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Abstract
In this research, we intended to appraise the hydrogeochemistry and human health risks of groundwater (GW) in southwestern
Bangladesh, applying hydrogeochemical techniques, GW quality index (GWQI), several pollution indices, and mathematical
health risk models. The trace elements (TEs) and ionic composition of GW samples were analyzed by atomic absorption
spectroscopy and ion chromatography (AAS-IC) technique. The evaporate dissolution, silicate weathering, and ionic exchange
processes control the hydrogeochemistry in GW. The GWQI revealed that 34% of samples were poor to very poor quality for
drinking purposes, whereas irrigation water quality indices suggested moderate suitability of GW. The mean hazard quotient
(HQ) and hazard index (HI) exceeded the tolerable level for adults and children, making substantial chronic health impacts on
humans. The estimated carcinogenic risk of As and Pb surpassed the upper level of 1 × 10–4 for both aged populations. Overall,
the results indicate that the local inhabitants have detrimental health risks; hence, effective regulation and proper measures should
be concentrated for continuous monitoring, assessment, and remediation of As, Mn, Pb, and Hg in the study area.
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Introduction

Bangladesh utilizes approximately 4% of world GW re-
sources which met up its 98% national water requirement

(Hanasaki et al. 2018; Shamsudduha et al. 2018). Protection
of GW quality from diverse geogenic (naturally occurring
arsenic, fluoride, salinity, iron, and manganese) and anthropo-
genic inputs such as agriculture, industry or human settle-
ments are key issues in Bangladesh (Rahman et al. 2017a;
Islam et al. 2021). An earlier study revealed that approximate-
ly 97% population of Bangladesh uses GW as drinking water,
and nearly 70–86% of water is used for irrigation purposes
(Kabir et al. 2021). GW scarcity is severe in the southern
coastal belt of Bangladesh compared to the northern part, be-
cause of the elevated level of As, Fe, and salinity problems.
Furthermore, the southern part has 710 km coastline which is
vulnerable to different natural disasters, i.e., cyclone, storm
surges, saltwater intrusion, and sea-level rise. As a result, the
soil, surface water, and even GW quality of this province has
been intensifying through trace elements (TEs) pollution and
increased salinity levels (Anny et al. 2017; Kabir et al. 2017;
Kabir et al. 2018; Salam et al. 2019; Kayes et al. 2019; Kabir
et al. 2020; Islam et al. 2019, 2020a; Hasan et al. 2021).Water
quality relies on physicochemical and biological features
(Hassan et al. 2016); different natural and anthropogenic fac-
tors control these properties (Kumar et al. 2021). Chemical
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characteristics of GW vary with different hydrogeochemical
processes and those mechanisms are well established bymany
researchers (Bhuiyan et al. 2016; Islam et al. 2017a, 2017b,
2017c; Ahmed et al. 2020; Rahman et al. 2021).

Thus, the origin of the chemical composition can be deter-
mined through the knowledge of hydrogeochemistry of GW
(Thilagavathi et al. 2012), and this knowledge is also required
to understand GW resources management (Islam et al. 2018).
However, TEs are toxic depending on their level of concen-
tration, persistent, and carcinogenic (Islam et al. 2017c), con-
sumption of TEs-contaminated GW causes different problems
in human health (Smith et al. 2000; Mridul et al. 2020; Kabir
et al. 2021a; Tasneem et al. 2021; Ahmed et al. 2021), hence
require efforts to assess the human health risk (HHR) and
subsequent management applying different mathematical
and traditional health risk models (Kabir et al. 2020).
Therefore, integration of water quality appraisal and monitor-
ing for drinking and agricultural purposes along with HHR
assessment can protect life and the environment (Islam et al.
2020b).

Many researchers have employed water quality index
(WQI) for evaluating the water quality of any region where
the index value depends on the input parameters in GW
(Singh et al. 2018; Shahid et al. 2014) but WQI values alone
cannot exhibit any evidence of the sources of GW pollution.
Thus, for a better evaluation of drinking water quality, differ-
ent pollution evaluation indices have been used with the WQI
analysis (Shahid et al. 2014). Different types of pollution ap-
praisal indices such as heavy metal evaluation, heavy metal
pollution, and degree of contamination indices are usually
adopted to assess the level of TEs contamination in water
(Edet and Offiong 2002; Rikta et al. 2016; Sultana et al.
2016). To appraise the irrigation water quality, several indices
have frequently been used, such as sodium adsorption ratio
(SAR), magnesium adsorption ratio (MAR), residual sodium
bicarbonate (RSBC), or soluble sodium percentage (SSP)
(Ashraf and Afzal 2011).

Spatial patterns of irrigation water quality indices can de-
termine the possible sources of contamination and identify the
polluted area. Few studies have addressed on the health effects
of TEs contamination for drinking use; however, a systematic
investigation on the usage of GW for irrigation is still less
explored. The GW contamination in the southern part of
Bangladesh is increasing gradually by both geogenic and an-
thropogenic sources as reported by several scattered research
(Islam et al. 2020c; Hasan et al. 2019).

We hypothesize that Upazilla wise characterization of GW
hydrogeochemistry, quality, and potential health risks to the
local community of southwestern Bangladesh could ensure
sustainable GW management. Moreover, so far, no prior re-
search has intended to appraise the hydrogeochemistry, qual-
ity, and probable health risk to humans of GW over the study
basin. Such analysis can give a comprehensive idea of the GW

quality status in the designated area. This study scientifically
appraises water hydrogeochemistry and quality in the Jashore
Sadar Upazila (JSU). Thus, it is imperative to appraise the GW
quality and explore the key hydrogeochemical factors
influencing hydrochemistry which ultimately affect GW suit-
ability for drinking as well as agricultural usage. The major
objectives of this research are (1) to characterize the
hydrogeochemistry of the study area, (2) to detect the key
factors influencing the hydrogeochemical process of GW,
(3) to evaluate the GW and irrigation water suitability and
their spatial variation in the study area, and (4) to appraise
the potential HHR posed by TEs in water to humans via oral
ingestion. The outcomes of this research will be helpful for
sustainable GWmanagement and protecting GW resources in
the study area.

