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Abstract

Groundwater, a major source of drinking water in Bangladesh, is now under immense threat of contamination by
untreated or poorly treated industrial effluents that contain heavy metals and hazardous chemicals. This study
aims to evaluate several physicochemical characteristics of groundwater and assess potential health risks to
people of different age groups living around Natore Sugar Mill, Bangladesh. The study used a stratified random
sampling method and analysis of various parameters like pH, DO, BOD, turbidity and EC of the groundwater,
accompanied by the existence of Na*, Mn, Cr, and Pb. Atomic Absorption Spectroscopy was used to determine
the concentrations of heavy metals in the water samples. Other indices, like the Metal Index (MI), Degree of
Contamination (CD), Pollution Load Index (PLI), and Heavy Metal Pollution Index (HPI), were determined.
Moreover, the possible health effects were studied by calculating the Hazard Quotient (HQ) and Hazard Index
(HI). However, the study found that groundwater slightly acidic pH (6.6-6.8), low DO (1.0-1.8 mg/L),
negligible BOD (< 1 mg/L), and turbidity within WHO limits (< 4 NTU). Na*, Cr, and Pb concentrations posed
no concern, while Mn in one tube well (0.734 mg/L) exceeded guideline values but yielded HI < 1. Ml (2023)
classified eight samples as “pure” to “very pure” and one as “slightly affected,” with PLI uniformly zero. HPI
values remained below 0.6 across all sites. Overall, these findings highlight the urgent need to address industrial
waste management and government intervention for pollution control, groundwater monitoring, and public health
protection.

Keywords: Groundwater Quality; Heavy Metal Pollution; Health risk; Atomic Absorption Spectroscopy; Sugar
mill Effluent.

1 Introduction

In Bangladesh, groundwater is a critical source of safe drinking water for millions of people who rely on it.
Particularly, sugar mills contribute substantially to the nation’s agro-industrial economy but also discharge large
volumes of untreated or partially treated wastewater. These contaminants, specifically, manganese (Mn), iron
(Fe), lead (Pb), and chromium (Cr), not only deteriorate water quality but also pose serious health risks to nearby
populations, especially vulnerable groups such as infants and children (Hossain et al., 2020; Islam et al., 2015).
A significant amount of research has documented the extent and drivers of groundwater contamination near
sugar mills in Bangladesh.

In Dinajpur, Hossain et al. (2020) reported Mn concentrations exceeding World Health Organization (WHO)
guidelines, with severe health risk assessments revealing elevated hazard quotients for infants and children.
Similarly, Islam et al. (2015, 2017) demonstrated that Fe and Mn levels frequently cross permissible limits, and
that arsenic (As) contamination, driven by both geogenic and anthropogenic sources, poses medium to high
chronic and carcinogenic risks. Moreover, Water pollution indices such as the Metal Index, Degree of
Contamination, Pollution Load Index, and Heavy Metal Pollution Index have consistently confirmed higher
contamination in sugar-mill vicinities (Hossain et al., 2020; Rahman et al., 2020). Advanced multivariate
techniques, including principal component analysis (PCA) and factor analysis, further attribute the primary
pollution load to sugar mill effluents with ancillary industrial and natural contributors (Hossain et al., 2020;
Islam et al., 2017). Studies in other regions, covering effluent impacts (Salequzzaman et al., 2008), broader
industrial zones (Rahman et al., 2020), and urban aquifers (Kabir et al., 2021; Zakir et al., 2020; Sharmin et al.,
2020), underscore the pervasive nature of heavy-metal pollution and the urgent need for continuous monitoring
and regulatory enforcement.

Despite these insights, Natore, a major sugar-producing district, remains under-represented in groundwater
quality research. Existing investigations have yet to integrate comprehensive physico-chemical profiling with
health risk evaluation and multimetric pollution indices for this locale. To fill this gap, this study aims to answer
(i) what are the current physicochemical and trace metal levels in groundwater near Natore Sugar Mill? (ii) how
do these affect health risk indices across age groups? We aim to elucidate contamination levels, identify
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dominant pollution sources, and provide actionable recommendations for industrial wastewater management and
groundwater protection in Natore.

2 Methodology and Analysis

Nine groundwater samples (Figure 1) around the Natore Sugar Mill, including on-site tube wells (Samples 1-2),
borehole service water (Sample 2), off-site tube wells (Samples 3-5, 7-9), and mill-supplied tap water extracted
from groundwater (Sample 4), were collected. Samples were collected in June 2025, during the monsoon season.
In situ pH, dissolved oxygen (DO), biochemical oxygen demand (BOD), and turbidity were measured using a
portable multi-parameter device and laboratory testing from the public health lab of RUET. Sodium (Na%),
manganese (Mn), chromium (Cr), and lead (Pb) were measured by atomic absorption spectrophotometry.
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Figure 1. Location map of samples

Metal contamination was assessed using the Metal Index (MI) and Pollution Load Index (PLI), and the Heavy
Metal Pollution Index (HPI) as defined by Majhi & Biswal (2016). The HPI values reported in Hossain et al.
(2020) were recalculated here using current WHO/Bangladesh guideline limits and the weighting scheme from
Majhi & Biswal (2016) to allow direct comparison under the same threshold and weighting criteria; HPI was the
weighted sum of metal load factors. Health risk was evaluated via Hazard Index (HI) for infants, children, and
adults (U.S. EPA, 2011), assuming ingestion exposure; HI < 1 indicates negligible noncarcinogenic risk.

