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Abstract: Salinity causes a hostile environmental impact throughout the year in the coastal region of
Bangladesh, and its severity increases day by day. Because of upstream freshwater flow reduction
and massive groundwater extraction, salinity has increased substantially over the last three decades.
Moreover, arsenic contamination in shallow groundwater makes the groundwater unsuitable for
potable use. Consequently, the coastal area suffers from acute storage of safe water supply. Salin-
ity also negatively impacts human activities, livelihood, agricultural production, and the aquatic
ecosystem. Though the shallow aquifer contains high salinity and a small amount of Arsenic (As),
the very shallow aquifer (within 3m to 8m) contains fresh water in many areas in the rainy season
due to the direct recharge of rainwater. However, rainfall recharge varies significantly depending
on the geological and hydrogeological settings. Specifically, up to 50% of annual rainfall is stored in
shallow aquifers of Quaternary sands through direct infiltration. The research’s principal objective
is to identify the safe and sustainable drinking water source in the arsenic and saline-prone coastal
region. Groundwater samples were collected from the different locations of the study area during
both dry and wet seasons and examined seasonal variations in groundwater table and salinity levels.
The chemical analyses and Physico-chemical parameters indicate that the groundwater samples are
suitable for drinking. Except for some groundwater samples from the wet season, the salinity of all
samples was under the allowable limit for Bangladesh (<2000 µS/cm), and the targeted aquifer was
almost arsenic (50 µg/l) free. Therefore, a comprehensive analysis has been made to accomplish the
study goals. Particularly, the groundwater’s electrical conductivity (EC) values of most samples were
measured within the limit of fresh or brackish water (<2000 µS/cm). Overall, the results indicate the
prospect of a very shallow aquifer as a source of freshwater for drinking purposes throughout the
year, considering both arsenic and salinity, which effectively solve the freshwater shortage, especially
in the saline-arsenic prone area.

Keywords: coastal area; salinity; arsenic contamination; very shallow groundwater; sustainable use

1. Introduction

The present trend of groundwater use in Bangladesh is often not sustainable due
to unplanned development and management, wasteful use, and inadequate governance
actions [1–5]. This also hampers socioeconomic and agricultural development, causes
widespread public health problems, and disturbs a wide range of ecosystems [6,7]. Besides
that, Bangladesh experiences devastating extreme natural events such as tropical cyclones,
storm surges, coastal erosion, floods, droughts, and saline water encroachment on the coast
almost every year [8–10]. Geographically Bangladesh is a low-lying country. Generally,
the land surface of the Ganges-Brahmaputra delta is located only 3 m above mean sea
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level [11–14] in the deltaic coastal plain. Salinity has increased significantly over the
last three decades due to upland freshwater flow reduction and massive groundwater
extraction [15]. The groundwater is unacceptable for potable use because of Arsenic
contamination [15]. Despite the development of public and private tubewells, arsenic and
salts contamination in groundwater limits the drinking water security. While there are no
methodical records of private tubewells, the quantity of private tubewells is considered to
be multiple times higher than public ones [16]. Specifically, 6.7 individuals per tubewell in
regions with shallow freshwater springs are more than 12.4 individuals per tubewell in the
coastal areas (high groundwater salinity) [17].

Consequently, the coastal belt suffers from acute storage of safe water supply. It also
negatively impacts human activities, livelihood, agricultural production, the aquatic ecosys-
tem, etc. Agriculture, fishing in rivers and bays, aquaculture, livestock rearing, tourism
based on the Sundarban, and the mangrove forest are the principal occupations of the
population for their livelihood in this coastal part. However, people consistently experience
the adverse effects of natural hazards such as cyclones, storm surges, tidal inundation,
drought, riverbank erosion, water and soil salinity, waterlogging, and unplanned shrimp
farming. To build a resilient community, both traditional and indigenous practices and
scientific and technical knowledge must be considered simultaneously. Under individual
and project initiatives, the vulnerable community has adapted to become climate-resilient,
i.e., rainwater harvesting for freshwater supply, homestead gardening on the modified bed
for vegetables, plantation on embankments, and various activities to face the challenges of
disaster risks. Studies indicate that these adaptation methods and techniques have brought
positive income and employment changes [18]. However, freshwater availability, mainly
during the dry period, is still a significant threat to ensuring a safe freshwater supply for
all living in the coastal belt.