Materials and methods

Study site description

JSU under Jashore district is positioned in the south-western
section of Bangladesh. It is a coastal region and geographical-
ly, the area encompasses between latitude 23°06′ to 23°20′ N
and longitude 89°04′ and 89°22′ E (Fig. 1). According to the
physiographic subdivision, the study area falls in the old
Ganges River floodplain (Brammer 2012). The approximate
space of the upazila is 435.22 km2 with a total population of
742.898 (BBS 2011). The study area falls into a tropical mon-
soon climatic region with a mean annual rainfall of 2000–
2400 mm, increasing from southwest to northeast (Islam
et al. 2019). The JSU shows seasonal rainfall variation with
70–80% of rainfall happening in the monsoon rainy season
(June–September), often led to heavy flood. Generally, GW is
the prime source of drinking water for local respondents of the
study area. The aquifer system of the area is mostly uncon-
fined to leaky confined type and GW can be found within a
few meters of the surface. Lithologically, the upper shallow
aquifers are comprised of fine to very fine sands and the
deeper aquifers are consisting of medium to coarse sand
(Ahmed et al. 2004; Rahman et al. 2020). The alluvial deposit
is developed in the southern Bengal basin and floodplain, and
there is a distribution of thin water pocket, fine sand bearing
particles bounded by coarse sand layers. This region embodies
by a smooth hydraulic gradient, higher runoff, and good water
variation (Islam et al. 2016a, b).

Hydrogeological settings of the study area

The investigated area falls within the western part of Faridpur
Trough of Bengal Foredeep (Alam 1990) and is located on a
natural levee of the Rupsha and Bhairab Rivers and character-
ized by Ganges tidal floodplains with low relief, criss-crossed
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by rivers and water channels, and surrounded by tidal marshes
and swamps. The surface lithology of the area is of deltaic
deposits which are composed of tidal deltaic deposits, deltaic
silt deposits, and mangrove swamp deposits (Alam 1990). The
aquifers in and around the study area are generally multilay-
ered varying from unconfined to leaky-confined in the shal-
low alluvial deposits and confined in the deeper alluvial de-
posits (Uddin and Lundberg 1998). The aquifer systems of the
study area can be classified into twomajor classes: the shallow
aquifers ranging from depth ~ 10 to 150 m and deep aquifers
generally > 180 m depth. The water of this aquifer is generally
brackish or saline with few isolated fresh water pockets
(DPHE 2006).

Analytical procedures

Thirty samples were collected on a purposive random basis
from the tubewells which cover each union of the JSU (Fig. 1)
at depths ranging from 120 to 220 m during June–July in
2019. The Geographical positions of the well were identified
by a GPS receiver (Kansas, USA). The depths of the well were
obtained from the owners of the well and the previous record

of the LGED (Local Government Engineer Department)
(LGED 2014). Before sampling, each well was purged for
10 min for obtaining steady-state chemical conditions and
samples were filtered to eradicate insoluble materials using
0.45 μm filter membranes. The experimental layout of this
research is presented in Fig. 2. Portable digital equipment
(Model: SensionTM1, HACH 146 International, USA) was
employed in situ to estimate pH, electrical conductivity
(EC), dissolved oxygen (DO), and temperature of all the stud-
ied samples. Appropriate standards were applied for calibrat-
ing field meters. From each site, two sets of samples were
taken in prewashed high-density polypropylene (HDPP) bot-
tles. At first, 1% HNO3 was used for cleaning the sample
bottle and subsequently washed with distilled water.

The concentrations of main cations (Li+, Na+, K+, Ca2+,
NH4

+, and Mg2+) and anions (F−, Cl−, NO2
−, Br−, NO3

−, and
SO4

2−, PO4
3−) were determined by ion chromatography

(Model: Ion Chromatograph, Dionex DX-3000, USA) using
IonPac CS17 and IonPac AS11-HC analytical columns re-
spectively. Six Cation-II standard and Seven Anion-II stan-
dard were applied for calibrating the instrument. Alkalinity
(HCO3

−) was determined by titration method using 0.02 N

Fig. 1 Map showing the study sites of Jashore Sadar Upazila, Bangladesh
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H2SO4 (Kabir et al. 2021). The trace elements (Fe, Cd, Pb, Cr,
Zn, Mn, Hg, Co, Ni, and Cu) in groundwater samples were
estimated by flame atomic absorption spectrophotometer
(Model No. AA240, Varian, Australia) using acetylene and
air gas mixture tools. Arsenic (As) was estimated by hydride
generation technique. The concentration of As was calculated
by the hydride generation method. Duplicate analysis on se-
lected samples was used for assuring the precision of the anal-
yses, and the average results for all analyses represented the
data. Furthermore, the precision of the datasets was confirmed
by the charge balance error (CBE) of major ions occupying
within ± 5% in all tested samples of the study area.

Pollution level indices of GW

Groundwater quality index (GWQI) acts an important role for
setup the water quality and security for purposes of drinking
uses (Vasanthavigar et al. 2010; Bodrud-Doza et al. 2016;
Islam et al. 2017d). Estimation of GWQI has been performed
by applying the Eq. (1).

GWQI ¼ ∑SIi ¼ ∑ Wi� qið Þ ¼ ∑
wi

∑i¼1
n wi

 !
� Ci

Si
� 100

� �" #

ð1Þ

According to Vasanthavigar et al. (2010), variables, weight
factors, and limit values were regarded for calculating the
GWQI which are summarized in the supplementary Table S1.

Heavy metal pollution index (HPI) is computed by the
following Eqs. (2) and (3) (Bhuiyan et al. 2016)

HPI ¼ ∑n
i¼1WiQi
∑n

i¼1Wi
ð2Þ

Where Qi ¼ ∑
n

i¼1

Mi −ð ÞIif g
Si−Iið Þ � 100 ð3Þ

Heavy metal evaluation index (HEI) was computed by the
methods described by Prasad and Jaiprakas (1999) with the
following Eq. (4):

HEI ¼ ∑n
i¼1

Hc
Hmac

ð4Þ

The degree of contamination (Cd) value is estimated by the
Eq. (5) (Backman et al. (1997):

Cd ¼ ∑n
i¼1Cfi ð5Þ

Where, Cfi ¼ CAi
CNi−1

Irrigation water quality indices

The irrigation quality index is calculated by the following
equations:

IWQI ¼ ∑4
i¼1Gi ð6Þ

G ¼ w
N
∑N

k¼1rk ð7Þ

Irrigation water evaluation indices were quantified using
their respective equations (Eqs. 3–9).

