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Metal toxicity in groundwater surrounding coal mines is a major concern because it may pose a 
significant risk to human health of the local populace. The present study investigated Al, As, Ba, Cd, 
Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Sr, and Zn concentrations in the groundwater of Umaria coalfields 
during the post-monsoon season and pre-monsoon season. The study was carried out to investigate 
the spatial and temporal variation of the metals in the groundwater along with statistical source 
identification of the metals and assessment of human health risks due to intake of the metals through 
the groundwater. The metals of concern were Al, Fe and Mn, which exceeded the Indian drinking 
water quality standards in 26%, 38% and 12% of samples in the post-monsoon season and 38%, 40% 
and 14% of samples in the pre-monsoon season. A marked decrease in metal concentrations in the 
post-monsoon season was also observed, which may be attributed to the dilution effect associated 
with the heavy rainfall during the monsoon season. Principal component analysis used to identify 
contamination sources of the metals indicated geogenic attributes, coal mining activities and vehicular 
load as the sources of the metals in the groundwater. The human health risk assessment suggested 
considerable risk to the local populace using the groundwater for drinking purposes. The probable 
health risk, as suggested by the Hazard Index, depicted a higher risk to the child population as opposed 
to the adults. The Hazard Index for the child population was greater than unity in 60% and 76% of the 
samples in the post- and pre-monsoon seasons, respectively, suggesting a significant risk of metal 
exposure from groundwater intake. The study also suggested that ingestion was the primary exposure 
pathway and risk due to dermal exposure was trivial. The carcinogenic risk due to As and Cr were within 
the acceptable limits except for one location each for As and Cr. The present study suggests a potential 
non-carcinogenic human health risk due to groundwater intake; hence, the study area needs routine 
groundwater quality monitoring.
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Coal mining is a major industry that generates 41% of the world’s electricity1,2. However, there are a lot of 
environmental consequences of coal mining worldwide, particularly its effects on the water resources3,4. In India 
also, coal mining leads to water quality issues in surface and groundwater resources, instigating the residents of 
the coal mining areas to struggle with potable water availability5–7. During the mining processes, such as coal 
extraction and processing, heavy metals can be released into the environment. There is a significant threat to 
human and environmental health from these contaminants since they can seep into groundwater systems8,9.
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Groundwater is a valuable resource in many coal mining areas, providing drinking water, irrigation, 
and industrial applications10. Mining-induced heavy metal migration into groundwater is a multifaceted 
environmental issue. The prolonged presence of contaminants in the environment might lead to their 
accumulation in groundwater, therefore possibly impacting significantly large populations. In order to safeguard 
public health and maintain the long-term viability of water resources, it is imperative to evaluate the hazards 
linked to groundwater metal contamination11. Groundwater quality in mining sites can be damaged due to 
metal leaching, including arsenic (As), lead (Pb), mercury (Hg), and cadmium (Cd)12. Elevated levels of these 
metals in groundwater can lead to detrimental impacts on human health, such as neurological diseases, renal 
impairment, and malignancy13. Skin lesions, developmental consequences, and cancer have been associated 
with arsenic exposure14. Lead can affect children’s cognition and adult cardiovascular health15.

Groundwater is intensively used for drinking and irrigational uses, and thus, its quality has been a major 
concern worldwide16,17. Recent studies have demonstrated the dissemination of metals contaminating 
groundwater in coalfield regions both nationally and globally, presenting a significant concern. Investigations 
in the Wardha Valley Coalfields of India uncovered elevated concentrations of heavy metals, including iron 
(Fe), nickel (Ni),  cadmium (Cd), and lead (Pb), frequently surpassing the allowed limits for safe drinking 
water18. Research in the Jharia Coalfield revealed seasonal fluctuations in metal concentrations, highlighting the 
necessity for ongoing monitoring and mitigation strategies19.

Mining activities in China contaminated groundwater in the some coal mining areas with heavy metals such as 
As, Cr, Cu, Fe, Mn, Pb, and Zn20–22. Groundwater contamination has also been detected around coal combustion 
product disposal facilities in the United States23. Heavy metal contamination in coal mining groundwater has 
been revealed in South Africa. This contamination poses a risk to local people who use groundwater for domestic 
uses24. Acid mine drainage (AMD) occurs when sulphide minerals are exposed during the mining process, 
releasing metals such as iron (Fe), manganese (Mn), arsenic (As), lead (Pb), and mercury (Hg) into aquifers. 
Metal concentrations in coal-rich areas exceed permissible limits for drinking water25,26.

Effective management and remediation of the groundwater require a thorough understanding of 
contamination patterns and health effects. Health risks associated with metal contamination require robust 
risk assessment methods to quantify potential impacts and guide public health interventions27. Human health 
risk assessment also helps in classifying the metals responsible for the anticipated health hazards. The seasons, 
locations, and population groups with greater risks can be identified correspondingly. Advanced geographic 
information system (GIS) technology analyses and visualises geographical data on environmental contaminants 
and health hazards. The subsequent use of GIS after health risk assessment can build precise maps and models 
that show contamination patterns and high-risk locations using mining,  and metal contamination data28. GIS 
helps researchers understand the distribution of contaminants and develop targeted interventions and policies7.

