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Abstract
The coastal areas of Bangladesh have poor accessibility to fresh drinking water and the groundwater is not suitable for drink-
ing, cooking, and other domestic uses due to high levels of salinity and potentially toxic elements. The current study focuses 
on understanding of the distribution of some physicochemical parameters (temperature, pH, EC, TDS, and salinity) and 
chemical elements (Fe, Mn, Zn, Ca, Mg, Na, K, Cu, Co, Pb, As, Cr, Cd, and Ni) with health perspective in drinking water 
from the southwestern coastal area of Bangladesh. The physicochemical properties of the water samples were examined 
with a multiparameter meter, while the elemental concentrations were analyzed using atomic absorption spectrometer. Water 
quality index (WQI) and irrigation indices were utilized to determine the drinking water quality and irrigation feasibility, 
respectively, whereas hazard quotients (HQs) and hazard index (HI) were used to assess the probable pathways and the associ-
ated potential risks to human health. The concentrations of some toxic elements in measured samples were relatively higher 
compared to drinking water guidelines, indicating that ground and surface water are not apt for drinking and/or domestic uses. 
The multivariate statistical approaches linked the source of the pollutants in the studied water body mostly to the geogenic 
origin including saline water intrusion. WQI values ranged from 18 to 430, reflecting excellent to unsuitable categories of 
water quality. The assessment of human health risks due to exposure to contaminated water demonstrated both carcinogenic 
and non-carcinogenic health risks in the exposed residents of the study area. Therefore, appropriate long-term coastal area 
management strategies should be adopted in the study region for environmental sustainability. The findings of this research 
will be supportive in understanding the actual situation of fresh drinking water in the area for policymakers, planners, and 
environmentalists to take effective necessary measures to ensure safe drinking water in the study area.
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Introduction

Worldwide freshwater resources are deteriorating due to 
the rapid growth of population, over-extraction, unplanned 
urbanization, rapid industrialization, undesired effluent dis-
charges, atmospheric deposition, land cover transformation 
in watersheds, intense agrochemical utilization, and climate 
change concerns (Kim et al. 2018). Consequently, about 844 
million people have currently been facing drinking water 
problems worldwide due to the presence of hazardous 

contaminants, and they do not have access to good-quality 
drinking water (WHO and UNICEF 2017). One of the key 
requisites to attain the UN’s Sustainable Development Goals 
(SDGs) by 2030 for ensuring food security, good public 
health, and livelihoods is safe drinking water (Sojobi 2016). 
Normally, people in developing countries like Bangladesh 
use groundwater (GW) as a primary source of potable water 
(Hasan et al. 2007; Zahid et al. 2008). But in the coastal 
areas, GW is saline in most cases and is not suitable for 
drinking, cooking, and other household activities as well as 
for agricultural practices (Khan et al. 2011; Bahar and Reza 
2010; Talukder et al. 2016; Salehin et al. 2018; Chakraborty 
et al. 2019; Murshed et al. 2019; Kormoker et al. 2020; Sun 
et al. 2022; Rashid et al. 2022a, 2023). However, in some 
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places, salinity in water is comparatively low and people 
use it for drinking and other purposes. Where GW salinity 
exceeds the tolerable limit, people in Bangladesh use rain-
fed pond (RFP) water (Fig. 1b) for drinking as an alternative 
(Islam et al. 2014). In many places, poor people developed 
pond sand filter (PSF) (Fig. 1c) systems to eliminate the 
salinity and other contaminants from pond water (Islam et al. 
2014) which were then eventually used for drinking.

In recent years, saline water intrudes into the fresh pond 
water and other surface water sources in the coastal area 
owing to frequently occurring storm surges and tidal surge 
natural events, leading to polluting pond water sources for 
drinking (Penning-Rowsell et al. 2013; Rashid et al. 2022a, 
2023). To solve this problem, people living in the coastal 
regions also take another adaptation; they remove the 
imposed saline water from the desired ponds and wait for 
the rainy season to fill up the ponds with rain water (Fig. 1g). 
Recently, people in the southwestern coastal parts of Bang-
ladesh (Shyamnagar and Assasuni Upazilas of Satkhira Dis-
trict) have faced serious problems due to the shortage of 
potable GW (Rashid et al. 2022a, 2023). Therefore, people 
of this region collect and store rainwater during the rainy 
season through a rainwater harvesting system (HRW). They 
also store the rainwater in plastic containers/tanks as well 
as man-made water houses (Fig. 1d, e) for long-term stor-
age for drinking purposes. Presently, some people in the 
area installed modern water filtering machines and filter 
the extracted GW (PGW) (Fig. 1f) and sell it to the local 
dwellers; however, most of the people are outside of this 
benefit due to their restraint. The reality is that most people 
in the area use RFP and PSF water for their drinking and 
household activities. Therefore, the supply of fresh and safe 
potable water is a vital issue for the mass people (exceeding 
50 million) in the littoral region of Bangladesh (770 people 
per square kilometer) (BBS 2011; Khan et al. 2011; Rahman 
et al. 2018; Murshed et al. 2019; Sun et al. 2022).

Several studies reported that elemental abundances in 
HRW surpassed the permissible levels fitting for human 
health (Magyar et al. 2008; Simmons et al. 2001). The risk 
due to the drinking of the RFP water is also deeply alarming 
as farmers utilize synthesized fertilizers, insecticides, and 
pesticides in agricultural lands which are eventually washed 
out by rainwater into the nearby ponds and consequently, 
caused pollution. Various toxic elements are readily released 
from both anthropogenic and geogenic sources. Arsenic has 
also been identified in the RFP and PSF water of Bangladesh 
(Howard et al. 2006).

High levels of physicochemical parameters, trace ele-
ments, and major cations in water deteriorate the water 
quality for drinking purposes. Therefore, it is inevitable to 
assess the water quality based on the level of major ions and 
trace elements, their sources, distributions, and extent of 
health hazards to control water pollution and to implement 

pollution source control and prevention strategies. Sev-
eral works have demonstrated the crisis of potable water 
due to the severe vulnerabilities to coastal salinity as well 
as elemental toxicity (BGS and DPHE 2001; Islam et al. 
2016, 2017a, b; Rahman et al. 2021a, b, 2017; Huang et al. 
2015; Das et al. 2017; Sarkar and Vogt 2015; Saha et al. 
2017, 2018; Rakib et al. 2019; Ghosh et al. 2020; Hasan 
et al. 2021). Very little research (e.g., Islam et al. 2014) was 
concerned about major ions and trace element abundances in 
potable water from diverse water resources (e.g., RFP, PSF, 
GW, HRW, and PGW) of the southwestern coast of Bang-
ladesh. However, no detailed study has been conducted so 
far on the concentrations of potentially toxic elements, their 
sources, and distributions in drinking water from diverse 
water sources in southwestern littoral regions of Bangla-
desh, considering GW geochemistry, irrigation feasibility, 
and the degree of human health risks. The present study 
evaluated the preliminary human-health adversity of inges-
tion and dermal absorption of toxic elements from RFP, PSF, 
GW, HRW, and PGW, for the first time. The motives of the 
current research are to (1) examine some physicochemical 
properties such as temperature, pH, EC, TDS, salinity, and 
the chemical elements, viz., Fe, Mn, Zn, Ca, Mg, Na, K, 
Cu, Co, Pb, As, Cr, Cd, and Ni in GW, RFP, PSF, HRW, and 
PGW; (2) compare the level of the measured parameters 
with those of guideline values for drinking water along with 
the existing literature; (3) categorize the source(s) of con-
tamination in water by multivariate statistical approaches; 
(4) assess geochemistry and irrigation feasibility of water 
from multiple resources; and (5) evaluate the health risks 
due to the exposure of toxic element–contaminated water 
in the residents (both adults and children) of the study area. 
The novel aspect of this work is that it is the first inclusive 
investigation of toxic elements, their sources, and distribu-
tions in drinking water of the study area which will address 
the long-term potable water crisis and human health safety 
in the littoral region of Bangladesh along with the irrigation 
feasibility study. Therefore, the output of this research work 
will be supportive for coastal scientists, planners, and poli-
cymakers to take effective measures for coastal area man-
agement in improving safe water access and thus achieving 
the UN SDGs.