Freshwater resources are treated as essential resources in the coastal zone [5]. Bangladesh’s
coastal zone include about 20% of the land area and over 30% of the net cultivable area [19]. The
area lies on an active and tidal delta. Due to its complex lithologic, hydrogeological, and geo-
chemical characteristics, the coastal area is different from the rest of the country. Pumping fresh
groundwater in the coastal aquifers accelerates saltwater intrusion and decreases water quality
along horizontal and vertical salinization paths. The upper shallow and main aquifers [20] can
yield large quantities of water. However, it is not entirely suitable for development because
of quality issues, especially where arsenic contamination in shallow groundwater and saline
water intrusion makes the water unusable for human consumption [21–26] in the coastal belt.
The current coastal groundwater situation is strongly impacted by historical sea-level rise (SLR)
and proximity to the sea, particularly in the low-elevation central part of the delta [27,28]. The
massive groundwater withdrawal during dry irrigation is the primary cause of saline water
encroachment on the coast. Inland salinization also occurs due to paleo-brackish water en-
trapped in small areas during rapid regressive events between 12,000 and 10,000 years after the
transgression period between 18,000 and 12,000 years [29]. In addition, anticipated sea-level
rise due to global warming could accelerate the rate of seawater intrusion [30–34]. As a result,
19 coastal districts of Bangladesh face an extreme salinity problem [35,36].

Therefore, investigating the source of the freshwater aquifer in the saline and arsenic-
prone coastal aquifers is vital for mitigating drinking water scarcity. In the coastal zone, the
salinity of the upper and principal aquifers is exceptionally variable and changes abruptly
over short distances [37]. Therefore, shallow groundwater is unsuitable for domestic and
irrigation purpose in most areas due to either connate salts or seawater intrusion. Except
for high concentrations of salinity and arsenic, coastal groundwater also experienced high
content of some trace metals, for example, manganese (Mn) and Iron (Fe) [38]. Several
researchers found the source of trace metals by analyzing the coastal sediment core over the
Bengal basin [39,40]. The study found that trace elements originated from the adsorption
and desorption reactions processes.

Adaptation and mitigation are two possibilities for Bangladesh to meet the freshwater
scarcity challenge. Adaptation is country-specific or even local, but the mitigation requires
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collective endeavors of global communities. Therefore, the development of adaptation
policies for different sectors, for example, local and regional, will help to deal with the
crucial hazards of freshwater scarcity in the coastal region of Bangladesh. However, if the
probable impacts are not addressed and integrated into the development plans, it will fail
to attain sustainability in Bangladesh’s economy, environment, and security. Thus, this
study can help find out the freshwater aquifers during the rainy season with potential
recommendations for the coastal areas that could be coordinated with the adaptation
activities of the country. Furthermore, this study aims to identify the prospect of a shallow
aquifer as a source of fresh drinking water for the vulnerable local people in Paikgacha and
Tala Upazila and provide potential recommendations to solve the issue.

2. Study Area

Paikgacha Upazila of Khulna district and Tala Upazila of Satkhira district (areal
extension 89◦5′0” E to 89◦25′0” E and 22◦27′0” N to 22◦55′0” N) were selected as the study
areas (Figure 1). These study regions are widely recognized for their severe groundwater
salinity problem. The salinity ranges showed different concentrations in different seasons,
i.e., in the dry season (November to March), salinity showed high intensity. On the other
hand, during the wet season (April to October), salinity showed low ranges (<700 µg/L) [5].
A recent study by the Bangladesh Water Development Board [35] (BWDB, 2013) showed
that the shallow and main aquifer was fully affected by salinity.
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In contrast, the deep aquifer was not affected by the salinity problem. Low concen-
trated arsenic was also found in this region in the shallow aquifer. Though the shallow
aquifer contains high salinity and a small amount of arsenic, the very shallow aquifer
(within 5 to 10 m) contains fresh water in many areas in the wet season due to the di-
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rect recharge of rainwater. Therefore, people could use this freshwater for their drinking
purpose during this wet season. A comprehensive analysis of aquifers’ hydrological
and hydrogeological settings is essential for improved management and consumption of
usable groundwater.