Extensive data gaps exist when evaluating metal contamination in groundwater resources in mining areas. 
Insufficient geographical and temporal coverage of metal contamination data, insufficient knowledge of metal 
transport routes, and absence of information on the long-term health consequences of exposure are among 
the gaps identified5. Addressing these gaps is critical for enhancing risk assessment and creating focused 
remedial measures for coal mining areas. The current study was carried out at Umaria coalfield in Umaria 
district, Madhya Pradesh, India, during November 2022 (post-monsoon) and June 2023 (pre-monsoon). The 
coalfield region is surrounded by many anthropogenic activities, including mining of coal and related activities, 
residential developments, and agricultural practices. However, to the best of our knowledge, no extensive studies 
have been carried out related to metal contamination in groundwater and the associated human health risk 
assessment in this coal mining area. Furthermore, in the Umaria coalfield, groundwater is a primary source 
for utilisation of drinking and domestic uses. Hence, a study related to groundwater contamination pertaining 
to metals is obligatory. Also, the knowledge regarding the effects of coal mining on groundwater quality, the 
probable sources of metal contamination and the likely risk to the health of the local population using the 
groundwater for drinking and domestic purposes is warranted. Keeping this in view, the study attempts (i) to 
evaluate metal contamination in groundwater in the coal mining area, (ii) to identify correlations and probable 
sources of heavy metal contamination in the mining area, (iii) to evaluate the probable human health risk due 
to the use of contaminated groundwater for drinking, (iv) GIS-based mapping of contamination levels and the 
calculated health risks. Thus, the study may provide information on the status of groundwater quality to provide 
practical insights to legislators, environmental agencies, and public health experts by integrating GIS and risk 
assessment approaches. The study holds the inevitability of protecting the groundwater resources, public health, 
and sustainable mining in the study area.

Materials and methods
Study area
The Umaria coalfield (study area) is situated in the Umaria district, Madhya Pradesh, India (Fig.  1). The 
district has abundant mineral resources, with coal being a significant one. Umaria Coalfield’s land use maps 
(Supplementary Fig. 1) show that agriculture, forests, human settlements, barren land, and water bodies mainly 
cover the study area. A thermal power plant is also situated close to the study area. The climate of the district is 
classified into four seasons, i.e. summer season (March to mid-June), monsoon season (mid-June to September), 
transitional period (October and November) and winter season (December to February), respectively29. The 
district experiences an average annual precipitation of approximately 1248.8 mm29.

Geologically, the study area is mostly dominated by the Gondwana Sedimentary Formation rocks underlain 
by Archean Metamorphics30. The stratigraphic classification of the litho-units is Archean Metamorphics at the 
lowermost layer, succeeded by a series of overlained formations known as Talchir, Barakar, and Supra Brakar30. 
The upper Barakar Formation has granular sandstone, shale, red clay, and coal seams. The Talchir Formation has 
marine sandstone containing fossils, clay, and shales. The major parts of the region are covered by the Gondwana 
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Sedimentary Formation, which possesses promising aquifers29. The upper sedimentary formations exhibit both 
primary and secondary porosity. Groundwater in the district is primarily recharged by rain29. Groundwater 
level monitoring of the study area shows that the water level ranges from 1.9 m below ground level (mbgl) to 
11.8 mbgl in the pre-monsoon season (pre-ms) and from 1.3 mbgl to 9.7 mbgl during the post-monsoon season 
(post-ms) with a groundwater fluctuation from 0.1 mbgl to 6.3 mbgl. The district has a population of 644,758, 
of which females and males were 314,084 and 330,674, respectively, as per the Indian census 2011. Out of the 
total population, about 83% of the population resides in rural areas of the district. The area’s residents primarily 
depend on the district’s available groundwater resources for drinking and domestic uses.

Sampling and analysis
To analyse the metals concentration in the groundwater of the Umaria coalfield, a systematic sampling was 
conducted in the post-monsoon season (post-ms) (November 2022) and the pre-monsoon season (pre-ms) 
(June 2023), respectively. A total of one hundred (100) groundwater samples were collected during the post-ms 
(n = 50) and pre-ms (n = 50) from various locations, including Amha, Amlai, Bhundi, Dagdauwa, Dhanwahi, 
Dhanwar, Karnpura, Kiratntal, Pipria, Mahura, Majhgawan, Munda Karkeli, Pinaura, Nowrozabad, Pali, Pondi, 
Sastra and Umaria (Fig. 1). A limited number of samples could be obtained from the western part of the study 
area because of its predominantly forest environment (Supplementary Fig.  1). Groundwater samples were 
collected in pre-washed polyethylene bottles (capacity 120 ml) after pumping the hand pumps/tube wells for 
some time, filtered with a 0.45 μm Millipore filter and preserved with supra-pure nitric acid31. Fourteen metals 
(namely Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Sr and Zn) concentration in the samples were determined 
by Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS), model ELAN DRCe, Perkin Elmer.