Experimental

Study area

Bangladesh possesses one of the largest deltas in the world, 
known as the Ganges–Brahmaputra-Meghna (GBM) delta. 
This delta is more or less flat, sloping gently toward the 
south to merge into the Bay of Bengal which produces a 
wide coastal area of about 710 km long and occupies an 
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Fig. 1   a) Location map of the study area (southwestern Bangladesh) 
and b–g) different sources of drinking water: b) rain feed pond (RFP), 
c) pond sand filter (PSF), d) harvesting rainwater (HRW) collected in 
plastic tanks, e) HRW collected in water house, f) extracted ground-

water (GW) filtered using modern water filtering machine and sell to 
the locals, and g) saline water withdrawn from the pond and waiting 
for the rainy season to fill up the pond through rainwater to be used 
for drinking purposes
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area of ~ 47,201 km2. The mean elevation of this coast is 
about 1–3 m from sea level (Khan 2001) where about 50 
million people are living. It consists of one of the richest 
ecosystems in the world characterized by mangrove forests 
and fertile soils. However, it is one of the most suscepti-
ble coasts due to the combined consequences of climate 
change originating from global warming and sea level rise 
(SLR) (IPCC 2007; Rashid et al. 2022a). Globally, Bang-
ladesh is ranked as the third most susceptible country in 
terms of the number of affected people with respect to SLR 
and increasing temperatures. Apart from these, other natural 
hazardous events, namely, saline water intrusion, tidal water 
movements, fisheries destruction, coastal erosion, drainage 
congestion, waterlogging, damage to infrastructures, land 
subsidence, crop failure, loss of biodiversity, and so on, lead 
to large-scale damages to crops, landlessness, fragmentation 
of community cohesion, unemployment, challenged life and 
livelihoods of the coastal communities, and continuously 
create sufferings for the coastal inhabitants (Pethick and 
Orford 2013; Ahsan et al. 2009, 2022; Rashid and Mahmud 
2011; Islam et al. 2011; Rashid et al. 2013, 2022b).

The study area is located between the latitudes 22° 10′ 
and 22° 40′ N and longitudes 89° 00′ and 89° 20′ E in the 
southwestern coastal part of Bangladesh (Shyamnagar 
and Assasuni Upazilas of Satkhira District) and near the 
Sundarbans mangrove forest (Fig. 1a). It comprises natural 
levee deposits of paleo and the present Ganges River system 
(Rashid et al. 2014) and the intertidal and upper tidal plain 
of different connecting rivers in the coastal area of Bangla-
desh. The surficial deposits of the area are clayey silt and 
silty clay textures (Rashid et al. 2014). The study area falls 
under a humid tropical monsoon climate. The monthly tem-
perature varied between 10 and 35 ℃, and the yearly average 
rainfall varied between 150 and 2500 mm. The study area is 
one of the salinity-impacted areas in Bangladesh with a seri-
ous lack of potable salinity-free water (Rashid 2023; Rashid 
et al. 2023). The local people in the area are struggling very 
much for drinking water and also employing several adapta-
tion strategies for their survival in the hostile environment.

Sample collection, processing, and analysis

The drinking water was sampled from the Shyamnagar 
and Assasuni Upazillas of Satkhira District situated in the 
southwestern coastal parts of Bangladesh (Fig. 1) in Febru-
ary 2021. Sampling locations were marked with a handheld 
Global Positioning System (Germin GPS MAP® 78 s). The 
samples were collected from multiple sources such as rain-
fed pond (RFP), pond water filtered through the sand filter 
(PSF), groundwater (GW), harvesting rainwater (HRW), 
and groundwater extracted through filtering using a mod-
ern water filtering machine (PGW) (Fig. 1b–f). A total of 
33 composite water samples were collected from the study 

area in pre-cleaned 1-L plastic bottles following our earlier 
reports (Abedin et al. 2023; Rahman et al. 2022; Ahmed 
et al. 2021; Hasan et al. 2021). Each sample was collected in 
a triplicate fashion and mixed them well to obtain a total of 
33 composite samples from the entire study area. The details 
of the sample collection points are shown in Fig. 1. From the 
selected RFP, 7 composite water samples (triplicate samples 
from each pond with different water depths) were collected. 
For PSF samples, 6 composite samples were collected from 
the 6 randomly selected PSF sites. For collecting GW sam-
ples, 14 hand tubewells of both shallow (up to 60 m depth) 
and deep (> 60 m depth) were randomly selected (Fig. 1a) 
and 14 composite samples (triplicate samples were collected 
with ~ 5-min intervals of well pumping) were collected from 
14 tubewells. For collecting HRW and PGW samples, 3 of 
each HRW and PGW sites were also randomly selected, 
and 3 composite samples were collected from HRW and 3 
from PGW sites. For elemental analysis, all the collected 
water samples from different sources (RFP, PSF, GW, PGW, 
HRW) were immediately acidified with 2 mL conc. HNO3 
(2 mL/L) to prevent the loss of its content concentration 
(Rahman et al. 2022). The collected samples were then 
brought to the analytical laboratory as soon as possible and 
reserved at 4 ℃ until elemental analysis.

The physicochemical parameters such as temperature, pH, 
electrical conductivity (EC), total dissolved solids (TDS), 
and salinity of multiple sourced water samples were meas-
ured on-site. The water temperature and pH were monitored 
by a calibrated thermometer and portable pH meter (cali-
brated with pH 4 and 7), respectively. The EC, TDS, and 
salinity of samples were determined by using a multimeter 
(HQ40D, HACH, UK) which was calibrated with respective 
standard solutions obtained from Fluka Analytical, Sigma-
Aldrich, Germany. To avoid the contamination of the sam-
ples, all physicochemical measurements were performed in 
triplicate and the mean results were considered. The study 
area is prone to salinity intrusion. So, the salinity of the sam-
ples was carefully measured on-site to delineate the salinity 
distribution in the surface water as well as shallow and deep 
aquifer water of the study area.