The total hardness TH ¼ 2:497 Ca2þ þ 4:115 Mg2þ ð8Þ

Sodium absorption ration; SAR ¼ Naþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca2þ þMg2þ

p
2

ð9Þ

Soluble sodium percentages,

SSP ¼ Naþ þ Kþþð Þ � 100

Caþ þMg2þ þ Naþ þ Kþð Þ ð10Þ

The residual sodium carbonate,

RSC ¼ CO3
2− þ HCO3

�� �
– Ca2þ þMg2þ
� � ð11Þ

Doneen (1964) defined PI as:

PI¼ Naþ þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HCO3

−p

Caþ þMg2þ þ Naþ þ Kþ� � � 100 ð12Þ

Magnesium absorption ration (MAR) also is known as
magnesium hazard,

MAR ¼ Mg2þ � 100

Ca2þ þMg2þð Þ ð13Þ

Fig. 2 The experimental layout of the present study
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Finally, Kelley’s ratio (KR) is calculated by (Kelly 1940):

KR ¼ Naþ

Ca2þ þMg2þð Þ ð14Þ

Ionic concentrations were measured in meq/L. All of the
calculated chemical parameters were contrasted with national
and international standards to evaluate the irrigation water
suitability.

Human health risk evaluation

Non-carcinogenic risk

The value of six TEs was adopted to appraise the health risks
through oral contact ways for the people of JSU, in Jashore
District of Bangladesh. In this study, traditional USEPA
(2004) models applied to measure the NHR and the lifetime
carcinogenic risk (CR). The slope factor (SF) and reference
dose (RfD) was regarded as the ultimate toxicity factor for
both risk categories (Lim et al. 2008). Here, CDI and
NCRfD represent the averages of daily intake (mg L−1) and
non-carcinogenic risk (NCR) reference dose (μg kg−1 day−1),
correspondingly. Therefore, chronic daily intake (CDI) from
ingestion (CDIoral) of GWwere estimated by followings Eqs.
(1) and (2) suggested by the USEPA (US EPA 2004).

CDI oral ¼ Cw� IR� ED� EF
BW � AT

ð15Þ

Here, CW indicates the average content of the TEs in GW
(μg L−1), IR represents the daily ingestion rate (L day−1), ED
is the exposure duration (year), EF denotes the exposure fre-
quency (day/year), BW is the mean body weight (kg), AT
denotes the mean time of exposure (days), SA denotes the
exposed skin area (cm2), ET is the exposure time (h/day),
and Kp is the dermal permeability coefficient in water (cm/
h). All the enlisted variables were used from the previous
literature (USEPA 2004; Wu et al. 2009; Karim 2011a, b).

Hazard quotient (HQ) value of associated TEs were calcu-
lated by the following Eq. (16)

HQ ¼ CDI
RfD

ð16Þ

Where HQ = hazard quotient (unitless) and RfD = refer-
ence dose (μg/kg/day). The HQ < 1 indicated that there is no
obvious NHR on residents, and the HQ > 1 considered as an
unacceptable adverse NHR for individual elements from drink-
ing water (USEPA 2004; Gao et al. 2019). Addition of HQ
values of each metal provides the overall NHR, which denoted
as a hazard index (HI) value (USEPA 1989).

The Eq. (17) of HI is given below:

HI ¼ HQ1 þ HQ2 þ……þ HQn ð17Þ

The HI > 1 indicates the NHR and HI < 1 represents no
health risk in the designated area (Yang et al. 2012a, b).

Carcinogenic risk

The CR was computed as a lifetime cancer risk through the
multiplication of daily intake (CDIoral) with the cancer slope
factor (SForal), using the Eqs. (18) and (19) (USEPA 1989)

Low−dose exposure risk ¼ CDIoral� SForal ð18Þ
High−dose exposure risk ¼ 1−exp −CDI� SFð Þ ð19Þ
where SF is the slope factor of pollutants (mg/kg/day).
Equation (19) was applied when the computed value was
greater than 0.01. In this study, we computed the CR for arse-
nic and lead. The CSF values of As and Pb were 0.0015 and
0.0085 μg/kg/day for oral exposure, correspondingly (Yang
et al. 2012a, b). A tolerable level was considered at 1 × 10−6

and 1 × 10−4 value (USEPA 2004; Yang et al. 2012a, b).

Data analysis and statistics

The spatial variability of the major chemical constituents was
performed by the inverse distance weighted (IDW) interpola-
tion model with the ArcGIS (Version 10.2) environment. The
SPSS software (Version 25.00) was employed to perform the
statistical analysis of the analyzed datasets. Kolmogorov–
Smirnov (K-S) method was adopted to detect the normality
of the analyzed physicochemical parameters, while the
Levene test was applied to check the consistency of the GW
datasets. Piper diagram (Piper 1944) for identifying the major
hydro-chemical facies in the GW system was performed by
Rockworks (Version 16) software. The suitability of GW
within the study area for irrigation purpose was appraised
using irrigation water quality (IWQI), sodium adsorption ra-
tio, magnesium absorption ratio, permeability index, total
hardness, sodium %, Kelley’s ratio, residual sodium carbon-
ate, and soluble sodium % (Islam et al. 2017a; Xiao et al.
2019). The detailed procedures of the computations and equa-
tions employed for the GW quality assessment and health risk
appraisal can be found elsewhere in earlier literature (Liu et al.
2021; Xiao et al. 2019; Islam et al. 2020c) and supplementary
materials.