Quality control
Instrument calibration standards and reagent blanks were examined with the samples to ensure the ICP-MS 
readings were accurate and precise. The results indicated that the concentrations of the standards fell within 
the ± 5% precision range. Along with the samples, a certified reference material (CRM) {NIST-1640a32 (natural 
water)} from the National Institute of Standards and Technology (NIST), USA (Table 1) was also tested in the 
same way. Then, the metal concentrations were compared to the certified concentration values. The analysis 
of the CRM resulted in appreciable recoveries from 95.8% to 104.9% of the certified values of the metals. 
Throughout the analysis, standard glassware and Millipore distilled water were used.

Fig. 1.  The map of the Umaria district29, study area and groundwater sampling locations in the Umaria 
coalfield.
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Principal component analysis (PCA)
One important statistical method for finding the probable sources of elements is PCA. It replaces the actual 
dependent variable (concentration of metals in the study) with a smaller number of theoretical independent 
variables called principal components (PC)33. The current study used the PCA method to identify the theoretical 
origins of analysed metals. The exploratory factor analysis was conducted using varimax rotation34, reducing 
the number of variables with a strong loading on each component and simplifying the interpretation of the 
principal component analysis outcomes35. The components with eigenvalues surpassing unity are exclusively 
considered to identify the likely origins36. The principal components score for each variable reflects the degree 
of correlation between the original variable and the component. A positive score above 0.5 indicates a good 
correlation between the specified variable and the PC.

Non-carcinogenic risk assessment on human health
Hazard quotients (HQs) were computed for all analysed metals under consideration to assess the non-
carcinogenic risk associated with groundwater consumption pertaining to ingestion and dermal pathways. 
Hazard quotients for metals were determined by dividing the Average Daily Dose (ADD) calculated for the 
ingestion pathway (ADDing) and dermal pathway (ADDderm) by the corresponding Reference Dose (RfD). 
Table 2presents the formulae and input parameter values for calculating the non-carcinogenic risk in various 
population groups (adult male, adult female and child) for both ingestion and dermal pathways. RfD of a specific 
metal is the highest possible daily dose per unit of body weight, which is unlikely to negatively impact human 
health, considering the specific exposure routes. Hence, if the HQ is less than one, it can be considered safe 
pertaining to non-cancer hazards37.

ADDing = (C × IR × EF × ED) / (BW × AT), where ADDing is Average Daily Dose in µg/kg/day due to ingestion pathway
ADDderm = (C × SA × Kp × ET × EF × ED × 10−3) / (BW × AT) where ADDderm is Average Daily Dose in µg/kg/day due to 
dermal pathway
HQ = ADD / RfD, where HQ is Hazard Quotient
HI =

∑
n
i=1HQiwhere HI is Hazard Index and n = 50

Parameter Symbol Unit Male Female Child References

Metal concentrations C µg/L varied according to metals and seasons Present study

Ingestion Rate IR L/day 4 3 2 40

Exposure Time ET hr/day 0.58 0.58 1 38

Exposure Frequency EF days/year 350 38

Exposure duration ED years 24 24 6 38

Body Weight BW kg 52.1 45.4 16.3 41

Skin surface area SA cm2 18,000 18,000 6600 38

Averaging Time AT days 8760 
(365 × 24) 8760 (365 × 24) 2190 (365 × 6) 38

Dermal permeability coefficient Kp cm/hr varied according to metals 38

Reference Dose RfD µg/kg/day varied according to metals and pathways 38

Table 2.  Equations and values of the input parameters for non-carcinogenic human health risk assessment.

 

Element Certified concentration (µg/l) Assessed concentration (µg/l) Recovery (%)

Al 53.00 ± 1.80 54.32 102.5

As 8.075 ± 0.07 7.95 98.5

Ba 151.8 ± 0.83 159.3 104.9

Cd 3.992 ± 0.074 3.842 96.2

Co 20.24 ± 0.24 19.68 97.2

Cr 40.54 ± 0.30 41.29 101.9

Cu 85.75 ± 0.51 83.24 97.1

Fe 36.80 ± 1.80 35.25 95.8

Mn 40.39 ± 0.36 39.11 96.8

Ni 25.32 ± 0.14 26.31 103.9

Pb 12.101 ± 0.05 11.65 96.3

Se 20.13 ± 0.17 21.01 104.4

Sr 126.03 ± 0.91 130.24 103.3

V 15.05 ± 0.25 14.62 97.1

Zn 55.64 ± 0.35 54.22 97.4

Table 1.  Metal concentration in certified reference material (natural water NIST-1640a32).
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The HQ quantifies the non-carcinogenic risk of one specific metal. However, considering the presence of 
many metals in the medium, such as drinking water, the overall risk is assessed by calculating the Hazard Index 
(HI), which combines the HQ values of all the metals under consideration. HI values more than 1 indicate 
potential adverse impacts on human health, thereby necessitating further investigation of the region38. The 
estimation of the HI, derived from dose additivity, is limited to screening applications due to its suppositional 
nature and lack of consideration for the process by which metals impact target organs or the human body39.

Assessment of carcinogenic risks
The carcinogenic risks were evaluated using Eq. (1), adhering to the methods established by42. The derived value 
represents the added probability of a person developing any form of cancer throughout their lifetime due to 
exposure to carcinogens. As per USEPA guidelines, the acceptable or tolerable range for carcinogenic risks falls 
within 10−6 to 10−4.