The concentrations of 14 chemical elements, viz., Fe, Mn, 
Zn, Ca, Mg, Na, K, Cu, Co, Pb, As, Cr, Cd, and Ni, for all 
samples were measured by several arrangements of atomic 
absorption spectrometers (AAS) (models: a. AA240FS, b. 
GTA 120-AA240Z, c. SpectrAA 220, Varian, Australia), 
except for Na and K which were estimated by a flame pho-
tometer (model: PFP7, Jenway, UK). While determining the 
As concentration in the water samples, the electric hydride 
vapor generation technique of AAS was employed which 
uses an electro-thermal temperature controller for producing 
atomic vapor in the analysis. The elements such as Fe, Mn, 
Zn, Mg, and Cu were analyzed using air/acetylene flame, 
while the Ca was analyzed using air/nitrous oxide/acetylene 
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flame. The elements Co, Pb, Cr, Cd, and Ni were analyzed 
using a graphite furnace equipped with an auto sampler. The 
metals Na and K were analyzed using natural gas. For ele-
mental determinations, water samples were prepared through 
the acid digestion method (Siddique et al. 2022; Ahsan et al. 
2019). A 100 mL of sample was digested with 4–5 mL of 
analytical grade conc. HNO3 (68% pure, Fluka Analytical, 
Sigma-Aldrich, Germany) on an electrically heated hot plate 
at around 100–120 ℃. The final volume of the sample was 
made 100 mL in a calibrated volumetric flask using deion-
ized (DI) water (EC < 0.5 µS/cm) and analyzed by AAS. The 
multiple procedural blank samples were also prepared for 
contamination and quality checks. All water samples were 
examined at the ISO/IEC 17025:2017-accredited labora-
tory, Institute of National Analytical Research and Service 
(INARS), Bangladesh Council of Scientific and Industrial 
Research (BCSIR), Dhaka, Bangladesh. The digested sam-
ples were used for the analysis of elements by AAS follow-
ing the APHA method (APHA 2017) and our previous report 
(Siddique et al. 2020; Hasan et al. 2020; Habib et al. 2020). 
During analytical measurements, the concentration of ele-
ments was plotted against absorbance to generate calibration 
curves for individual elements. The working standard solu-
tions prepared from the individual stock standard solution 
of 1000 mg/L (Fluka Analytical, Sigma-Aldrich, Germany) 
through dilution with DI water were used for the calibration 
curve construction, and the concentration of each element 
was determined against the generated curve. During the 
analysis, the samples were post-diluted or pre-concentrated 
depending on the abundance of the elements in the samples. 
All samples were analyzed in a triplicate fashion and the 
mean values were reported for each element. The experi-
mental parameters of the element-specific hallow cathode 
lamp used in the AAS instrument during the measurements 
along with the limit of quantification, the limit of detection, 
calibration range, and measurement uncertainty for all the 
analyzed elements are summarized in Table S1.

Quality assurance and quality control in elemental 
analysis

Good analytical laboratory practices were assured to generate 
highly reliable analytical data for water samples as the ana-
lytical chemistry laboratory (INARS, BCSIR, Dhaka, Bang-
ladesh) where we analyzed our samples maintained an ISO/
IEC 17025:2017 accreditation (“general requirements for the 
competence of testing and calibration laboratories”) from the 
Bangladesh Accreditation Board (BAB) for 88 water quality 
parameters. Starting from the sampling to analysis, adequate 
precautions were taken to avoid all kinds of contaminations. 
In the laboratory, the samples and standards were prepared 
using high-quality DI water (EC: < 0.5 µS/cm and resistivity: 
18 MΩ cm at 25 ℃) and analytical grade conc. HNO3 (68% 

pure, Fluka Analytical, Sigma-Aldrich, Germany). Only acid-
cleaned (10% v/v HNO3) and calibrated glassware such as a 
pipette and volumetric flask were used throughout the experi-
ments. The certified reference materials (CRM, obtained from 
Fluka Analytical, Sigma-Aldrich, Germany) as traceable to the 
National Institute of Standards and Technology, USA, and pre-
pared according to the ISO/IEC 17025 and ISO guide 34 were 
used for the generation of calibration curves with high linearity 
(≥ 0.99) for individual elements. The CRM was also used for 
checking the instrument’s performance (sensitivity check), and 
accuracy and precession of analysis. The data production reli-
ability of the instrument was further checked by the analysis of 
the independent check standards of the elements obtained from 
a different source (Scharlau, Spain) than CRM. The preces-
sion of the analysis was also verified by the multiple analysis 
of the same water samples (relative standard deviation, RSD 
less than 5%) selected randomly. The matrix effect of the water 
samples was evaluated through the analysis of spiked samples 
and the recoveries for all elements were within the 93–104% 
with ± 5% RSD. During the sample analysis, the CRM, instru-
mental method blank, sample blank for water samples, and 
spiked samples were analyzed in proper sequence following the 
established internal laboratory “standard operating procedure” 
to assure the generation of high-quality, reliable, accurate, and 
precise data. All samples including the CRM, water sam-
ples, blanks, and spiked samples were analyzed by the AAS 
instrument in a triplicate fashion to report the mean values 
(RSD < 5%). Following the ISO/IEC 17025 management sys-
tems, all analysis was performed by only validated and trained 
analysts as responsible for the analysis of elements in the water 
samples by AAS. To ensure the production of internationally 
accepted data on elements, the laboratory also made intra- and 
inter-laboratory comparisons for the elemental analysis and 
participated international proficiency testing program every 
year with successful completion and passed.

Data illustrations

Spatial distributions of analyzed water quality parameters 
were illustrated by GIS-based interpolation (ArcGIS 10.2) 
where the “inverse distance weighting” technique was 
used. However, analytical data were further evaluated by 
multivariate statistical approaches such as principal com-
ponent, cluster, and correlation analyses using SPSS soft-
ware (version 20) to ascertain their associated patterns and 
source of origin (Hossain et al. 2022; Siddique et al. 2021; 
Hasan et al. 2021).

Water quality index (WQI)

The WQI subjects to the theoretical and mathematical 
expressions that transform determined water-quality data 
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into a single number which demonstrates the level of water 
quality (Horton 1965). Estimation of WQI involves three-
stepped processes which are concise in Eq. (1) (Siddique 
et al. 2021; Islam et al. 2020).

where Ci, Si, wi, qi, Wi, and SIi are the concentrations of each 
parameter, standard values (obtained from WHO 2011 and 
ECR 1997; Table 1), relative weightage (Table S2), water-
quality rating variable, relative weight, and sub-index of ith 
parameters, respectively.

Irrigation indices

Irrigation indices, e.g., sodium adsorption ratio (SAR: 
Richard 1954), soluble sodium percentage (SSP: Todd 
1980), Kelley’s ratio (KR: Kelley 1963; Paliwal 1967), 
magnesium hazard ratio (MHR: Raghunath 1987), total 
hardness (TH: Raghunath 1987), and total dissolved solids 
(TDS: Islam et al. 2018) as calculated using Eqs. (2)–(7) 
are utilized to assess the water quality for irrigation.

Health risk estimation

Health risk assessment is an extensively used method for 
screening the potential adversity of exposure to a particu-
lar chemical (USEPA 1989). The exposure doses for direct 
ingestion (ADDingestion) and dermal absorption (ADDdermal) 
can be calculated as follows (USEPA 2004):

(1)

WQI =
�n

i=1
SI =

�n

i=1
(Wi × qi) =

�

�

(
W

∑i

n
Wi

) × (
Ci

Si
× 100)

�

(2)SAR =
Na

√

(Ca +Mg)∕2

(3)SSP =
Na + K × 100

Ca +Mg + Na + K

(4)KR =
Na

Ca +Mg

(5)MHR =
Mg × 100

Ca +Mg

(6)TH = 2.50 × Ca + 4.12 ×Mg

(7)TDS = EC × 0.64

(8)ADDingestion =
Cw × IR × Absg × EF × ED

BW × AT

where the terminologies (Cw, IR, EF, SA, ET, ED, BW, AT, 
Absg, and Kp) and the reference values are essentially the 
same as that of Ahmed et al. (2021) and are explained in 
Table S3. Non-carcinogenic risk (NCR) can be calculated 
from hazard quotients (HQ) for both ingestion and dermal 
exposure by Eqs. (10)–(12),

where RfDingestion and RfDdermal represent reference doses for 
specific elements (µg kg−1 day−1). Then, the total potential 
NCR can be estimated from the hazard index (HI),

NCR can be considered, only when HQ and HI are > 1 
(USEPA 2004). However, CR for specific elements can be 
estimated by Eq. (14),

where SF is the oral cancer slope factor (mg/kg/day)−1 
(Ahmed et  al. 2021). The tolerable range (1 × 10−6 to 
1 × 10−4) of CR was taken from USEPA (2004).