Results and discussion

Hydrogeochemical properties of GW

The statistical outcomes of physicochemical variables in
the tested water samples are outlined in Table 1. The
average concentrations of cations including Na+, Ca2+,
Mg2+, K+, NH4

+, and Li2+ in the tested samples are
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68.31, 67.74, 24.40.31, 1.38, 0.60, and 0.001 mg/L, re-
spectively and the mean concentrations of anions such as
HCO3

−, F−, Cl−, NO2
−, NO3

−, SO4
2, and PO4

3− in GW are
405, 0.30, 43.55, 5.04, 10.62, 0.90, and 0.01 mg/L, re-
spectively. As shown in Fig. 3a, Na+ is the most prevalent
cation, followed by Ca2+, Mg2+, K+, NH4

+, and Li2+,
whereas HCO3

− is the predominant anion, followed by
Cl−, NO2

−, NO3
−, SO4

2, F−, and PO4
3−. The elevated con-

tent of Na+ may be due to the ionic alteration between
Ca2+, Na+, and the weathering of halite and silicate min-
erals (Islam et al. 2017a) while high contents of HCO3

−

may be derived from the dissolution of silicate minerals
(Saha et al. 2020). Meanwhile, the mean values of Na+,
K+, Ca2+, Mg2+, F−, Cl−, NO2

−, SO4
2, and PO4

3− were
observed at acceptable limits. Groundwater K+ is derived
from K-feldspar weathering, cation altercation, anthropo-
genic fertilizer contamination, and wastewater effluent
(Griffioen 2001). The observed low content of K+ in

GW can be due to the less weathering of K-bearing min-
erals, but this also indicates that not much K of fertilizer
infiltrates into the GW.

Dissolution of carbonate, silicate, and sulfate minerals is
the likely sources of GW Ca2+ and Mg2+ (Fisher and
Mullican Iii 1997). Solubility of halite, Cl−-bearing silicate
minerals, and gypsum are found as responsible for Cl−, SO4

2

− in GW (Fisher and Mullican Iii 1997). The average value of
pHwas 7.94, which indicates weakly alkaline GWwhich falls
within the tolerable limits of Bangladesh and international
laws. The electrical conductivity (EC) values ranged from
576 to 1353 μS cm−1. The total dissolve solid (TDS) values
ranged from 374 to 860 mg/L. The mean values of EC and
TDS fall within the tolerable levels set by Bangladesh drink-
ing water quality (1997) and WHO (2017) standards
(Table 2). The low salinity of GW is the reason for the
weathering of silicate minerals, and halite. The elevated
NO3

− contents were found in the study region, suggesting that

Table 1 Statistical summary of the physicochemical parameters of collected groundwater samples and their comparison with drinking water standards

Parameters Minimum Maximum Mean SD WHO (2011) DoE (1997) Indian standard (BIS 2012)

pH 7.22 8.26 7.94 0.28 – 6.5-8.5 6.5-8.5

EC (μs/cm) 576 1353 868 223.20 1500 1000 -

TDS 374 860 567.7 143.96 500 1000 500

TH 37.12 389.45 287.02 58.85. – – –

Na+ (mg/L) 11.05 241.53 68.31 50.38 200 200 –

NH4
+ (mg/L) 0 14 0.60 2.58 0.5 0.5

Mg²+ (mg/L) 20.49 29.3 27.40 1.57 30 30-35 30

Li²+ (mg/L) 0 0.01 0.001 0.003 – – –

K+ (mg/L) 0.32 3.37 1.387 0.87 – 12 –

Ca²+ (mg/L) 0 96.36 67.74 27.49 75 75 75

Fˉ (mg/L) 0 0.78 0.301 0.28 0.6 -1 1 1

Clˉ (mg/L) 0 143.75 43.55 56.61 250 150-600 200-400

No2ˉ (mg/L) 0 37.27 5.04 9.42 50 10 45

SO4²ˉ (mg/L) 0 11.34 0.90 2.60 250 400 200-400

NO3ˉ (mg/L) 0 119 10.62 22.26 45 10 45

PO4³ˉ (mg/L) 0 0.1 0.01 0.02 6

Fe (μg/L) 120 804 199.54 191.93 300 1000 300

Hg (μg/L) 0 0.58 0.06 0.15 0.001 0.001 0.001

Cr (μg/L) 1.5 19 8.89 3.85 50 50 50

Mn (μg/L) 19 1793 482.54 486.97 100 100 100

Cd (μg/L) 0 0.2 0.05 0.06 3 5 3

Zn (μg/L) 1.2 216.9 54.06 67.17 – 5000 5000

Cu (μg/L) 0.9 8.1 2.91 1.49 2000 1000 50

Pb (μg/L) 36 86 55.83 13.17 10 50 10

Co (μg/L) 0 42 8.76 6.79 – – –

Ni (μg/L) 0.1 174.5 12.99 41.53 70 100 20

As (μg/L) 5.4 49.8 15.97 8.11 10 50 10

HCO3
− (mg/L) 270 510 405 62.076 200 600 –
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the nitrate contamination exists which surpassed the
Bangladesh water quality standard (DoE 1997). NO3

− is pres-
ently most concerning pollutants affecting the water quality
worldwide, with the major sources of NO3

− pollution

contributed to man-made inputs including animal and human
wastes (Zhang et al. 2020). The agricultural by-products and
fertilizers may be the main source of the high NO3

− content in
the studied GW aquifer (Islam et al. 2017b). Based on the

Fig. 3 a Box and Whisker plot
exhibiting the variation of major
ionic concentrations of
groundwater. b Box and Whisker
plot exhibiting the spatial
variation of metal constituents in
groundwater

Table 2 Classification of the groundwater quality based on modified categories of quality indices value and suitability in irrigation uses

Index method Category Water class Number of samples % of sample Reference

HPI < 45 Low 6 20
45–90 Medium 16 53.33
> 90 High 8 26.66

HEI < 10 Low 11 36.66
20-Oct Medium 17 56.66
> 20 High 2 6.66

Cd < 1 Low 3 10
1–3 Medium 8 26.67
>3 High 19 63.33

GWQI < 50 Excellent 0 0
50–100 Good 20 66.66
101–200 Poor 9 30
201–300 Very poor 1 3.33
> 300 Unsuitable for drinking 0 0