	 Cancer risk = ADD × SF o� (1)

In this equation, ADD represents the daily intake averaged over 68.3 years (mg/kg/day), whereas SFo represents 
the oral slope factor, which is expressed as (mg/kg/day)−1. These slope parameters were taken from the USEPA’s 
risk-based concentration table, while the average life span of the Indian population was obtained from the World 
Health Organisation43.

Geographical information system (GIS)
GIS is widely used by researchers for graphical representation due to its reliability in collecting and organising 
data pertaining to environmental concerns and precisely establishing their spatial associations44. GIS-based 
outcomes can assist policymakers in making prompt strategic decisions to address environmental issues at local, 
national, and global scales45–48. Inverse distance weighting (IDW) is one of the important interpolation tools 
in the GIS environment for spatial distribution mapping of groundwater changes49. Hence, IDW interpolation 
has been used in a GIS environment to produce distribution maps of specific elements and computed risks to 
human health.

Results and discussion
Metal distribution
A total of 14 metals were analysed in the groundwater samples of the Umaria coalfield during post- and pre-
monsoon seasons, and their statistical summary is presented in Table 3. As is common in environmental quality 
data, the metal concentration in the present study varies according to a log-normal distribution. Consequently, 
the geometric mean represents the central tendency (Table 3). The concentrations of Al vary from 1.83 µg/L to 
101.7 µg/L, with a geomean value of 24.9 µg/L in the post-ms and from 4.65 µg/L to 99.7 µg/L, with a geomean 
value of 28.8 µg/L during the pre-ms. About 26% and 38% of the groundwater samples exceeded the Bureau of 
Indian Standards (BIS, 2012)50 drinking water acceptable limit (30 µg/L) of Al during the post- and pre-monsoon 
seasons, respectively, in the coalfield (Fig. 2). The groundwater location GW14 has the highest concentration of 
Al during both seasons (Fig. 2).

The Fe concentrations range from 31.2  µg/L to 1176  µg/L (geomean 403  µg/L) in the post-ms and from 
5.82 µg/L to 3119 µg/L (geomean 481 µg/L) in the pre-ms in the groundwater of the study area (Table 3). The 
concentration of Fe exceeded the BIS (2012)50 acceptable limit drinking water limit of 300 µg/L in 38% and 40% 

Parameters

Post-monsoon Season 
(n = 50)

Pre-Monsoon Season 
(n = 50)

BIS 201250

(IS: 10500)
The number of samples 
exceeded the BIS 
acceptable limit in Post 
and pre-monsoon seasons.Min. Max. Geomean Min. Max. Geomean Acceptable limit

Al 1.83 101.7 20.10 4.65 99.7 24.48 30 13 and 19

As 0.02 4.0 0.41 0.02 4.0 0.43 10 0 and 0

Ba 23.40 1429 137.7 5.71 2042 163.2 700 02 and 03

Cd 0.01 3.9 0.22 0.08 1.9 0.34 3.0 01 and 0

Co 0.16 2.4 0.45 0.18 2.6 0.52 - -

Cr 0.13 10.2 1.81 0.05 24.9 1.86 50 0 and 0

Cu 0.15 35.2 2.57 0.02 45.6 1.48 50 0 and 0

Fe 31.20 1776 259.7 5.82 3119 268.0 300 19 and 20

Mn 2.14 312 22.5 1.26 358 26.7 100 06 and 07

Ni 1.02 17.3 7.06 0.95 17.0 7.26 20 0 and 0

Pb 0.05 16.6 1.32 0.01 14.4 0.89 10 02 and 02

Se 0.03 4.9 0.63 0.05 3.7 0.73 10 0 and 0

Sr 26.18 1786 368.5 27.27 3365 384.8 - -

Zn 2.31 1742 75.3 1.94 5037 99.5 5,000 0 and 1

Table 3.  Statistical summary of the dissolved elements in the Umaria coalfield groundwater and comparison 
with the Bureau of Indian Standards (BIS, 2012)50 drinking water guideline values.
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of the samples during the post- and pre-monsoon seasons, respectively (Fig. 3). The sampling location GW16 
has the highest concentration of Fe in the post-ms while GW25 has the highest Fe concentration during the 
pre-ms (Fig. 3). The sampling locations 16, 17, 25, 26 and 37 have a value of Fe greater than 1000 µg/L in the 
post-ms, while 06, 16, 17, 24, 25, 37 and 38 in the pre-ms have Fe concentration higher than 1000 µg/L (Fig. 3). 
These locations were predominantly within close vicinity to the coal mines.

The concentrations of Mn vary from 2.14 µg/L to 312 µg/L, with a geomean value of 42.8 µg/L in the post-ms 
and from 1.26 µg/L to 358 µg/L, with a geomean value of 52.9 µg/L in the pre-ms in the coalfield (Table 3). About 
12% and 14% of the samples exceeded the Mn acceptable limit of 100 µg/L established by the BIS (2012) during 

Fig. 3.  Spatial distribution plots presenting the distribution of Iron (Fe) concentrations (µg/L) in groundwater 
samples in the post and pre-monsoon seasons.