Results and discussion

Concentrations and spatial distributions of water 
quality parameters in the water of the study area

The descriptive statistics of the physicochemical parameters 
and chemical elements of drinking water collected from the 
study area are shown in Table 1 along with their guideline 
values and literature data. The water quality parameters of 
water samples point out the suitability of water for drink-
ing purposes. The mean temperature and pH in HRW were 
higher compared to those of other potable water sources 
(Table 1; Fig. S1a). The rainwater pH typically varies from 
4.5 to 6.5, which rises slightly while falling on the roof-
top and stored in a water tank. Lower pH in rainwater may 
change owing to the mixing of other chemical constituents 
from air/roof catchment/storage tank. The potential cause for 

(9)ADDdermal =
Cw × SA × Kp × EF × ET × ED × 10

−3

BW × AT

(10)HQingestion =
ADDingestion

RfDingestion

(11)HQdermal =
ADDdermal

RfDdermal

(12)RfDdermal = RfDingestion × Absg

(13)HI =
∑n

i=1

(

HQingestion + HQdermal

)

(14)CR = ADD × SF
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higher pH in HRW may be due to the use of a ferrocement 
roof for collecting rainwater and the leaching of calcium 
oxide from the roof to the storage tank (Handia 2005; Karim 
2010; Islam et al. 2014). An optimal pH level in potable 
water is essential for disinfecting the chlorine which is com-
monly used for drinking water treatment (Macomber 2001).

The mean EC of RFP, PSF, GW, HRW, and PGW samples 
were 2424, 1568, 2335, 777, and 73 µS cm−1, respectively 
(Table 1; Fig. S1b). The conductivity in RFP, PSF, and GW 
was > 1000 µS cm−1 (Table 1) which was greater compared 
to the tolerable limit (1000 µS cm−1) for drinking water 
(ECR 1997). The maximum EC of RFP, PSF, and GW was 
7.8, 2.9, and 4.3 times greater compared to the Bangladesh 
standard limit (ECR 1997), respectively. Conductivity is 
directly related to the contents of dissolved salts in water 
and, hence, to the total dissolved solids (TDS). EC is one 
of the most valuable and normally measured water-quality 
parameters where an abrupt change in the conductivity of 
water indicates contamination (Miller et al. 1988). The mean 
TDS concentrations of RFP, PSF, GW, HRW, and PGW 
samples were found at 711, 789, 866, 378, and 34 mgL−1 
with ranging from 286 to 1505, 257 to 1502, 2 to 1310, 370 
to 385, and 34 to 35 mgL−1, respectively (Table 1; Fig. S1c). 
The maximum TDS concentrations of RFP, PSF, and GW 
were 1.51-, 1.5-, and 1.3-fold higher than the Bangladesh 
standard, respectively. The mean salinities of RFP, PSF, 
GW, HRW, and PGW samples were 0.72, 0.79, 1.21, 0.37, 
and 0.03 ppt, respectively (Table 1; Fig. S1d). For salin-
ity > 0.5 ppt, the water is identified as brackish (Gray and 
Cohen 2011). The maximum salinity of RFP, PSF, and GW 
was 3.1, 3.1, and 4.62 times higher than the freshwater limit, 
correspondingly.

The salinity distribution maps showed that the surface water 
was more saline in the southeastern segment of the study area 
(Fig. S2). Water from the shallow aquifer was also more saline 
in the same part and followed a similar pattern to the main 
rivers, indicating that the shallow aquifer is recharging from 
the saline river water (Hasan et al. 2021; Rashid et al. 2023). 
However, the deep aquifer is more saline in the southwestern 
part of the study area. The salinity intrusion magnitude in the 
groundwater aquifers of the coastal area governs by a rational 
balance of the seawater and freshwater flow (Bhattacharya 
2015). Lam et al. (2021) and Salehin et al. (2018) stated that 
the decrease in the flow of the lower Ganges during the dry 
season pushes seawater inland into rivers and canals through 
vertical penetration into close land which results in the salini-
zation of soil and groundwater in southwestern Bangladesh. 
Salehin et al. (2018) stated that excessive groundwater with-
drawal, which has lowered the groundwater level and rising 
sea levels has caused seawater to occupy coastal aquifers from 
the ocean. Floods and frequent storm surges related to saline 
water from the sea further spoil the situation (Kabir and Golder 
2017; Salehin et al. 2018; Ashrafuzzaman et al. 2022; Rashid 

2023; Rashid et al. 2022a, 2023). The upward revocation of 
the groundwater lessens the probability of freshwater holding 
back the intrusion of salinity. This is an important concern in 
the studied coastal region and the groundwater quality in the 
area is deteriorating considerably due to the seawater intrusion 
impact leading to potential implications on the environment 
and human health.

 In Bangladesh, many coastal community’s intake of salt 
is up to 16 gd−1 from only 2 L of normal potable water 
(Vineis et al. 2011) which was far higher than the acceptable 
daily dietary intake of salt (intake limit: < 5 g; Nishida et al. 
2004). The access intake of salt may cause health dilem-
mas, including hypertension, severe respiratory diseases, 
diarrheal diseases, skin diseases, and miscarriage in preg-
nant women in the study area of Bangladesh (Ministry of 
Environment and Forest 2006). Safe Drinking Water Foun-
dation (SDWF 2018) reported that 80% of all physiological 
problems were triggered by unsafe potable water. Neverthe-
less, nowadays the overall situation of the paucity of potable 
water has been more deteriorated due to the intrusion of 
salinity in the littoral areas of Bangladesh.

Sighting along with the elemental abundances (Table 1; 
Figs. S1 and S3) in the water samples revealed that the 
mean concentrations of Fe in RFP and GW samples were 
significantly higher compared to those of other sources of 
drinking water in this study (Fig. S1e). The maximum con-
centrations of Fe in RFP and GW were 32.6- and 15.9-fold 
higher than the Bangladesh standard, respectively. The 
abundance of Fe in the study area is of geogenic origin. 
Humic substrates can reduce Fe3+ to Fe2+ and form stable 
Fe2+-complexes which in turn inhibit the Fe2+oxidation 
(while contacting with air), thus raising the Fe abundances 
in water (Livens 1991). The availability of Fe in the GW 
samples of the study area can further be attributed to the 
dissolution of siderite (FeCO3) minerals (Islam et al. 2019; 
Rahman et al. 2022). The existence of chlorite (ClO2

−, 
geochemically modified form of ferromagnesian minerals) 
in the shallow aquifer of the area may be another probable 
reason for Fe abundance in the water, especially in the GW 
aquifer (Zahid et al. 2009; Carretero and Kruse 2015; Rah-
man et al. 2022). Higher Fe abundances in drinking water 
can create health risks since an excess Fe-accumulation 
is associated with the formation of oxygen free-radical, 
which are assumed to be carcinogenic (Stevens 1990). 
Islam et al. (2014) also found high Fe concentration in 
RFP water. However, the mean abundance of Fe was sig-
nificantly lower in PSF water similar to an earlier study by 
Islam et al. (2014). Therefore, PSF reduced Fe concentra-
tions significantly. Hence, uptaking the PSF water instead 
of RFP water can lessen the health risks from Fe exposure.