EC (μs/cm) < 250 Excellent – – Wilcox (1955)
250–700 Good 6 20%
750–2250 Permissible 24 80%
2250–5000 Doubtful – –
> 5000 Unsuitable – –

SAR (mg/L) < 10 Excellent 12 40% Richards (1954)
18-Oct Good 7 23.33%
18–26 Doubtful 8 26.66%
> 26 Unsuitable 3 10%

TH (mg/L) < 75 Soft 1 3.33% Sawyer and McCarty (1967)
75–150 Moderate hard 0 –
150–300 Very hard 29 96.67%

Kelly’s Ratio (KR) < 1 Suitable 21 70% Kelly (1940)
> 1 Excess level 9 30%

SSP < 20 Excellent 6 20% Wilcox (1955)
20–40 Good 8 26.66%
40–80 Permissible 16 53.33%
> 80 poor – –

IWQI < 22 Unsuitable – –
22–37 Moderate 24 80%
> 37 Suitable 6 20%

MAR < 50 Excellent 28 93.33% Ragunath (1987)
> 50 Harmful 2 6.66%

RSC (meq/L) < 1.25 Good – – Richards (1954)
1.25–2.5 Medium – –
> 2.5 Bad 30 100%
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concentration, the trace elements (TEs) can be demarcated
into three categories: (1) metals of high abundance including
Fe and Mn; (2) metals of moderate abundance such as Zn and
Pb; and (3) metals of low abundance including Hg, Cr, Cd,
Co, Ni, Cu, and As. The mean concentration of As and Hg
was 15.97 and 0.06 μg/L, respectively. The average concen-
trations of Mn, Hg, and Pb have surpassed the allowable
thresholds of drinking water regulation/law which is set by
BIS (2012), DoE (1997), and WHO (2011). The remaining
TEs fall within the permissible limits set by Bangladesh and
international laws. As seen in Fig. 3b, the concentrations of
most TEs varies significantly in the tested elements, especially
Mn, Fe, Ni, and Zn, whereas the rest of TEs concentrations
were comparatively constant.

The hydro-chemical facies of the tested samples is shown
through the piper trilinear plot (Piper 1953). As seen from Fig.
4, the types of GW are mostly Ca2+–Mg2+–Cl−–SO4

2−, Na+–
K+–Cl−–SO4

2−, and Na+–K+–HCO3
−; however, the predomi-

nant water type is of Ca–Mg–HCO3
2− which may control the

water quality of the studied area. According to Bodrud-doza
et al. (2019), GW types in Kusiyara River and Surma River
are of Ca–Mg–SO4–HCO3

− and Ca–Mg–HCO3
−. Meanwhile,

Na–Ca–Mg–HCO3
− type GW was found in Pleistocene aqui-

fer well at Gowainghat, indicating slight Na+ content for Ca2+

and Mg2+ contents.

Factors influencing the hydrogeochemical processes
of GW

The ratio between the major ions in water can be employed to
further confirm the key drivers influencing the GW chemistry of
an aquifer (Kumar et al. 2021; Liu et al. 2021). As seen from Fig.
5 a and b that lithogenic influences had been represented by the
bi-plots of (Ca2+/Na+) vs. (HCO3−/Na+) and (Ca2+/Na+) vs.
(Mg2+/Na+). These plots imply that weathering of silicate rocks
and evaporate dissolution were the key factor influencing the
hydrogeochemical properties of GW (Islam et al. 2017b).
Similar results were reported by Saha et al. (2020) while charac-
terizing theGWhydrogeochemistry in Faridpur district of central
Bangladesh. However, dissolution of carbonate is almost absent
in the GW system. Furthermore, bi-plots of (Ca2++Mg2+) vs.
HCO3

− and (Na++K+) vs. HCO3
– also agree with the outcomes

and similar findings is drawn in Fig. 5 c and d. Besides, Na+ in
water of the JSU may have derived from the silicate weathering
or the ionic change mechanisms. Bodrud-Doza et al. (2019) also
observed the analogous result inDhaka city of Bangladeshwhere
silicate weathering and evaporation dissolution took part as the
major processes that control the GW solute content in capital. On
the other hand, all of the samples possibly represent silicate
weatheringwhich demonstrates amolar (Na +K)/Cl ratio greater
than 1 (Mukherjee et al. 2008). The Na+/Cl− plot is adopted to

Fig. 4 Piper diagram showing the
major ionic composition of
groundwater
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evaluate the either salinity available or interaction of rock-water
(Sivasubramanian et al. 2013). Generally, most of the analyzed
GW samples positioned near to the trend line 1:1 indicating the
evaporite dissolution is the preliminary source of Na+ and Cl− in
GW (Islam et al. 2018) (Fig. 5e). Water samples having Cl/
Σanions ratio < 0.8 and Na/(Na + Cl) ratio > 0.5 suggest no
influence of sea water was observed in the water system
(Table S3). Ca2+ in GW aquifer may be extracted from the pla-
gioclase feldspar dissolution (Al-Ruwaih and Qabazard 2005),
which was further supported by strong moderate-significant re-
lationship with Mg2+. Moreover, Na+ normalized Ca2+ vs. Mg2+

plot (Fig. 5f) implies that Mg2+ might be originated from
weathering of silicate with moderate significant relationship.
This result can be elucidated as the elevated content of calcium
related to cation exchange in the aquifer (Fig. 5g). Cl−/total an-
ions ratio and HCO3

−/total anions ratio suggested the predomi-
nance of bicarbonate over the alkaline metal ions. Interaction of
carbonate ions and water molecules releases HCO3

− and OH− in
water and enhancing the alkalinity or pH of the GW aquifer
(Saha et al. 2020). The ratios of Ca2+/Mg2+ could be employed
to analyze the impact of the weathering of both carbonate and
silicate parent rocks on GW hydrogeochemical properties (Giri
and Singh 2015) (Fig. 5h). Furthermore, ~ 95% of water samples
fall with 1:1 line thereby suggesting thatmajority of GWsamples
were impacted byweathering of silicate rocks. Carbonate-silicate
dominance withering process of minerals dissolution in the GW
of Bangladesh has been reported by many research scholars
(Bhuiyan et al. 2016; Ahmed et al. 2019; Bodrud-Doza et al.
2016; Bodrud-Doza et al. 2019; Saha et al. 2020).