 

Fig. 2.  Spatial distribution plots presenting the distribution of Aluminium (Al) concentrations (µg/L) in 
groundwater samples in the post and pre-monsoon seasons.
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the post- and pre-ms seasons, respectively (Fig. 4). The groundwater location 29 has the highest concentration 
of Mn during both seasons (Fig. 4).

Nevertheless, the concentration of Ba, Pb, Cd, and Zn also exceeded the acceptable BIS (2012)50 water quality 
limits in a few groundwater samples (Table 3). However, As, Cr, Cu, Ni, and Se values in the coalfield groundwater 
samples were within the BIS drinking water guidelines for both seasons (Table 3). The findings suggest that the 
elevated Al, Fe, and Mn levels in groundwater render it unfit for drinking purposes in many locations (Table 3). 
These three elements primarily concern people in the study area, followed by Ba, Pb, Cd and Zn (Table 3).

Dissolved total metal load
The dissolved total metal load (sum of concentrations of all analysed metals) in the groundwater samples was 
higher in the pre-ms than in the post-ms, indicating dilution due to intense rainfall during the monsoon season. 
Figure 5shows that the metal load in the groundwater of the study area had an average of 1505 µg/L in the post-
ms and about 2024 µg/L in the pre-ms. The Umaria district receives its maximum rainfall during the southwest 
monsoon season, which takes place from June to September, and it is the primary source of groundwater 
replenishment in the area29. Previous investigations have reported similar findings, indicating that the metal 
load is reduced during the monsoon and post-monsoon seasons compared to the pre-monsoon season due to 
dilution caused by rainfall47,51–53.

Comparison with other studies
Table 4 compares the metal concentration in the groundwater of the Umaria coalfield with selected national 
and international coalfield groundwater studies. Table 4 shows that the groundwater of the Umaria coalfield 
is comparable with most of the other coalfield groundwater. However, Iron concentration in the groundwater 
is considerably lower than the groundwater from some Indian coalfields (East Bokaro, West Bokaro, North 
Karanpura, Korba, Tachir and Neyveli) and a coalified of Bangladesh (Barapukuria). The concentration of Al, 
As, Ba and Cd were also lower as compared to the groundwater from few other coalfields (Korba and Talchir 
from India; Tshikondeni coalfield of South Africa). The Cr and Cu content in the groundwater of the Umaria 
coalfield is comparable to other studies except for Neyvelli, Talchir and Tshikondeni coalfields, which depicted 
higher contents of the metals. The Mn concentration is comparable with the West Bokaro coalfield of India and 
the Hauinan and Sulin coalfields of China. However, the Mn value is much lower than the Ib Valley, Korba, 
East Bokaro, North Karanapura and Talcher coalfields of India and the Tshikondeni coalfield of South Africa. 
The Mn value in the Umaria coalfield groundwater is higher than that of other coalfields’ groundwater, such as 
Brajrajnagar of India and Barapukuria coalfield of Bangladesh. The variation in the concentration of the metals 
in the groundwater of the different coalfields may be attributed to their geological attributes and anthropogenic 
inputs.

Principal component analysis (PCA)
PCA is a method used to reduce complexity in multivariate data and identify the relationships between variables. 
A PCA analysis was conducted by using Kaiser-Meyer-Olkin (KMO) and Bartlett’s test in statistical software (i.e. 
IBM SPSS 21). The KMO conduct is a sampling acceptability technique that quantifies the percentage of variance 

Fig. 4.  Spatial distribution plots presenting the distribution of Manganese (Mn) concentrations (µg/L) in 
groundwater samples in the post and pre-monsoon seasons.
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resulting from the main principal components. Table 5 presents the PCA loadings of fourteen metals for post-ms 
and pre-ms seasons, together with their eigenvalues, variance explained by each component and the cumulative 
variance explained. The findings indicate the presence of three main components (PC1, PC2, and PC3) involving 
prominent groups of heavy metals and cumulatively accounting for 62.39% of the variance in the data.

Coalfield Name Region, Country Al As Ba Cd Co Cr Cu Fe Mn Ni Pb Se Sr Zn References

Post- Monsoon Madhya Pradesh, India 24.9 0.6 206 0.4 0.6 2.4 5.4 403 42.8 7.7 2.8 1.0 516 291 Present study

Pre-Monsson Madhya Pradesh, India 28.8 0.6 274 0.5 0.6 2.8 5.5 481 52.9 7.8 2.4 1.0 565 601 Present study

North Karanpura Jharkhand, India 18.6 0.3 261 - - 1.0 2.2 908 85.8 3.1 - 0.6 - 488  54

Korba Chhattisgarh, India 516 28.7 214.6 2.17 15.26 3.4 24.1 1025.1 186.4 8.9 1.44 - 244.6 180.0 55

West Bokaro Jharkhand, India 90 0.5 79 - - 2.8 4.1 880 53 21 - 0.9 - 33 47

East Bokaro Jharkhand, India - 0.8 - 0.45 0.49 10.7 2.2 726.6 104.1 7.4 1.2 3.8 197 252.7 56

Neyveli Tamil Nadu, India - - - - - 44 126 1408 - 617 8.0 - - 272 57

Brajrajnagar Odisha, India 13.4 0.30 161 1.13 9.04 6.85 31 257 25 42 24.7 0.2 - - 58