Our study area is characterized by a tropical monsoon climate where the mean an-
nual rainfall is high (1800 mm). Therefore, in the wet season (April to October) there is
expected to be more rainfall (80%) [41–43]. The rivers represent an overall dendritic pattern
regulating the study area’s hydrological system. The geology of the coastal area is domi-
nantly characterized by the general Quaternary geology of the Bengal Basin [44,45]. During
the Pleistocene period, sediments from early Ganges-Brahmaputra-Meghna (GBM) delta
river systems accumulated over the basin’s northern and eastern parts. However, tectonic
movements and sea-level changes between Pleistocene and recent periods have granted
deep erosion and deposition on the Pleistocene surface. As a result, a fluvial sedimentation
environment formed overlapping deltaic arcs of GBM river systems in recent times in the
southern downward area of the Bengal Basin. Moreover, sediments are susceptible to con-
serving high concentrations of arsenic, especially within the depths of 30–150 m (optimum
well depth) [46]. Groundwater arsenic was officially recognized by the government and
media in 1993. The arsenic concentrations were above 50 µg/L for 29% of the shallow
tubewells and 2% of the deep tubewells [47].

Hydrogeologic Settings of the Study Area

Hydrogeology and the distribution of aquifer sediments are very complex in the
coastal region of Bangladesh [37]. Aquifer-aquitard alteration is highly varying, even
within a very short distance. The coastal area is dominated mainly by the Meghna Flood
Plain, Chittagong-Cox’s Bazar Coastal Plain, and the GBM Delta Complex. There are
several numbers of small depressions (beels/haors) in the flood plain. Acquired data
from several thousands of boreholes define the extent of aquifer-aquitard formations. The
aquifers have been partitioned based on the depth and thickness of the sediment formation.

However, the sedimentation rate and subsidence of the entire Bengal Basin were not
uniform throughout the Quaternary. About three hundred tube wells have been installed
for water supply under the Department of Public Health and Engineering (DPHE) projects
in the study area. Borelog shows no regular or sequential succession in the area. It actually
displays a heterogeneous mixture of clay, silt, and sand. Lately, in 19 coastal districts,
some wells installed under a Climate Change Trust Fund Project of the Bangladesh Water
Development Board (BWDB) up to 350 m in depth. Those logs also supported previous
borelog behavior in those areas [36]. Each sedimentary unit’s geometry is inevitably complex
and unique, having a general lack of horizontal continuity on a scale. Additionally, there is
an upward fining of the sequence observed while the degree of sorting declines with depth.

The topmost zone is a predominantly clay layer having a considerable thickness
variation. It is followed by a complex mixture of medium and fine sands, silts, and clay
which is a characteristic of a semi-confined aquifer. This shallow aquifer comprises sand
lenses at various levels interbedded with silts and clays. However, one hydraulic unit is
considered sufficient overlap and convergence of sand lenses over large areas. In addition,
there is substantial lateral variation in these sediments’ thickness, characteristic of the
deltaic deposits.

The borehole lithologic log analyses reveal that a thick composite (shallow and main)
aquifer with a thickness of ~130 m, predominantly fine to very fine sand, is encountered
below the Paikgacha area’s surface overlain discontinuous clay aquitard of 3 to 5 m thick
(Figure 2a). The deep aquifer is discovered below 200–250 m, which is made discontinuous
because of clay. According to the lithologic section of Tala Upazila, an excellent composite
aquifer with a thickness of ~80 m is encountered overlain by upper clay layer of 5-10 m
thick (Figure 2b). The lower aquifer is about 100–120 m thick, separated by clay with
variable thickness from the upper aquifer.
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3. Methodology

A questionnaire survey was carried out amongst people in the Paikgachha and Tala
areas to understand their perception and response to disasters and salinity problems and
gather information on socioeconomic conditions. Furthermore, the shallow tubewells
(>10–15 m) located area produce saline and arsenic-contaminated water. In our study,
very shallow tubewells were considered (<15 m) for sampling to determine groundwater
chemistry by analyzing essential parameters. The details of the sampling procedure and the
name of the methods and instruments are listed in Table 1. The entire study was carried out
in two stages. One is hydrogeological settings, and the other is hydrogeochemical analysis.

Table 1. Sampling procedure and list of instruments and the applied methods for each of the physical
and chemical parameters for this study.

Sampling Procedure

Groundwater samples were collected in 500-mL polystyrene bottles, and chemical analyses followed standard guidelines (APHA
2005). After pumping the wells for 15–20 min, samples were collected and filtered through 0.45-lm membranes to avoid debris. To
preserve the samples for trace metal analysis, they were acidified with concentrated HNO3 (AR grade: 60–61% and density:1.38

kg/L) and stored at 4 ◦C.