The maximum concentrations of Mn in RFP and GW 
were 2.02 and 1.48 times higher than the Bangladesh 
standard. The mean contents of Mn in RFP water samples 
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were significantly greater compared to those of other 
sources of potable water (Fig. S1f). The mean contents of 
Mn were much lower in PSF water (Fig. S1f). Therefore, 
PSF reduced Mn concentrations significantly similar to Fe 
concentrations. Hence, health risks from Mn exposure can 
be reduced by consuming PSF water instead of RFP water. 
Naturally, Mn occurs in the pedosphere that may leach out 
into the surface water (WHO 2011). Therefore, Mn in RFP 
and PSF water can originate from the soil-surface runoff.

The mean Zn concentrations from different potable 
water samples evaluated in the present study were lower 
compared to the WHO (2011) and ECR (1997). Though, 
the concentrations in HRW were higher than in other 
sources of water (Fig. S1g). Ward et al. (2010) identi-
fied the roof catchments as the potential source of Zn in 
harvested rainwater where high levels of Zn enter into the 
water by the erosion of Zn-covered roofs (Gromaire et al. 
2002; Islam et al. 2014).

The measured Ca contents for RFP, PSF, GW, HRW, and 
PGW samples were found to be ranged from 33.1 to 187, 36.1 
to 98.0, 6.5 to 195, 2.6 to 2.8, and 5.25 to 5.29 mgL−1 with the 
mean concentrations of 89.0, 77.0, 111, 2.70, and 5.27 mgL−1, 
respectively (Table 1; Fig. S1h). The maximum concentrations 
of Ca in RFP, PSF, and GW were 2.5-, 1.3-, and 2.6-fold higher 
than the Bangladesh standard, respectively. The measured 
maximum concentrations of Mg in RFP, PSF, and GW were 
1.2, 1.3, and 1.5 times greater compared to ECR (1997) recom-
mendation, respectively. The mean contents of Ca and Mg in 
HRW and PGW were particularly low (Table 1; Figs. S1h and 
S3a). Such a paucity of Mg and Ca in drinking water triggers 
numerous diseases in the dwellers who utilized this water for 
drinking and other domestic purposes. Rainwater has the prob-
able scarcity of some essential chemical elements such as Ca 
and Mg (Uba and Aghogho 2000). Furthermore, Mg-loss from 
the food is generally higher while cooking the food in Mg-poor 
water (Haring and Delft 1981). The Mg and Ca deficiencies 
in potable water of HRW and PGW could cause deficiency of 
these elements since Ca and Mg are considered bio-essential 
metals. Yang et al. (2006) demonstrated through an epidemio-
logical study that Mg from potable water can reduce the risk of 
death from cardiovascular diseases, although the major portion 
of Mg-intake in human physiology comes from food instead 
of only drinking water. Nevertheless, for individuals with Mg 
deficiency in drinking water in the coastal area of Bangladesh, 
water-borne Mg can make a significant impact on their total 
consumption.

The mean concentrations of Na in the GW sample were 
higher than the recommended values (200 mgL−1) proposed 
by WHO (2011) and ECR (1997). The maximum concen-
trations of Na in RFP, PSF, and GW were 2.1-, 1.9-, and 
2.4-fold higher than the Bangladesh standard, respectively. 
The maximum concentration of K in RFP water is 1.5 times 
higher compared to the ECR (1997) guideline. The mean 

concentrations of Cu and Co from different potable water 
samples evaluated in the present study were lower compared 
to the WHO (2011) and ECR (1997) guidelines (Table 1; 
Fig. S3d, e), indicating these waters suffer Cu deficiency. 
The maximum concentrations of Pb in RFP, PSF, GW, and 
HRW were 1.4, 1.6, 1.4, and 1.4 times higher than the Bang-
ladesh standard, respectively. Higher Pb concentration in 
RFP and HRW may be originated from agricultural fertilizer 
and runoff from the galvanized iron roof of the study area 
(Simmons et al. 2001). The chemical elements, viz., Cr, Cd, 
and Ni, are absent in all samples (i.e., below the detection 
limit and not shown in Table 1).

The analyzed parameters of the collected RFP and GW 
samples are compared with those of relevant previous 
reports in Bangladesh and some other countries in Tables 1, 
S4, and S5. As compared in Table 1, the values of EC were 
found higher than in most of the previous studies on surface 
water. The concentrations of Fe, Mn, Zn, K, Cu, Co, Pb, 
and As are almost comparable with the previous literature. 
However, the concentrations of Ca and Mg are much higher 
than the compared literature, indicating contribution from 
saline water. The concentration of Pb in the surface water 
of this work (0.06 mgL−1) was analogous to some of the 
regions in Bangladesh. Only the surface water of the Dhaka 
region presented remarkably high Pb abundance (Table S5). 
The surface water of Pakistan, China, Thailand, Cambodia, 
and South Korea possesses a lower Pb concentration than the 
water of Bangladesh, but surface water bodies in Nepal and 
Srilanka had significantly higher Pb content than the present 
study. On the other hand, As content in the surface water 
of the study area (0.009 mgL−1) was comparable to some 
other coastal cities (Chattogram and Khulna) in Bangladesh. 
However, the other part of the country had a high As concen-
tration, except Rajshahi city. China and Cambodia possess 
lower As levels in their surface water compared to Bangla-
desh (Table S5). Mn level in the water samples of the present 
work was higher than in the water of India, Nepal, Srilanka, 
China, and Thailand. Cobalt in surface water in the studied 
area had a lower concentration than in the other parts of the 
country. However, the finding was comparable to Cambodia 
(Table S5). Copper concentration in this study was notice-
ably lower than in the other parts of Bangladesh. However, 
except for Pakistan, all other Asian countries possess lower 
Cu levels compared to that of the present study in Bang-
ladesh. Zinc concentration in the present study was com-
parable to most Asian countries. Depending on the above 
comparative study, it was noticed that the concentration of 
the studied elements in water samples was reported to be 
considerably higher compared to the other Asian countries. 
It delineates that the pollution level of toxic elements in the 
water samples is threatening in the southwestern coastal area 
of Bangladesh, and thus, proper measures should be adopted 
to lessen it immediately.
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The spatial distributions of water quality parameters of 
RFP and GW are shown in Figs. 2 and 3, respectively. In 
RFP water, the distribution of salinity, TDS, and EC pos-
sess significant positive correlations across the study area. 
Similarly, homogeneous spatial distribution patterns were 
observed for salinity, TDS, EC, Fe, Mn, Zn, Ca, Mg, Na, 
K, Cu, Co, and Pb, except for As. In GW, the distributions 
of salinity, EC, and TDS also showed significant positive 
correlations across the region similar to RFP. Homogene-
ous patterns of spatial distribution were noticed for salinity, 
TDS, EC, Mg, Na, and Pb. However, distribution patterns of 
As, Fe, Mn, Zn, Ca, K, Cu, and Co are different from other 
parameters. The overall distribution pattern implied that the 
salinity, trace elements, and other ions have some associa-
tion to enter the water of the study area.