3 Result and Discussion

Physico-chemical and trace-metal data are summarized in Table 1. pH ranged narrowly from 6.6 to 6.8,
indicating slightly acidic conditions. DO was uniformly low (1.0-1.8 mg/L), while BOD was below detection at
all sites except Sample 5 (0.8 mg/L). The study area overlies a predominantly alluvial aquifer with variable depth
to water table; local wells sample confined to semi-confined deeper aquifers, where reduced redox conditions
commonly develop. Low DO is consistent with limited aquifer aeration and slower groundwater recharge typical
of deeper screened wells in this region. However, turbidity did not exceed 3.8 NTU. Na* concentrations (12.1—
18.6 mg/L) were well below the 200 mg/L limits. “< DL” means “below detection limit” in the following tables.

Table 1. Location of samples with measured values of different parameters
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1 Inside the sugar mill (Tube well) 15 6.8 1.4 0 0.46 13.74 0.154 <DL <DL
2 Inside the sugar mill (Service 15 67 18 0 071 1651 021 <DL <DL

water, Boring Pump)
3 Tube well Wat(?Tr]itI):ehlnd the sugar 15 6.7 18 0 047 14.73 <DL <DL <DL
4  TepwaterSuppliedfromthe 5 g5 4,5 o 376 1207 <Pb <pL <DL
sugar mill)
5  Tube well water besidethecanal. 15 66 18 08 041 15.36 <DL <pL <DL
6 Tube well water of the quarter. 15 6.8 1.4 0 0.91 18.57 0.734 <DL <DL
7 Tube well water of the Madrasa. 15 6.7 1.4 0 0.49 17.65 0.008 <DL <DL
Tube well water from Uttora
8  Gonovobon (11km away from the 15 6.8 1.2 0 0.74 13.48 <DL <DL <DL
sugar mill)
Tube well water from Madrasa
9 More (7km away from the sugar 15 6.7 1 0 0.42 15.72 0.012 <DL <DL
mill)

Water Quality Indices are given in Table 2. Ml (1997) peaked at 7.34 (sample 6), reflecting legacy higher
permissible limits and fell below 2.0 for all samples; only Sample 6 was “slightly affected” (MI 1.835), others
“pure” or “very pure.” PLI values were 0 for all samples, indicating no cumulative pollution load. HPI was
uniformly < 0.6, confirming low heavy-metal burden. The following formulas were used to find different
parameters based on the reference papers.
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1
Wi=—
Si
| Mi-ki]
"7 sien
Where,
Ci = Calculate Concentration (mg/L)
MACi = Maximum Allowable Concentration (mg/L)
Si = Standard Permissible Value (ug/L)
Mi = Measured value (ug/L)
li = Ideal Value (pg/L)
Table 2. Water Quality Indices
Sample No. MI (1997) MI (2023)  Water Quality Cd Cd PLI Polluted  HPI
1 154 0.385 Pure 054 <bL <DL No 0.118
2 2.1 0.525 Pure 11 <DL <DL No 0.162
3 0 0 Very Pure <DL <DL <DL No 0
4 0 0 Very Pure <DL <DL <DL No 0
5 0 0 Very Pure <DL <DL <DL No 0
6 7.34 1.835 Slightly Affected ~ 6.34  0.835 <DL No 0.565
7 0.08 0.02 Very Pure <bL <DL <DL No 0.006
8 0 0 Very Pure <DL <DL <DL No 0
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9 0.12 0.03 Very Pure <DL <DL <DL No 0.009

Health Risk Assessment has been demonstrated in Table 3. Hazard Index (HI) by age group for Sample 6: infants
0.19, children 0.421, adults 0.274 all < 1. Other samples yielded HI = 0.

Table 3. Health Risk Assessment

Sample ID HI Infants HI Children HI Adults

1 0.04 0.088 0.057
2 0.054 0.12 0.078
3 0 0 0
4 0 0 0
5 0 0 0
6 0.190 0.421 0.274
7 0.002 0.005 0.003
8 0 0 0
9 0.003 0.007 0.004

Acidic pH (6.6-6.8) and low DO (< 2 mg/L) reflect minimal organic load but limited aeration, typical of deep
tube well sources. BOD levels (< 1 mg/L) confirm negligible biodegradable contamination; turbidity values (< 4
NTU) satisfy WHO’s 5 NTU drinking standard. Sodium poses no health concern.