Talcher Odisha, India 920 0 250 10 0 20 90 1130 80 1460 10 - 600 320 59

Ib Valley Odisha, India 1.1 0.3 40.1 0.1 2.1 3.6 2.9 279 261.8 7.3 0.8 0.8 145.1 550.6 60

Tshikondeni Limpopo Province, South Africa 710 76.5 256 30 - 380 70 90 100 - 120 6.6 - 80 61

Barapukuria Dinajpur, Bangladesh - - - - - - - 5400 26 - 70 - - 290 62

Huainan Anhui Province, China - - 32.92 0.083 0.16 8.72 2.51 180 67.5 1.74 0.50 - 185.5 63

Sulin Anhui Province, China - - - 0.03 - 0.18 0.06 - 67.46 0.15 0.01 - 1196.5 0.30 64

BIS standard (acceptable limit) 30 10 700 3.0 - 50 50 300 100 20 10 10 - 5000 50

Table 4.  Comparative study of current investigations with previous studies on metals in groundwater in coal 
mining areas and the BIS (2012) guidelines50. Note: Considered the maximum average metal value (µg/L) in 
the comparative table.

 

Fig. 5.  Total dissolved metal concentrations (µg/L) in groundwater samples in the post-monsoon and pre-
monsoon season.
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Principal Component 1 (PC1) accounted for 24.3% of the total variance and has significant loadings of Mn 
(0.74), Cu (0.70), Ni (0.68), As (0.83), Se (0.68), and Ba (0.82). Potential sources of these metals in groundwater 
include coal mining operations, coal beneficiation and processing units. The effluents introduce various metals 
and ions into the underground water, which can impact its quality by leaching65,66. The leaching of Cu, As, 
Cd, Co, and Pb into groundwater is also attributed to the combustion of coal in power-generating facilities. 
Previous investigations have demonstrated that leachate originating from coal mines and thermal power plants 
is a major factor in water contamination67–69. Principal component 2 (PC2) accounted for 22.4% of the variance 
and includes high loadings of Co (0.83), Cd (0.66), Al (0.64), Sr (0.85), and Fe (0.87). This component appears 
to be related to natural sources.

Principal Component 3 (PC3) accounted for 15.7% of the total variation reported, with the highest loadings 
observed on Pb (0.85), Zn (0.86), and Cr (0.65). This component is an indicator of contamination mostly that 
originates from vehicular sources. Lead (Pb) is a well-established contaminant often linked to engine emissions 
(historically from leaded petrol)70. Although attempts have been made to decrease the presence of lead in the 
environment, it continues to be a major environmental issue because of its inherent persistence and toxicity, 
especially in urban and industrial areas71. Pb is also a constituent of fuel tanks, batteries, bearings, etc., used 
in automobiles72. Vehicle tyres also contain Pb and Zn, and thus, wearing down of the tyres can be a probable 
source of Pb and Zn73,74. Zn is also used as a minor additive in fuel and lubricants75. The use of Cr in the catalytic 
converters and brake linings epitomizes the vehicular sources of the metal76.

Human health risk assessment
Non-carcinogenic risk
A comprehensive evaluation of non-carcinogenic human health hazards was carried out for male, female, and 
child populace considering the ingestion and dermal pathways. Tables  6 and 7depict the calculated Hazard 
Quotients (HQ) of analysed metals using the geometric mean associated with the ingestion of groundwater from 
the Umaria coalfield for post-ms and pre-ms, respectively. For the post-ms, the highest HQ was depicted for Co, 
followed by As and Mn. In the same pattern, during the pre-ms also, the highest HQ values were evaluated for 
Co (0.13, 0.11 and 0.20 for males, females and child, respectively), followed by As and Mn. Furthermore, among 
all the population groups, the highest HQ value was computed for Co (0.20), followed by As (0.17), Mn (0.13), 
and Ba (0.10) for the child population during the pre-ms. The HQs of all elements, calculated using geometric 
mean concentrations, were below 1 for all the population groups for both seasons, indicating that these metals 
individually represented little hazards for the residents consuming the groundwater. The probable non-cancer 
risks due to the cumulative effect of the considered metals via the ingestion pathway are evaluated using the 
Hazard Index (HI). The Hazard Index (HI) was determined by summing all the HQs. The HI for both males and 
females remained below 1 in both seasons, indicating that the risk of non-carcinogenic health impacts is within 
acceptable limits, suggesting lower exposure or greater physiological capacity to handle contaminant loads 
without adverse effects77. A further reduction in HQ was observed in the post-ms, which could be attributed to 
a decrease in contaminant concentration following rainfall, thus lowering the risk for adult populations. The HI 
for child was found to be greater than one (1.01) for the child populace (Table 7) during the pre-ms, indicating 
a significant risk of metal exposure from groundwater intake78. Children are more vulnerable to toxic exposures 
due to their smaller body size, higher consumption rates relative to body weight, and ongoing development of 
their biological systems79.