Physical Parameter

Parameter Instrument

Temperature (◦C)
pH

Electrical conductivity (EC)
Total dissolved solids (TDS

Portable Multi-Meter Hach,
Sens ION, MM150
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Table 1. Cont.

Chemical Parameter

Parameters Instrument Method

Cations
Sodium (Na+), Potassium
(K+), Magnesium (Mg2+),

Calcium (Ca2+)

Atomic Absorption
Spectrophotometer (Varian AAS,

680FS), USA
Default AAS Method

Anions

Nitrate (NO3)
Sulfate (SO4

2−)
Phosphate (PO4

3−)
Fluoride (F−)

UV-VIS spectrophotometer, USA Default Method

Chloride (Cl−) Hach digital titrator, USA HACH method 8207

Bicarbonate (HCO3
−) Manual Titration HCL titration

Trace Metals
Manganese (Mn) Spectrophotometer at 560 nm (DR

2800, HACH USA
1-(2-pyridylazo)-2-naphthol

method (0.006–0.7 mg/L)

Iron (Fe) Spectrophotometer (DR 2800,
HACH USA) at 562 nm

FerroZine iron reagent
method (0.009–1.4 mg/L)

Halogen Group Iodine (I) Spectrophotometer (DR 2800,
HACH USA) at 530 nm

N,N-diethyl-p-
phenylenediamine method

(0.07–7.00 mg/L)

Bromine (Br) Spectrophotometer (DR 2800,
HACH USA)

N,N-diethyl-p-
phenylenediamine method
(0.05–4.50 mg/L) at 530 nm

3.1. Assessment of Socioeconomic Status

A questionnaire survey was performed to compile primary data to assess the socioeco-
nomic status of Paikgacha and Tala Upazila’s people. The conducted research is a quantita-
tive cross-sectional study that is generally conducted in a population at a time or over a
short period. Moreover, cross-sectional studies were typically quick (snap-shotsnapshot)
and economical, where cause and effect were analyzed at the same time [20]. A detailed
questionnaire was developed for this study. The target group of this questionnaire was the
local stakeholders of Paikgacha and Tala Upazila. The major sections of the questionnaire
were developed based on general information about the households, socioeconomic sta-
tus of households, source of drinking water, water collection procedure, drinking water
quality, educational status, health issues, and willingness to pay for drinking water. A
socioeconomic vulnerability analysis was carried out based on three major indicators:
employment, economic status (income level), and economic facilities of the stakeholders.
The socioeconomic status was determined based on 30 household surveys (Figure 3).

3.2. Analysis of the Hydrogeological Settings

A total of 4 observation wells (Figure 4) were installed down (depth: 8 and 12 m) under
the study to monitor seasonal trends of groundwater table and water salinity at 3 h intervals
using Solinist Level-Temperature-Conductivity (LTC) data logger. After completing the
study, these newly installed tubewells were handed over to the local community.

The hydraulic properties of aquifers were estimated by applying the slug test, which
was a cost-effective and time-consuming method. Slug testing was performed by lowering
a slug (a cylinder of known volume, constructed of MS pipe capped at both ends tied
to a rope or cable) down in a borehole to replace the stagnant water with an equivalent
fluid volume. Next, a pressure transducer was placed below the slug level to examine the
water level responses. The data were recorded in a data logger. The slug remained in place
until the water level equilibrated to the static water level. Finally, during the equilibrium
stage, the data logger was stopped. Bouwer and Rice’s (1976) [48] method was used to
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calculate the hydraulic conductivity of aquifer materials in a single well. The detailed
hydrogeological settings methodology is explained in the flow chart (Figure 5).
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3.3. Analysis of the Geochemical Parameters

Both wet (September 2013) and dry (March 2014) seasons were considered for ground-
water sample collection. Moreover,13 groundwater samples were collected for the wet season,
as shown in Figure 1. Similarly, 14 samples were collected in the dry season. Among the
14 tubewells, 4 were newly installed. Some of the parameters of water samples, such as
temperature, hydrogen ion (pH), electrical conductivity (EC), total dissolved solids (TDS),
salinity, and arsenic were measured in the field. In addition, the major constituents (Na+, K+,
Ca2+, Mg2+, SO4

2−, NO3
−, Cl−, HCO3

−) and the trace components (Fe, Mn, Br, I, and F) had
been analyzed in the laboratory by adopting standard methods such as Atomic Absorption
Spectrophotometry (AAS), UV-VIS Spectrophotometry and titration. The framework of the
conducted research scheme is shown in Figure 6. A total of 13 drinking water elements were
considered to analyze the water quality (Table 2). Additionally, a detailed comparison is
shown for each of the parameters for both wet and dry seasons in the result section.
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Table 2. WHO (2011) [49] and Bangladesh Drinking Water Standards [50] for the analyzed parameters.