Pollution source identification

The inter-relationships among water quality parameters can 
be utilized to evaluate their probabilistic sources (Hasan 
et al. 2021; Siddique et al. 2021) as well as the hydro-geo-
chemical nature of the water sources (Islam et al. 2019). 
Multivariate statistical approaches including principal com-
ponent, cluster, and correlation analysis were employed to 
know the associated patterns of the analytical datasets of the 
water quality parameters for groundwater (GW) and rain-
fed pond (RFP) water only since these water sources were 
not treated like other water sources which were treated by 
several techniques, and thus, original content of the water 
contaminants in relation to the natural environment cannot 
be found.

The results of the principal component analysis (PCA) 
of water quality parameters for both GW and RFP water are 
shown in Table S6 which explained the cumulative variances 
of 91.30% and 91.12%, respectively. In the PCA of water 
quality parameters for both GW and RFP, four principal 
components/factors were identified (Fig. 4a, b) as respon-
sible for controlling the water geochemistry. In GW, PC1 
represents 30.15% of the total variance, which was strongly 
loaded with conductivity, salinity, and Na while moderately 
loaded with Fe, Pb, and As. The loading of principal com-
ponents is referred to as weak, moderate, and strong for 
the component scores of 0.30–0.50, 0.50–0.75, and ˃ 0.75, 
respectively (Ahsan et al. 2019). The strong loading of con-
ductivity, salinity, and Na on PC1 can be corroborated by the 
intrusion of saline water in the groundwater aquifer of the 
studied area (Hasan et al. 2021). The strong significant load-
ings of salinity-affiliated parameters may have contributed 
to raising the dissolution of higher co-contaminants in the 
littoral aquifer. The loading of Fe, Pb, and As indicated their 
essential geogenic source of origin in the water. The PC2 
accounts for 25.89% of the total variance where strong posi-
tive loadings were observed for Mg and moderate positive 

loadings were observed for Fe and Ca, indicating the geo-
genic source of origin of Mg, Fe, and Ca in water. The Fe 
and As showed positive loadings on three components, PC1, 
PC2, and PC3, indicating their common distribution in the 
groundwater aquifer. The third component, PC3, covers 
17.75% of the total variance where strong positive loadings 
were found for TDS and Co. The strong significant load-
ings of TDS-affiliated components can have empowered the 
dissolution of more co-contaminants in the littoral aquifer. 
The fourth component, PC4, explained 17.52% of the total 
variance in which Zn is strongly loaded and moderate posi-
tive loadings were observed for temperature, K, and Cu. 
The elemental loadings of K and Cu are corroborated by the 
common geogenic source of origin in the water of the study 
area. Higher contents of saline water raise the dissolution 
rate of co-contaminants in the drinking water, whereas TDS 
and EC levels demonstrated positive correlations among the 
co-contaminants (e.g., trace elements). In GW, conductivity 
and salinity loaded positively in three components. Thus, the 
pollutants in this water can be positively triggered by con-
ductivity and salinity, which would elevate the abundance 
of each component in the water.

In RFP water, PC1 accounted for 34.66% of the total 
variance in which the governing variables were tempera-
ture, Fe, Zn, Ca, and Cu, indicating the common source of 
origin of these elements in the water. The PC2 represents 
29.39% of the total variance. Here, the major variables 
are TDS, salinity, Mg, and Pb, which indicate the com-
mon source of origin of these elements in the water and 
could be positively empowered by the intrusion of saline 
water (Hasan et al. 2021). The third component PC3 cov-
ers 18.81% of the total variance in which the governing 
variables are conductivity, K, and Co which indicates the 
common source(s) of origin of K. The K is assumed to be 
positively triggered by EC, which can raise the K-content 
in the water. The fourth component PC4 explained 8.27% 
of the total variance and loaded positively with Mn and 
As. Loading of these elements confirmed their geogenic 
source of origin in the area (Islam et al. 2019). The pH and 
temperature loaded positively in three components. Thus, 
most of the pollutants in RFP water could be positively 
triggered by pH and temperature which would elevate the 
abundance of each component in the coastal aquifer.

The cluster analysis (CA) of the water quality param-
eters for both GW and RFP water demonstrated four major 
clusters (with the phenon line set to a rescaled distance of 
about 15) in the dendrogram (Fig. 5) and the outcomes 
are consistent with the results of their PCA. For GW sam-
ples, the parameters such as conductivity, salinity, Na, and 
Pb are grouped into cluster 1 (Fig. 5a), which are also 
loaded positively on PC1 (Table S6). The other parameters 
forming cluster 2, 3, and 4 also showed similar types of 
association in PC2, PC3, and PC4, respectively. Similarly, 
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Fig. 2   Spatial distribution of physicochemical parameters and chemical elements in RFP water
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Fig. 3   Spatial distribution of physicochemical parameters and chemical elements in GW
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the water quality parameters for RFP water which form 
clusters 1, 2, 3, and 4 (Fig. 5b) also loaded positively on 
PC1, PC2, PC3, and PC4, respectively. The similar group 
of loadings on PCA as well as similar clustering of the 
same water quality parameters in the dendrogram obtained 
from the cluster analysis indicate their common source of 
origin in the studied water samples (Hossain et al. 2022; 
Hasan et al. 2021; Siddique et al. 2021).

In the correlation analysis of water quality parameters 
of GW samples (Table S7), conductivity, salinity, Na, and 
Pb showed a significant positive relationship with each 
other. The Mn revealed a strong correlation with Ca. TDS 
is positively correlated with Co, Fe, and As. Temperature 
showed a positive correlation with pH, Zn, Mg, K, and Cu. 
In RFP water, temperature, Fe, Zn, Ca, and Cu showed a 
positive correlation among them. TDS is positively cor-
related with the salinity, Mg, Na, and Pb. The conductiv-
ity is found to be associated with Co and Pb, while Mn 
and As are correlated with each other. All the associations 
among the water quality parameters of GW and RFP water 
are supported by the outcomes of the PCA and CA. The 
internal relationships among water quality parameters dis-
closed that some of the chemical elements originated from 
their common source or geogenic source. But the elevated 
levels of saline water raised the dissolution rate of these 
elements in the littoral aquifer as well as surface water, 
while TDS, EC, pH, and temperature generally demon-
strated positive correlations with the chemical elements.

The overall outcome of multivariate analyses indicates 
a significant impact of saline water intrusion on the water 
quality of the study area along with other potential geo-
genic contributions. In a nutshell, the intrusion of seawa-
ter impacts significantly the coastal aquifer, water quality, 
water suitability for irrigation, and possible human health 
risks (Kabir et al. Kabir and Golder 2017; Salehin et al. 
2018; Ashrafuzzaman et al. 2022).

Hydro‑geochemical evaluation

Hydro-geochemical processes, e.g., evaporation and 
water–rock interaction, can be categorized by a wide range 
of lithogenic influences, e.g., silicate weathering, carbonate 
dissolution, evaporate dissolution (Kumar et al. 2014), etc. 
These kinds of lithogenic influences can be evaluated by 
the bivariate plots. To recognize and categorize the diverse 
water geochemistry, GW and RFP water samples were con-
sidered since these water samples have a direct connection 
with the sediments. The measured water quality parameters 
are processed and represented on the scatter diagrams to ena-
ble the assessment of evolutionary trends. The molar ratio 
of Ca/Mg implies the dolomite and calcite dissolution in 
groundwater (Ca/Mg = 1: demonstrates dolomite dissolution; 

1 < Ca/Mg < 2: calcite dissolution; and Ca/Mg > 2: silicate 
dissolution) (Paul et al. 2019). The weathering processes of 
calcite (CaCO3) and dolomite [CaMg(CO3)2] can be written 
as (Mohamed and Zineb 2015; Nasher and Ahmed 2021).