Metals PC1 PC2 PC3

Al 0.12 0.64 0.14

As 0.83 0.05 −0.17

Ba 0.82 −0.02 −0.02

Cd 0.06 0.66 0.03

Co −0.04 0.83 0.05

Cr −0.05 −0.15 0.65

Cu 0.70 −0.03 0.29

Fe 0.15 0.87 −0.07

Mn 0.74 0.30 −0.07

Ni 0.68 0.08 −0.20

Pb 0.10 0.07 0.85

Se 0.68 −0.01 0.24

Sr −0.05 0.85 −0.24

Zn −0.05 0.12 0.86

Eigen Values 3.39 3.14 2.19

% of Variance 24.3 22.4 15.7

Cumulative % 24.3 46.7 62.4

Table 5.  Principal component loadings (rotated varimax with Kaiser normalized) for the metals in the 
groundwater of the Umaria coalfield (n = 100).
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During the pre-ms, considering all the locations, the HI values for male, female, and child populations were 
recorded > 1 in 38%, 30%, and 76% of the groundwater samples, respectively (Figs. 6, 7 and 8). In the post-ms, 
the HI values were greater than 1 in 32%, 28%, and 64% of the groundwater samples for male, female and child 
populations, respectively (Figs. 6, 7 and 8). Since the HI is greater than unity in quite a few locations, it can be 
inferred that there is a probable risk to the consumers of the groundwater, considering the cumulative effects of 
the metals. The elevated HI in children (Fig. 8) suggests that they are particularly vulnerable to exposure to metal 
contaminants, even when concentrations are reduced in the post-ms season. The higher HI values are likely due 
to physiological factors, such as faster metabolism and different absorption rates, making child more susceptible 
to the effects of contaminants compared to male and female80. Considering the locations, higher HI was depicted 
in the sites which were in close vicinity of coal mining areas (locations 16, 17, 29, 37, 50).

The HQderm(hazard quotient by dermal absorption) of all the metals for all the population groups were 
evaluated to assess the risk to human health through dermal exposure of the metals in the groundwater. The 
HQderm of all the metals across all 50 locations for the post-ms season and pre-ms season are depicted in Fig. 9a 
and b, respectively. The HQderm for the adult and child populations were far below unity, indicating that these 
metals posed little hazards via dermal absorption. The largest value of HQderm, considering the geometric mean, 
was 0.01, which was for Mn for child populace in the pre-monsoon season. Considering all the locations, the 
HQderm of Mn ranged from 0.0009 to 0.066 in the post-ms (Fig. 9a) while it varied from 0.0005 to 0.082 in the 

Metal RfDo (µg/kg/day)
Slope factor
(mg/kg/day)−1 Geometric mean

Hazard quotient Cancer Risk

Male Female Child Male Female Child

Al 1000 24.5 1.80E-03 1.55E-03 2.88E-03

As 0.3 1.5 0.43 1.04E-01 8.99E-02 1.67E-01 1.65E-05 1.42E-05 6.59E-06

Ba 200 163.2 6.01E-02 5.17E-02 9.60E-02

Cd 0.5 0.34 5.03E-02 4.33E-02 8.05E-02

Co 0.3 0.52 1.27E-01 1.09E-01 2.02E-01

Cr 3 0.5 1.86 4.56E-02 3.92E-02 7.28E-02 2.40E-05 2.07E-05 9.59E-06

Cu 40 1.48 2.73E-03 2.35E-03 4.36E-03

Fe 700 268.0 2.82E-02 2.43E-02 4.50E-02

Mn 24 26.7 8.18E-02 7.04E-02 1.31E-01

Ni 20 7.26 2.67E-02 2.30E-02 4.27E-02

Pb 3.5 0.89 1.88E-02 1.61E-02 3.00E-02

Se 5 0.73 1.07E-02 9.23E-03 1.71E-02

Sr 600 384.8 4.72E-02 4.06E-02 7.55E-02

Zn 300 99.5 2.44E-02 2.10E-02 3.90E-02

Hazard Index (HI) 6.29E-01 5.42E-01 1.01E + 00

Table 7.  Hazard quotient and Cancer risk for each metal during pre-monsoon season due to intake of 
groundwater of Umaria Coalfield.

 