Pollution level appraisal of GW

To measure appropriateness of the groundwater quality for
drinking water purposes, international (WHO 2011) and
Bangladesh standard (1997) values were used in this work

(Table 2). The GWQI values demonstrated that 3.33, 30,
and 66.66% of the GW samples fall into the very poor, poor,
and good classes, respectively. Generally, the GWQI appraisal
indicated that most analyzed samples came from the study
area were fit for drinking purpose. Figure 6a represents the
spatial pattern of the GWQI values. The water quality of the
study basin can be widely demarcated into three quality cate-
gories, e.g., good, poor, and very poor. Good quality water
was irregularly distributed and poor water quality occurred in
the southwestern and small portion of eastern regions of the
study site. Although the results of GW quality appraisal
showed good quality water in most sampling sites of the study
area, however poor GW quality appeared southwestern site.
This outcome can be contributed by the heavy rainfall during
the monsoon period and enhanced water recharge may results
dilutions impacts on water quality (Shammi et al. 2017).
Nevertheless, the elevated rainfall can also trigger the contam-
inants including NO3

−, Hg, Mn, and Pb, which may result to
fluctuation of GW quality (Rahman et al. 2017b).
Surprisingly, significant amount of Hg (0.06 μg/L) was re-
corded in the studied GW samples which also exceeded both
local and international laws (Table 1) and presumed to be
linked with igneous activities and anthropogenic sources like
emissions from coal-fired power plants which falls to the
ground in rain or snow, contaminating waterways (Kabir
et al. 2021).

The HPI, HEI, and Cd were used to show the pollution
status of GW in the study basin (Table 2). The variation of
HPI was found 32.56 to 134.76 with a mean value of 73.93.
The critical limit for HPI was 100, demonstrating that 10% of
the samples surpassed the critical level (Table S4). This study
showed that 26.66% of the samples revealed a high level of
heavy metal pollution, which is regarded as unsuitable for
drinking and domestic use. On the contrary, 53.33 and 20%
of samples indicate medium and low levels of heavy metal

Fig. 5 Bivariate plot of a Ca2+/Na+ vs. HCO3−/Na+ and b Ca2+/Na+ vs.
Mg2+ /Na+ to identify the minerals weathering of groundwater in the
study area. Bivariate plots of c Ca2++Mg2+ vs. HCO3− and d Na++K+

vs. HCO3− identify the silicate weathering of groundwater in in the study

area. Bivariate plots showing the relationships between e Na+ and Cl−, f
Cl− and Mg2+/Ca2+, g Na+-normalized Ca2+ and Mg2+, and h Ca2+ and
Mg2+
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pollution, respectively (Table 2). Spatial distribution of HPI
showed that some sporadic points such as Noapara, Ichali,
Kachua, Arabpur, and Chanchra unions were highly polluted
compared to other parts of the Jassore Sadar upazila (Fig. 6b).
The high contents of As, Fe, Mn, Pb, Cr, and Cd are the key
reasons for the GW pollution of the study area. A similar
pattern of HPI was recorded by Bodrud-Doza et al. (2016)
while evaluating the GW quality in central Bangladesh.

The HEI shows 10% of the samples surpassed the critical
limit (Table S3). The HEI criteria for GW samples also re-
vealed that only 6.66% samples score a high level of contam-
ination, while 66.66 and 36.66% of samples are characterized
as medium and low levels of pollution respectively (Table 2).
Spatial map of HEI revealed two hot spots in Noapara and
Chanchra unions that surpassed the critical value, suggesting a
high heavy metal contamination (Fig. 6c).

The Cd was adopted for examining the status of trace ele-
ment contamination in the water system (Bhuiyan et al. 2010).
The Cd values imply that approximately 70% of GW samples
crossed the critical limit based on Edet and Offiong (2002).

Thus, Cd values recommended those sample locations were
highly polluted in the JSU and 10% of samples represented a
low degree of pollution according to the findings of Cd,
whereas 26.67% of the GW samples considered as the medi-
um degree of pollution and 63.33% of samples fall within the
high degree of pollution. The spatial distribution of Cd values
suggested that most sampling sites were heavily contaminat-
ed. Overall findings depict that Noapara, Canchra, Arabpur,
Diara, and Kachua unions are polluted with heavy metal (Fig.
6d). The elevated concentration of Hg, Pb, Fe, and Mn can be
attributed to the high contamination of trace elements in JSU
(Shammi et al. 2017).

Potential human health risks appraisal

Toxic TEs such as Pb, As, Cr, and Cd in GW enter human
health mostly via the ingestion of water and could have a
significant impact on the human body (Rasool et al. 2016;
Rasool et al. 2017; Ahmed et al. 2019). Long-term ingestion
of polluted GW with a high Pb and As contents could cause

Fig. 6 Spatial distribution maps of a GWQI, b HPI, c HEI, and d Cd
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skin cancer (Gao et al. 2019; Islam et al. 2019). Human health
risks from the TEs via oral ingestion of GW for children and
adults were represented in Table S5 and S6. Non-carcinogenic
(NCR) health effects of different TEs were determined by cal-
culating the hazard quotient (HQ). HQ > 1 suggested the
probability of detrimental health impact (Leung and Jiao
2006; Giri and Singh 2015). In general, HQ values for Fe,
Cd, Zn, Cr, and Cu were < 1 for both aged groups, suggesting
individual presence of these TEs could pose only a minor
health hazard in the residents of the study area (Giri and
Singh 2015). Wu et al. (2009) and Karim (2011a, b) also
stated that HQs of TEs in drinking water were lower than
the unity, which suggests that these TEs could pose a mini-
mum hazard to residents. The HQ values for Hg ranged from
10.11 to 30.11 with a mean value of 22.11 for children. On the
other hand, the HQ for Hg for adult population ranged from
2.34 to 34.1 with an average value of 10.33. For both age
populations, the acute human health risk is considered to be
extremely high; similar patterns of acute HHR was noted by
Islam et al. (2019) and Kabir et al. (2021).