An overall depiction of hydrogeochemical data could be 
understood possibly by the hydrochemical facies of water, usu-
ally known as water-type using ionic composition (Mohamed 
and Zineb 2015). The scatter diagram of samples and Ca/Mg 
showed that most of the ratios of GW and RFP were > 2 and 
some ratios were between 1 and 2 (Fig. S4), suggesting the 
dominating factor of silicate weathering as well as calcite 
weathering. The earlier research (Nasher and Ahmed 2021) 
also stated that hydrogeochemical properties in water samples 
of the GBM delta areas were dominated by silicate weathering.

Water pollution and quality assessment

To get an inclusive assessment of water quality, influences 
of all quality parameters should be considered. About 67% 
of samples had a pH above the Bangladesh drinking water 
standard (6.5 and 8.5, ECR 1997) (Tables 1 and S8). Around 
71, 67, and 100% of samples of RFP, PSF, and GW, respec-
tively, possess higher EC compared to that of Bangladesh 
drinking water standard (Table S8). Considering TDS val-
ues, about 29, 17, and 43% of samples of RFP, PSF, and GW, 
respectively, were higher than the standard of drinking water 
quality for Bangladesh (1000 mgL−1, ECR 1997) (Tables 1 
and S8). About 57, 67, and 100% of samples of RFP, PSF, 
and GW had brackish water, respectively (Table S8), and 
about 29% of both RFP and GW samples possess higher 
Fe contents than the Bangladesh drinking water standard 
(0.3 mgL−1, ECR 1997) (Table S8). About 71 and 14% of 
samples of RFP and GW, respectively, had Mn contents 
above the Bangladesh drinking water standard of 0.1 mgL−1 
(ECR 1997) (Table S8). About 57, 50, and 86% of samples 
of RFP, PSF, and GW, respectively, exceeded the Ca con-
tents mentioned in the Bangladesh drinking water quality 
standard (75 mgL−1, ECR 1997) as well as WHO recom-
mendation (100 mgL−1, WHO 2011) (Table S8). About 57, 
67, and 86% of samples of RFP, PSF, and GW, respectively, 
had Mg levels above the Bangladesh drinking water qual-
ity standard (Table S8). Considering the mean value of Pb, 
about 71, 33, 43, and 67% of samples of RFP, PSF, GW, 
and HRW, respectively, were above the standard of drinking 
water quality of Bangladesh (0.05 mgL−1, ECR 1997) and 
WHO (2011) recommended values (0.01 mgL−1) (Table S8). 
For this reason, weightage-based WQI was used in this 
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study. It can be observed that all water samples of this study 
had WQI ranging from 18.16 to 429.7 (Table S9) reflect-
ing an “excellent” to “unsuitable” category of water quality. 
Estimated WQI demonstrated that water samples from dif-
ferent sources possess diverse qualities. The poor to unsuit-
able natures of water samples were collected from RFP, PSF, 
and GW, although two samples from PSF had good quality 
for consumption. Though RFP, PSF, and GW had a poor to 
unsuitable nature of water samples, HRW and PGW showed 
excellent to good quality water. Similarly, Chakraborty et al. 
(2007) demonstrated that in terms of WQI values (range: 
68–621), 26 and 17% of groundwater samples from West 

Bengal (India) can be categorized as “very poor” and “water 
unsuitable for drinking,” respectively.

Irrigation feasibility study

The status of irrigation water existing for irrigation purposes 
has momentous impacts on the growth and yield of crops. 
Climate change empowered sea-level rise and anthropo-
genic activities can introduce an additional load of salinity 
to the freshwater reservoirs of the littoral and estuarine areas 
(Rashid et al. 2013; Kabir et al. Kabir and Golder 2017; 
Salehin et al. 2018; Lam et al. 2021; Ashrafuzzaman et al. 
2022; Rashid 2023; Rashid et al. 2023), which invoke the 
study of irrigation water assessment. Irrigation water with 
high salinity may change the chemical and physical charac-
teristics of agricultural soil which can affect the crop’s yields 
and quality by degrading soil structure, excess Na-toxicity in 
plants, and depleting K and Ca in agricultural fields (Rawat 
et al. 2018). Irrigation indices such as SAR, SSP, KR, MHR, 
TH, and TDS were used in this study to calculate the water 
value for irrigation. Only GW and RFP water samples were 
utilized for the irrigation feasibility study since these waters 
were used for irrigation purposes. Sampling location-wise 
average irrigation indices for RFP and GW samples with 
their uncertainties (1σ) are shown in Fig. S5 with their cor-
responding categorizations (by dotted lines).

SAR is a primary assessment of probable Na accumula-
tion by agricultural soil at the expense of K, Mg, and Ca as a 
result of sodic water utilization for irrigation. SAR values for 
most sampling locations were less than 10 and other values 
were less than 18, which implies little or no adverse effect 
on irrigation. SSP values were > 40 to < 80, which positioned 
in the “doubtful” region among which only one groundwa-
ter sample was categorized as a “good” source of irrigation 
water. Likewise, KR values were > 1 for most of the samples 
which ascribed to their direct interaction of them with the 
seawater. Considering the uncertainties (SD: 1σ) of MHR, 
all samples can be recommended for irrigation. Furthermore, 
water samples from all the locations were hard to very hard, 
and three water samples showed the best irrigation quality 
and the rest of the samples remained at moderate irrigation 
quality in terms of TDS.

Moreover, the water classifications by the US Salinity 
Laboratory (USSL) were presented (Fig. S6) to assess the 
appropriateness of the water samples of the studied area for 
irrigation purposes (Xiao et al. 2020). As shown in Fig. S6, 
most of the water samples fall in the category of high to 
very high salinity and medium to very high alkalinity (SAR), 
demonstrating their comparable nature and almost the same 
sorts of contamination source(s). Hence, most of the water 
samples were unsuitable for irrigation use. Only one sample 
(S1 from RFP water) falls in the category of medium salinity 

Fig. 4   a) Principal component analysis of the analyzed water quality 
parameters for GW of the study area by scree plot of the characteristic 
roots (eigenvalues) and component plot in rotated space. b) Principal 
component analysis of the analyzed water quality parameters for RFP 
water of the study area by scree plot of the characteristic roots (eigen-
values) and component plot in rotated space
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and two samples (S1 from RFP water and G2 from GW) 
fall in the category of low alkalinity (SAR). This unsuitable 
nature of water for irrigation use is attributed to the impact 
of the salinity water intrusion in the study area.

Assessment of human health risks

Human health risk assessment from seven toxic elements 
(Fe, Mn, Zn, Cu, Co, Pb, and As) was conducted for both 
children and adult inhabitants, and data were presented in 
Fig. S7 and Table S10. This attempt is the first-ever study to 
conduct a human health risk assessment by the potentially 
hazardous elements in the drinking water of the study area.