Metal RfDo (µg/kg/day)
Slope factor
(mg/kg/day)−1 Geometric mean

Hazard Quotient Cancer Risk

Male Female Child Male Female Child

Al 1000 20.10 1.48E-03 1.27E-03 2.36E-03

As 0.3 1.5 0.41 1.00E-01 8.62E-02 1.60E-01 1.58E-05 1.36E-05 6.32E-06

Ba 200 137.7 5.07E-02 4.36E-02 8.10E-02

Cd 0.5 0.22 3.25E-02 2.80E-02 5.19E-02

Co 0.3 0.45 1.10E-01 9.48E-02 1.76E-01

Cr 3 0.5 1.81 4.44E-02 3.82E-02 7.10E-02 2.34E-05 2.01E-05 9.35E-06

Cu 40 2.57 4.72E-03 4.07E-03 7.55E-03

Fe 700 259.7 2.73E-02 2.35E-02 4.37E-02

Mn 24 22.5 6.91E-02 5.95E-02 1.10E-01

Ni 20 7.06 2.60E-02 2.24E-02 4.15E-02

Pb 3.5 1.32 2.78E-02 2.39E-02 4.44E-02

Se 5 0.63 9.26E-03 7.97E-03 1.48E-02

Sr 600 368.5 4.52E-02 3.89E-02 7.23E-02

Zn 300 75.30 1.85E-02 1.59E-02 2.95E-02

Hazard Index (HI) 5.67E-01 4.88E-01 9.07E-01

Table 6.  Hazard quotient and Cancer risk for each metal during post-monsoon season due to intake of 
groundwater of Umaria Coalfield.
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pre-ms (Fig. 9b). The Hazard Index (HI) due to the dermal exposure route was also estimated by adding the 
HQs, however, the HI due to dermal exposure did not surpass unity for any of the population group in any of 
the locations for both the seasons. Nevertheless, considering the population groups, the highest risk was for the 
child population. The HI due to dermal exposure varied from 0.02 to 0.19 and 0.01 to 0.23 for the child populace 
during the pre-ms and post-ms seasons, respectively. Thus, it can be inferred that the ingestion pathway is the 
primary exposure pathway for the metals in the groundwater in the study area, and dermal absorption had no 
or little health threat.

Fig. 7.  Spatial distribution of Hazard Index (HI) for female in the study area during the post and pre-monsoon 
seasons.

 

Fig. 6.  Spatial distribution of Hazard Index (HI) for male in the study area during the post and pre-monsoon 
seasons.
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Carcinogenic human health risk
Out of the metals analysed in groundwater, As and Cr has been categorized as a recognized human carcinogen 
by both the International Agency for Research on Cancer and the Integrated Risk Information System of the 
USEPA38,81. Thus, the evaluation of carcinogenic risk in this study was carried out on the levels of As and Cr 
found in groundwater. However, it may be noted that Cr(VI) has been related to carcinogenic risk, and since 
speciation of Cr could not be done in the present study, total Cr analysed was taken up for the carcinogenic 
assessment. This carcinogenic risk evaluation of Cr has been done with an assumption that all the Cr in the 
groundwater was in the form of Cr(VI). This might be an overestimation of the cancer risk of Cr.

When considering the geometric mean for the entire study area, the calculated carcinogenic risk in the post-
ms season, the cancer risk for As and Cr was calculated 1.58 × 10−5 and 2.34 × 10−5 for male, 1.36 × 10−5 and 
2.01 × 10−5for female, and 6.32 × 10−6 and 9.35 × 10−6 for children, respectively (Table 6). However, for the pre-
ms season associated with oral intake of As and Cr was 1.65 × 10−5 and 2.40 × 10−5 for male, 1.42 × 10−5and 
2.07 × 10−5for female, and 6.59 × 10−6 and 9.59 × 10−6 for children, respectively (Table 7). Since the cancer risk 
remains below the specified target risk of 1 × 10 − 4, it can be estimated as an “acceptable” value as provided by 

Fig. 9.  Box plot of hazard quotients of different metals in groundwater by dermal exposure (a) post-monsoon 
season (b) pre-monsoon season.

 

Fig. 8.  Spatial distribution of Hazard Index (HI) for children in the study area during the post and pre-
monsoon seasons.
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the USEPA. While accounting for the different locations, the probable cancer risk of As exceeded the permissible 
limits of 1 × 10−4 in one location (GW37) for the male and female populace in both seasons, while for Cr, the risk 
surpassed the limits in one location (GW12) in both the seasons for all the population groups.

Conclusions
The present research focused on the evaluation of metals and identification of their sources in groundwater of 
the Umaria coalfield in Madhya Pradesh. The study also used systematic health risk indices to assess potential 
health risks due to metal contamination to local population. The levels of Al, Fe, Mn, Ba, Pb, Cd and Zn exceeded 
Indian drinking water quality guidelines BIS (2012) in some of the locations. The concentrations of the metals 
were generally higher in the pre-monsoon season as compared to the post-monsoon season. The Principal 
Component Analysis (PCA) results show that the data is divided into three principal components collectively 
accounting for 62.4% of the variance, with initial eigenvalues greater than one. Furthermore, the PCA indicated 
that metals were present in the groundwater of the study area due to both natural and human activities. This 
analysis revealed that elevated amounts of metals were identified in close vicinity to industrial and coal mining 
sites, implying that human activities had a substantial impact on their concentrations. The study emphasises the 
importance of focused risk management techniques for child, especially during the pre-ms period when metal 
contaminants are more concentrated. The study depicts that the male and female populations have lower risks 
while the child population remain vulnerable, emphasising the necessity for ongoing environmental monitoring 
and intervention methods to protect public health. The study also depicts that the ingestion pathway is the 
primary exposure pathway for the metals in the groundwater in the study area, and dermal absorption had no or 
little health threat. The carcinogenic risk due to As and Cr were within the acceptable limits except for one location 
each for As and Cr. The findings hold immense importance for public health management, as they can guide 
policymakers in implementing remediation strategies, ensuring safe drinking water, and protecting vulnerable 
populations from chronic health conditions caused by metal exposure. Additionally, the study contributes to 
broader environmental research by providing a model for assessing human-induced contamination in coalfield 
regions, thus offering scope for comparative studies in other mining areas worldwide.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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