) drinking water limit of 0.08 mg/L. Aluminum (Al) concentrations ranged from 0.001 to 0.86 mg/L, with a mean value of 0.087 mg/L. No samples exceeded the WHO (2021) drinking water limits. Boron (B) was detected in all samples, ranging from 0.5 to 2.7 mg/L, with a mean concentration of 1.14 mg/L. Among these samples, only one sample (S-05) exceeded the WHO (2021) drinking water limits. In terms of mean concentrations, the analyzed metals followed a descending order: boron (B) > manganese (Mn) > aluminum (Al) > copper (Cu) > arsenic (As), chromium (Cr).
TABLE 2 | An overview of the analyzed parameters and a comparison of drinking water standards to the studied parameters.
[image: Table 2]3.2 Pollution indices
A total of three pollution indices (Metal evaluation index, Nemerow pollution index, and Degree of contamination) were used to detect the contamination level of the analyzed groundwater. All three indexes showed more or less similar results (Figure 2). The Metal evaluation index measures the groundwater quality emphasizing metal quantity in the samples. MEI was calculated for As, Cu, Mn, Cr, B, and Al where the minimum and maximum MEI values were 0.39 and 17.97 with a mean MEI value of 6.71. MEI values of the analyzed samples were categorized according to (Edet and Offiong, 2002) classification. Among 15 samples, 10 samples fall in the low contamination category (<10) and 05 samples (S-1, 5, 11, 14, 15) in the medium contamination (10–20) category. No samples were found in the high contamination class (>20). The Nemerow Pollution Index is applied to measure the level of pollution by various heavy metals in groundwater within the sampled regions. The NI values for the groundwater samples varied, showing a range from 0.14 to 12.33, and an average value calculated at 4.35. Based on the NI categorization, eight out of fifteen groundwater samples (specifically S-1, 2, 3, 5, 9, 11, 14, 15) were classified under the severe pollution category. Furthermore, the Degree of Contamination metric was employed to assess the magnitude of metal pollution across the sampling locations. The minimum value of Cd was −0.60 and the maximum Cd value was 16.97. The mean value of all sampling points was 5.71. Like NI values, Cd values in this study revealed eight samples out of 15 samples (S-1, 2, 3, 5, 9, 11, 14, 15) were unsuitable for drinking purposes. Two indexes (NI and Cd) revealed that around 50% of the samples were severely contaminated but one index MEI showed less contamination in the groundwater by naturally occurring toxic elements.
[image: Figure 2]FIGURE 2 | MEI, NI, and Cd of the selected elements from the analyzed GW samples.
3.3 Health risk assessment (HRA)
This research aimed to perform health risk assessments on both adults and children to assess the potential non-carcinogenic health hazards associated with the arsenic (As), copper (Cu), manganese (Mn), chromium (Cr), boron (B), and aluminum (Al) in groundwater, with a specific focus on oral consumption routes.
The hazard index (HI) values obtained from the analysis of the samples ranged from 0.20 to 2.47 for adults and 0.32 to 3.93 for children. For both adults and children, eight out of fifteen samples (S-1, 2, 3, 5, 9, 11, 14, 15) exhibited potential non-carcinogenic health risks, as HI values exceeded the safety limit of 01 (Figure 3). The samples which were found contaminant in NI and Cd index presented a noncarcinogenic risk for both adults and children. In all samples, HI values of children surplus the HI values of adults which indicates that the children are more vulnerable than adults through oral exposure to drinking water.
[image: Figure 3]FIGURE 3 | Hazard index (Oral) values of the selected elements from the GW of the studied area.
The reason for higher HI values in eight samples was mainly due to the concentration of manganese (Mn). This is the only element for which seven samples presented hazard quotient (HQ) values over 01. This indicates that Mn alone is a risky element in the groundwater of the study area. Other elements (As, Cu, Al, Cr, B) were not found risky where arsenic and chromium were below the detection limit for all the samples.
Previous research conducted in different parts of Bangladesh, including areas such as Khulna, Chittagong, and Rajshahi, has reported similar issues with elevated levels of toxic elements, particularly manganese and arsenic. Studies such as those by (Bodrud-Doza et al., 2019b; Rahman et al., 2020) in Dhaka have identified manganese and arsenic as key contaminants in groundwater, posing substantial health risks to local populations. The elevated manganese levels found in this study, particularly in 10 out of 15 samples, are consistent with previous findings, where manganese concentrations often exceeded the World Health Organization’s (WHO) guidelines in urban and industrial regions.