The computed HI values ranged from 20.64 to 53.34
for children with a mean value of 31.98 thereby
surpassed the tolerable limit (HI = 1). For the adults,
the HQ values ranged from 9.71 to 25.14 with an aver-
age value of 15.07. Only Pb and As concentrations in
GW were found to be harmful to both age groups having
HQ values > 1. The risk is superior to 1 for arsenic
which may be associated with natural activities including
parent rock-water exchange and also manmade inputs
like excessive utilization of agrochemicals (Karim
2011a, b; Habib et al. 2020). The computed HQ values
for each TEs are presented in Fig. 7. For both age
groups, the maximum risk was observed in sampling
point GW-28, but the minimum risk was observed in
sampling site GW-3 due to intake of the groundwater
and these sites either have scarce geological enrichment
or heavily anthropogenic effect. Analogous studies were
performed by many research scholars all over the globe,
although the outcomes are quite diverse which rely on
the characteristics of GW quality and consumption be-
havior (Yang et al. 2012; Wongsasuluk et al. 2014;
Giri and Singh 2015; Bhutiani et al. 2016; Nkpaa et al.
2018; Barzegar et al. 2019). Children have 2-times
higher NCR due to elevated absorption of As and Pb
via drinking water than adults in the JSU. The main
cause for the elevated NCR for children may be due to
the lower body weight and less developed enzyme me-
tabolism compared to adults (Kabir et al. 2020). In fact,
the majority of the studied GW samples posed a high
risk to children’s health which was substantially higher
than that for adult’s health and elevated NCR for both
aged populations was caused by Mn, Pb, and As con-
tents. The analogous findings have also been stated by

earlier literature (Tiwari and Maio 2017; Sharma et al.
2019; Habib et al. 2020; Liu et al. 2021; Zhang et al.
2020; Bodrud-Doza et al. 2020).

The carcinogenic risk (CR) of As for children varied from
0.54 × 10−3 to 4.98 × 10−3 with an average value of 1.60 ×
10−3 while for adults it ranged from 2.55 × 10−4 to 23.48 ×
10−4 with a mean value of 7.53 × 10−4 (Table S7). Similarly,
CR of Pb for children ranged from 2.02 × 10−2 to 4.8 × 10−2

with an average value of 3.1 × 10−2 while for adults it varied
from 9.9 × 10−3 to 2.2 × 10−2 with a mean value of 1.4 × 10−2

(Table S8).
The CR for both aged groups are much greater than the

tolerable limit of 1 × 10−6, implying that inhabitants have
significant cancer risk by Pb and As. However, interesting
CR also found to be higher in children compared to adults.
In general, the key influential factors for elevated cancer risk
suffered by children than adults are the higher absorption rate
and larger exposure duration (Zhang et al. 2020). Analogous
findings were also reported in central Bangladesh (Saha et al.
2020), northwestern Bangladesh (Islam et al. 2017b), and also
in the GW of northeastern region (Ahmed et al. 2019). The
health risk appraisal suggested proper GW treatment to reduce
the contents of As and Pb for drinking or other agricultural
uses. Furthermore, sustainable management and pre-treatment

Fig. 7 Non-carcinogenic health risk appraisals for a children and b adults
via oral ingestion
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of lead-bearing battery factory and anthropogenic arsenic mo-
bilization process in GW system should be monitored to pro-
tect GW pollution generated by man-made inputs (Islam et al.
2020a).

Irrigation water quality appraisal

The chemical analyses of water in the study basin were
assessed to check aptness for agricultural purpose and drink-
ing water quality was compared with World Health
Organization (WHO) (1997, 2017) standard. GW of JSU is
also the major source of water for irrigation use. High contents
of salinity in irrigation water could influence soil physical
structure, lessen water permeability, enhance soil compaction,
and easily impact crop growth (Rahman et al. 2017a;
Nematollahi et al. 2015). The SAR, PI, MAR, Na%, TH,
KR, RSC, and SSP are the vital indices to determine the suit-
ability of water for irrigation purpose (Liu et al. 2021).

Salt water is a good conductor of electricity, thus EC is a
measurement of electrical conductance in water (Islam et al.
2018). In this study, the EC values varied from 576 to 1353
with an average value of 868, representing that GW samples
are within excellent to the permissible limit for irrigation pur-
poses (Table 2). However, according to the classification of
Wilcox (1955), ~ 20% of water samples demonstrate excellent
quality, and 80% of samples were within the permissible limit,
and none of the sampling sites were found to unsuitable for
irrigation. A high concentration of EC was reported in the
northern portion of JSU (Fig. 8a). TH (total hardness) values
varied from 37.12 to 389.45 mg/L with an average value of
287.02 mg/L. Nearly 96.67% of the samples were considered
as hard, and only one GW sample (3.33%) was considered as
a soft category. The elevated value of TH was identified in the
southern portion of the JSU (Fig. 8b). Hence, the measured
water samples are demarcated as moderately hard to very hard
water (Sawyer and McCarty 1967). The IWQI values varied
from 26 to 40 within the average value of 31.3, which

indicates medium suitability of water for irrigation uses.
According to the suitability level, 80% of the sampling sites
were moderately appropriate, and the rest of 20% were
regarded as suitable (Table 2 and Table S9 & S2).

Crop yield and soil fertility worsen under irrigation water
comprising some chemical element originated from either the
geogenic or from human activities (Jalali 2009). The accom-
plishment of irrigation projects mostly relies on the supply and
control of salts and alkalis in the soil (Haritash and Kaushik
2008). The use of irrigation water aids to supply salts to the
crop root zone (Jalali 2011a, 2011b). Parameters such as SAR,
SSP, RSBC, and PI are the main determinants for irrigation
water aptness (Raju 2007). High IWQI values were detected
in the southeast and south-western parts of the JSU (Fig. 8c).
Na+ is absorbed on clayminerals as a superfluous for Ca2+ and
Mg2+ and thereby making soil compact and impermeable
(Singh et al. 2008). Based on theWilcox (1955) classification,
about 53.33% of water samples were in the permissible range,
26.66% were good, and the remaining 20% were in the excel-
lent quality range. The high score of SSP was observed in
Canchra, Kashimpur, Noapara, Haibatpur, and Ichali union
of JSU (Fig. 8d).