Table 4. Permissible limits of metals and ions in different national and international standards

Parameter WHO Limit Bangladesh Indian Standard (Permissible)
Standard
1997 2023
Mn 0.1 0.1 0.4 0.1
Pb 0.01 0.05 0.01 0.01
Cr 0.05 0.05 0.05 0.05
Na+ 200 200

Manganese was detected in seven samples (0-0.734 mg/L); Sample 6 (quarter tube well) exhibited the highest
Mn (0.734 mg/L), exceeding the WHO/Bangladesh guideline of 0.1 mg/L. Chromium and lead were below
detection (< 0.01 mg/L) at all sites. Manganese contamination in Sample 6 (0.734 mg/L) likely arises from local
geology or mill effluent infiltration. Despite exceeding (from table 4) the WHO and Bangladesh guidelines (0.1
mg/L), the noncarcinogenic HI remained < 1, indicating limited acute risk. Chromium and lead were
undetectable.

Metal indices reaffirm that, under current standards, most sites yield “very pure” to “pure” water; only the
quarter-tube well shows slight metal pollution (MI 1.835). The zero PLI across all samples signifies the absence
of cumulative trace-metal burden.

Although health risk indices are below concern thresholds, chronic Mn exposure can cause neurological
symptoms. We recommend periodic Mn-specific treatment (e.g., oxidation filtration) for wells with elevated
levels, and continued monitoring of trace metals. Additionally, augmenting DO via aeration or yield management
could improve overall water quality for both potable and process-water applications.

To explore relationships among key water-quality parameters, Spearman’s rank correlation coefficients (p) were
computed for pH, dissolved oxygen (DO), turbidity, sodium (Na*), and manganese (Mn) across all nine samples
(Table 5). No statistically significant correlations (p > 0.05) were observed between Mn and any other parameter,
indicating that elevated Mn levels occur independently of bulk physico-chemical conditions in this dataset.

Table 5. Spearman Correlation Matrix

Parameter Pair Spearman’s p  p-Value

Mn vs pH -0.12 0.79
Mn vs DO -0.08 0.85
Mn vs Turbidity — 0.42 0.29
Mn vs. Na* 0.51 0.21
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DO vs. pH 0.06 0.90
Turbidity vs. Na*  0.18 0.63

Sampling sites were grouped by proximity to the sugar mill: On-site (Samples 1-4), Immediate vicinity (< 1 km;
Samples 5-7), and Off-site (> 7 km; Samples 8-9)
Mean Mn concentrations by group highlight a localized hotspot (Table 6)

Table 6. Group-Wise Mn Concentrations

Proximity Group Sample I1Ds Mean Mn (mg/L) SD (mg/L)
On-site 1-4 0.091 0.13
Immediate vicinity 5-7 0.247 0.42
Off-site 8-9 0.006 0.009

The immediate vicinity group exhibits the highest Mn (driven by Sample 6 at 0.734 mg/L), whereas both on-site
and off-site wells maintain Mn well below the 0.1 mg/L guideline. the localized Mn concentration (0.734 mg/L)
at the quarters tube well is plausibly geogenic or locally enhanced by anthropogenic input. Supporting evidence
for a geogenic source includes the confined-aquifer setting, low DO values that favor Mn solubilization under
reducing conditions, and the absence of widespread Mn elevation in nearby off-site wells. Evidence that would
favour an anthropogenic contribution includes proximity to potential infiltration pathways (e.g., unlined effluent
channels, leaking septic systems, or on-site wastewater handling). We therefore recommend (1) targeted well
construction and aquifer depth logging, (2) seasonal repeat sampling of Mn and redox indicators (Fe, redox
potential), and (3) investigation of surface effluent pathways to distinguish between geogenic and anthropogenic
origins.

4 Conclusions

This study demonstrated that groundwater around Natore Sugar Mill generally meets WHO and national
standards for pH, dissolved oxygen, turbidity, sodium, chromium, and lead, with water-quality indices (MI, PLI,
HPI) classifying most samples as pure to very pure. A localized manganese hotspot (0.734 mg/L) was identified
in the on-site quarters tube well, exceeding the 0.1 mg/L guideline, while all other wells remained well below the
threshold. Health risk assessments (HI) for infants, children, and adults confirmed negligible non-carcinogenic
hazards across the network.

Targeted interventions should prioritize the quarters tube well by:

i. Conducting quarterly Mn monitoring to capture temporal fluctuations.

ii. Investigating well construction and aquifer geology to distinguish between geogenic enrichment and
anthropogenic inputs.

iii. Implementing point-of-use treatment (e.g., manganese-selective adsorption) until a long-term solution is
established.

To safeguard community water supplies and align with SDG 6, sugar mill management and local authorities
must integrate these findings into a Water Safety Plan, enforce effluent controls, and expand surveillance to off-
site wells. This study is limited by a single seasonal sampling campaign, a small sample set (n = 9), and the
absence of complementary tracers (Fe, Eh, alkalinity, isotopes) and well construction logs; these constraints limit
definitive source apportionment. Future work should include multi-season monitoring, expanded trace-metal
suites, and isotopic or geochemical tracers to resolve pathways.
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