Moreover, in terms of pollution indices such as the Nemerow Pollution Index (NI) and the Degree of Contamination (Cd), previous studies in coastal and urban areas of Bangladesh have also demonstrated high contamination levels, particularly in groundwater systems heavily influenced by industrial runoff and agricultural practices. For instance (Ahmed et al., 2004), found that the NI and Cd values in their study areas similarly indicated severe contamination in more than 50% of the samples, aligning with the results of this study where eight samples were classified under the severe pollution category.
The higher hazard index (HI) values observed in children compared to adults also reflect findings from earlier health risk assessments, such as those by (Bouchard et al., 2011), which showed that children are more susceptible to neurotoxic elements like manganese due to their developing nervous systems. This comparison reinforces the critical public health implications of manganese contamination in Dhaka and other similar urban environments, emphasizing the need for immediate intervention to mitigate health risks, particularly for vulnerable populations such as children.
Manganese exposure poses significant health risks, particularly due to its neurotoxic effects. Chronic exposure to elevated levels of manganese can lead to neurological issues, including cognitive impairments, motor dysfunction, and Parkinson’s disease (Lucchini et al., 2012). The susceptibility to manganese toxicity is higher in children than in adults due to their developing nervous systems, which makes them more vulnerable to neurodevelopmental issues (Bouchard et al., 2011). In this study, the hazard index (HI) values for children exceeded those for adults, indicating that children are at greater risk through oral exposure to contaminated drinking water. Other elements such as aluminum and boron, while less acutely toxic than manganese, have been associated with potential long-term health effects, including neurodegenerative diseases and developmental delays in children when consumed in high concentrations (Flora et al., 2008).
4 CONCLUSION
This comprehensive study on groundwater quality in Dhaka City, Bangladesh, highlights a pressing environmental and public health issue stemming from elevated levels of certain metals. Specifically, our findings indicate that manganese concentrations exceeded World Health Organization (WHO) drinking water guidelines in 10 out of the 15 sampled locations, posing a clear risk to public health. Notably, these elevated levels of manganese are associated with potential non-carcinogenic risks, which are of particular concern for the pediatric population of Dhaka City. Children are shown to be disproportionately affected, with hazard index (HI) values reaching as high as 3.93, significantly higher than those observed in adults. This disparity underscores the heightened vulnerability of children to manganese exposure, which could lead to adverse health outcomes if not addressed promptly. Moreover, the analytical use of pollution indices such as the Nemerow Pollution Index (NI) and the Degree of Contamination (Cd) further illustrates the severity of the situation. Eight of the fifteen groundwater samples were classified as severely polluted based on NI values, which ranged from 0.14 to 12.33 with a mean of 4.35, categorizing the mean groundwater condition as being under severe pollution. Similarly, the Degree of Contamination (Cd) values, which varied significantly across samples, highlighted eight instances where the groundwater was considered unfit for drinking purposes. Local authorities such as the Bangladesh Water Development Board (BWDB) have initiated several measures to monitor groundwater quality. These efforts include hydrology projects aimed at tracking contamination levels, as was done for this study.
The results highlight the urgent necessity for proactive strategies to reduce the risks linked to groundwater contamination. Prompt measures, including adopting sophisticated treatment technologies such as adsorption, reverse osmosis, or electrocoagulation, could markedly diminish the concentrations of arsenic, manganese, and other hazardous elements. Additionally, the contamination should be reduced at its source by following industrial waste management norms, minimizing agricultural runoff, and improving natural filtration systems. Community-based initiatives, such as awareness campaigns regarding safe water practices and alternative water sources, could further mitigate exposure risks.
Policy development must be the primary means of addressing these challenges. Governments and regulatory bodies must implement more efficient groundwater quality standards and ensure adherence through consistent monitoring and penalties for noncompliance. Policies promoting sustainable agricultural practices and eco-friendly industrial processes are equally essential. Incorporating groundwater management into comprehensive national water policies can facilitate coordinated initiatives across various sectors. Subsequent research must emphasize the provision of evidence to guide these policies, concentrating on contamination pathways, socio-economic ramifications, and the cost-efficiency of mitigation strategies. Cooperative initiatives among policymakers, scientists, and local stakeholders are crucial for formulating region-specific, implementable solutions that protect public health and the environment. Future research could focus on long-term studies assessing the health impacts of chronic manganese exposure, as well as investigations into other potentially toxic elements, such as lead and cadmium, that were not covered in this study. The implementation of comprehensive water safety plans and regular monitoring programs across Dhaka could significantly mitigate the long-term risks posed by groundwater contamination.
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