The results of our study exhibited that SAR value varied
from 2.30 to 48.42 with an average value of 14.29.
Weathering of rocks, anthropogenic sources, leaching from
topsoil, and minor influences on climate can cause salinity
hazard in GW (Prasanna et al. 2011; Islam et al. 2018). The
use of the classification model based on the USSL diagram
(USSL 1954) exhibited that almost all GW samples were dis-
tributed in the C2S1 (48%) and C3S1 (52%) regions, thus
indicated that the water of the study area is fit for irrigation
uses (Fig. 9). The use of the Wilcox diagram (Wilcox 1955)
also indicates that majority GW samples fall in the excellent to
good classes (48%) or good to permissible classes (50%),
suggesting that water is usually good quality for agricultural
crop activities. Overall, the SAR values of the JSU supported
its suitability as a source of water for irrigation use. However,

Fig. 8 Spatial distribution maps of irrigation water quality indices a EC, b TH, c IWQI, d SSP, e SAR, f KR, g MAR, and h RSC
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Canchra and Ichali unions of the study area showed the
highest score of SAR value (Fig. 8e).

KR is the vital parameter for IWQI assessment. KR > 1
reflects excess sodium and KR < 1 signifies sodium deficit
(Kelly 1940). Waters with KR < 1 are fit for irrigation while
those with a greater ratio are considered unsuitable (Sundaray
et al. 2009a, b). Kelly’s ratio varied from 0.12 to 2.42, with a
mean value of 0.79. According to this category, almost 21
water samples (70%) JSU were suitable for irrigation pur-
poses, and the rest of the samples (30%) were not suitable
for irrigation (Table 2). These KR values imply a higher Na+

% which can be obtained from weathering of feldspars from
the lithologic origin (Vasanthavigar et al. 2012). A high score
of KR value was found in Chanchra, Diara, Noapara, and
Ichhali union of JSU (Fig. 8f).

Magnesium absorption ratio (MAR) reveals an association
between the concentration of Mg+2 and Ca+2 in water
(Ragunath 1987). The high levels of exchangeable Mg2+ affects
the quality of soil through infiltration problems and resulting in
poor agricultural outputs (Islam et al. 2017a; Ayers andWestcott
1985). Hence, MAR is considered an important factor for
assessing irrigation water suitability, and the value exceeding
50 indicates deterioration of the soil quality (Kaçmaz and
Nakoman 2009; Islam et al. 2017d). Magnesium adsorption ratio
(MAR) values varied from 14.51 to 100, with an average value
of 31.27 (Table 2) in the present study. However, 93.33% of the
samples fall in MAR < 50, indicating water quality is excellent
for irrigation, although the higher value ofMARwas observed in
Noapara, Kashimpur, Haibatpur, Lebutala, and Ichhali union of
JSU (Fig. 8g).

The ratio of carbonate and bicarbonate to calcium andmag-
nesium influences the aptness of groundwater for irrigation
use. Excess sodium HCO3 and carbonate can enhance the
dissolution of organic matter in the soil, leaving a black stain

on the surface upon drying (Kumar et al. 2007). Residual
sodium carbonate (RSC) values of all the water samples in
the study area fall within an unsuitable category which means
potentially harmful water for irrigation purposes. The highest
RSC value was observed in the northern and central parts,
whereas the lowest value was noted in the southern part of
JSU (Fig. 8h). Overall, GW in JSU is moderately suitable for
agricultural activities. The long-term GW application for the
usage of irrigation purpose may result in slight sodium and
moderate salinity hazards, the associated loss of soil charac-
teristics will affect crop production. The present study recom-
mends improvement of the irrigation network in the sampling
sites, enhancement of surface water irrigation facilities, and
agricultural rotation system can be introduced in the study area
in order to minimize the adverse impacts of water irrigation.

Conclusions

In this research, we intended to characterize the
hydrogeochemistry, quality of water, potential health risks
posed to humans, as well as the factors governing these issues
in JSU, southwestern Bangladesh using hydrogeochemical
analysis, GW pollution indices, and health risk models. GW
in the study area is poorly alkaline and falls in the hard brack-
ish water types; Na+ and HCO3

− are the predominant
chemicals in the GW of JSU. The piper diagram revealed that
the predominant GW type is Ca–Mg–HCO3

2− and the major
factors influencing the hydrogeochemistry of GWwere found
to be silicate rock weathering, evaporate dissolution, ion ex-
change, and anthropogenic inputs. The outcomes of GWQI
reported that GW quality for drinking use is poor due to the
high contents of Pb, Mn, Hg, and NO3

− in most of the studied
samples. The results of the health risk appraisal for both age

Fig. 9 Groundwater classification
for irrigation according to US
Salinity Laboratory’s (USSL) di-
agram (Richards 1954)
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groups depicted that GW of the JSU posed an undesirable
health risk to the local community. Children were two times
higher susceptible to health risk than adults regarding carci-
nogenic and non-carcinogenic risks. The results from the irri-
gation water quality indices indicated that GW is moderately
fit for irrigation activities. Based on the key findings of the
present study, the following recommendations can be helpful
for the Upazila wise sustainable GW management in
Bangladesh:

& A comprehensive GW quality monitoring and manage-
ment tool to regulate the water quality based on the local
geochemical characteristics is must.

& Special focus should be given on As, Hg, Fe, and Pb as
they could result significant health burden to the local
community.

& Agrochemicals especially TEs containing pesticides and
insecticides use should be banned; proper monitoring of
agrochemicals usage should be ensured by the local
government.

& Inauguration of a GW quality and health risk appraisal
framework for the local community for sustainable GW
management and health hazards reduction.
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