Non‑carcinogenic risks

The hazard index (HI) is utilized in this study to understand 
the overall potential health risks instigated by elemental con-
tents in water, which is the sum of hazard quotients (HQs) 
calculated for all probable routes of elemental exposure. HQ 
and HI values for the specific elements owing to dermal and 
ingestion contacts for children and adults are presented in 
Fig. S7a–g and Table S10. Overall, considering the uncer-
tainties (SD: 1σ), the average HI values (Mn of RFP and 
GW; Cu of PGW; Pb from all sources of water; and As of 
RFP water) for both age groups surpassed the safe limits 
(> 1), indicating that all sources of water possessed poten-
tial health risks. The Mn, Cu, Pb, and As were the foremost 
contributors to the dermal and ingestion exposures, while the 

other elements of this study were comparatively less impor-
tant with respect to health risks.

Element-specific major influences on HI values followed 
the descending order of Pb > As > Mn > Cu > Fe > Zn > Co, 
for both children and adults, where HI of Mn, Cu, Pb, and As 
surpassed 1, which can be responsible for the severe health 
risks to the residents. Though Mn is essential for human 
health, long-term exposure to a high concentration of this 
element in drinking water may cause neurological disorders 
(WHO 2011). Infants are exceedingly susceptible to high 
Mn contents in drinking water as it interrupts their intel-
lectual growth during pregnancy. Bouchard et al. (2007) 
demonstrated that children with Mn exposure through drink-
ing water were positively correlated with hyperactive class-
room behaviors. An earlier study (Wasserman et al. 2006) 
also presented that high Mn content in drinking water can 
affect the intellectual development of school-aged children. 
Manganese concentrations in groundwater are mostly gov-
erned by the reductive dissolution of Mn (IV) oxyhydrox-
ides which primarily depends on numerous environmental 
factors such as redox potential, pH level, type and distri-
bution of ions in water, precipitation of secondary mineral 
phases, and microbial activities (Halim et al. 2014; Hasan 
et al. 2007; Huang et al. 2015). Copper is a “probable human 
carcinogen” because of an inconclusive sign of human carci-
nogenicity (WHO 2004). Lead is also a “possible human car-
cinogen” because of inconclusive evidence of humans and 
sufficient evidence of animal carcinogenicity (WHO 1996). 
Arsenic was also a potential pollutant in water where high 
levels of As in potable water cause dermal lesions such as 

Fig. 5   Dendrogram obtained by hierarchical clustering analysis of the analyzed water quality parameters for (a) GW and (b) RFP water of the 
study area
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hypopigmentation and hyperpigmentation, peripheral neu-
ropathy, skin cancer, peripheral vascular disease, and blad-
der and lung cancers (WHO 2011).

However, the calculation of such health risks consists of 
uncertainties owing to (1) potential variations of RfD values 
(USEPA 2004) to the considered population, (2) dissimi-
larities of ages and exposure frequencies, and (3) alteration 
of risk elements by the interactions with physicochemical 
properties of aquatic body (Wu et al. 2009). Hence, this 
study represents a preliminary health risk evaluation, and 
more accurate assessments of the toxic elements should be 
conducted.

Carcinogenic risks

The carcinogenic risks (CR) of As from water are pre-
sented in Fig.  S7h and Table  S10. Considering the 
uncertainties (SD: 1σ), the CRingestion values of As of 
all sources of water (except PGW) for both adults and 
children were higher compared to the permissible limit 
(1 × 10−6 to 1 × 10−4) of cancer risks recommended by 
the USEPA (2004). These findings appeal that As may 
cause harmful risks to the local inhabitants via water 
consumption. Minor CRdermal values compared to the per-
missible limit (1 × 10−6) indicate insignificant risks of 
carcinogenicity through dermal exposure. Therefore, a 
sensitive group of local occupants should be taken more 
care of high As in waters in the southwestern coastal area 
of Bangladesh. In the future, a more elaborated study on 
different water sources should be carried out in these 
areas with high abundances of potentially toxic elements 
that induce severe health problems.

Recommendations

To overcome the fresh water scarcity in the studied south-
western coastal area of Bangladesh and achieve the UN 
SDGs, it is essential to have an integrated plan. The follow-
ing recommendations are made from this study to mitigate 
drinking water scarcity and improve the overall water quality 
in the study area, and for the policymakers to take appropri-
ate steps in this regard.

•	 Contamination-free freshwater aquifers should be identi-
fied in the study areas and their water quality should be 
checked periodically before use by the residents.

•	 Sufficient rain-fed freshwater ponds should be excavated 
in the areas under government control and also the high 
enough embankments of the ponds should be ensured to 
protect them from tidal surges or saline water intrusion 
during cyclone surges in consideration of climate change 
and sea level rise.

•	 Installation of rainwater harvesting systems (HRW) 
should be ensured in every family in the area and the gov-
ernment can take proper steps in this regard by providing 
funds and technical support through an HRW-installation 
project.

•	 Installation of modern water filtering machines and their 
easy access to the local dwellers can ensure the safe 
drinking water supply in the area, especially for those 
that are now exposed to the risk.

•	 Proper measures should be adopted by carrying out more 
fruitful research regarding the remediation and mitigation 
of water contaminants in the study area to prevent health 
risks from higher levels of potentially toxic elements in 
differential water sources of the area.

•	 Considering the diverse water sources in the study area, it 
is suggestive for continuous monitoring of water quality 
to determine the accepted level of contaminants prior to 
use by the local habitants.

•	 In all cases, the collaborative involvement of local gov-
ernment, people, and policymakers should be ensured for 
regular monitoring of these works regarding safe water 
management in the study area.

Conclusions

The physicochemical parameters, viz., pH, EC, TDS, 
salinity, and elemental concentrations of Fe, Mn, Ca, Mg, 
Na, K, and Pb, in different drinking water samples from 
the southwestern coastal area of Bangladesh exceeded 
their corresponding recommended standard limits. The 
maximum values of physicochemical parameters (e.g., 
EC, TDS, and salinity) in RFP, PSF, and GW were 1.3 
to 7.8 times higher than the Bangladesh standard limits. 
However, the elemental contents of Na, Ca, Pb, Mg, Fe, 
and K were 1.2 to 32.6 times higher compared to the cor-
responding recommended limits. Multivariate analyses of 
the water quality parameters implied a potential impact 
of seawater intrusion on the studied aquifers along with 
some other geogenic contributions. The study suggested 
that high salinity increased the dissolution rate of trace 
elements and major metals in the water sources. The ionic 
composition of surface and groundwater indicates the 
silicate as well as calcite dominating weathering in the 
study area, which in turn affects the irrigation suitability 
of the studied water sources. The SSP values of the surface 
and groundwater were > 40 to < 80, and these fall in the 
doubtful region of irrigation. The SSL indicates that most 
of the samples were high to very high salinity category 
and medium to very high alkalinity (SAR), demonstrating 
their similar nature and almost the same types of contami-
nation sources. On the other hand, element-specific pre-
dominant contributions to HI values for non-carcinogenic 
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risks followed the order of Pb > As > Mn > Cu > Fe > Zn 
> Co, for both adults and children, where Mn of RFP and 
GW, Cu of PGW, Pb from of all sources of water, and 
As of RFP water for both age groups exceeded the safe 
limits (> 1). The CRingestion values of As from all sources 
of water (except PGW) for both adults and children are 
greater than the permissible limit (1 × 10−6 to 1 × 10−4) of 
cancer risks. Hence, this study reveals the unsuitability 
of water for drinking and domestic uses due to the higher 
levels of physicochemical and potentially toxic elements 
in differential water sources. Therefore, appropriate filtra-
tion and regular monitoring are invoked to ensure public 
health safety in the study area (southwestern Bangladesh).
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