Elements WHO (2011) Standards
(mg/L)

Bangladesh (BD) Standards
(mg/L)

Magnesium (Mg) 50 50
Calcium (Ca) 75 75

Manganese (Mn) 0.5 0.5
Bromide (Br) <6 -

Iodide (I) 0.02 -
Bi-carbonate (HCO3

−) 200 -
Sulfate (SO4

2−) 250 400
Fluoride (F) 1.5 4.0

Nitrate (NO3
−) 50 10

Chloride (Cl) 250 150–600
Iron (Fe) 0.3 1.0

Sodium (Na) 200 600
Potassium (K) 12 12

4. Results and Discussion
4.1. Assessment of Social Challenges through Questionnaire Survey

In this study, socioeconomic status was analyzed based on the small size (n = 30)
of household surveys for Paikgacha and Tala Upazila. A total of seven indicators were
considered for this analysis (Table 3).

Table 3. Socioeconomic status of the households based on the questionnaire survey.

Indicator Weightage Percentage (%)

Education 3
Literate 30
Illiterate 70

Main Occupation 2
Farming 45

Labor 35
Business 15
Service 5

Household Income 1
Ultra-poor 65

Poor 25
Non-poor 10

Source of Drinking water 4
Community Tubewell 70

Personal Tubewell 25
Other 5

Health Issue 1 90
Willingness to Pay 2

Agreed 70
Not Agreed 30

Ultra-poor, poor, and non-poor were categorized according to the World 2016 study, which was defined based on
a daily per capita income. ultra-poor 1.90 USD; poor 1.9–2.50 USD and non-poor over 2.50 USD.

4.2. Hydrogeologic Settings Analysis

The study area section discussed the hydrological settings of the entire Paikgacha and
Tala upazilaUpazila areas based on 300 m lithological information, which was matched with
newly installed four exploratory wells. The topmost layer was predominantly composed of
clay with varying thicknesses from 0 to 9 m and was underlain by a composite mixture of
medium and fine sands that was considered a semi-confined shallow aquifer in this study.
The groundwater table was found from 0.5 m to 1.6 m, which was not too deep from the
surface. So, the primary source of water was rainfall which was considered freshwater. The
ranges of the total depth of all four installed monitoring wells were 8.5 m to 12.2 m, and
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the aquifers were available from 2.5 m to 9.2 m. All this information (Table 4) indicated
that the freshwater zone was easily accessible from the shallow aquifer.

Table 4. Information on installed monitoring well and lithologic settings.

Well ID
Total

Depth (m)
GWT from the

Surface (m)
Installed
Strainer

Thickness (m)

Top Zone Aquifer

KHPKSTW-6 10.37 0.50 (8.7–9.8) (0–4.8) (4.9–10.4)
KHPKSTW-7 12.2 0.90 8–10.5 0–7.6 7.61–12.2
KHPKSTW-8 8.5 1.6 4.8–7.6 0–2.5 2.5–8.5
SKTASTW-13 12.2 0.65 4.5–9.15 0–9.15 9.2–12.2

4.3. Groundwater Chemistry

Silt, clay, and very fine sand dominate the shallow subsurface of the study area. Water
infiltrates very slowly through pore spaces in fine-grained sediments. Silt, clay, and very
fine sand allow long residents time for water that favors minerals’ dissolution. On the other
hand, soils and aquifers contain abundant materials that can sorb chemicals from water
due to mass transfer among solution and solid. On the alluvial plains of southwestern
Bangladesh, the shallow sub-surface faces continuous reduction conditions controlled by
high groundwater table to repeating reduction and oxidation due to land submergence
and seasonal fluctuations of the water table. Moreover, agricultural activity and shrimp
farming increased significantly in this area over the past decades. These play an essential
role in water chemistry, mainly in shallow groundwater.

Results of the major ions concentrations and trace elements of groundwater samples
for both wet and dry seasons are presented in Figures 7–9. The samples were found to be
neutral, with pH values ranging between 7 and 7.9 and 7.07 and 7.7 in wet and dry seasons,
respectively. The temperature of groundwater was measured between 26.1 and 27.0 ◦C.
The groundwater’s electrical conductivity (EC) value varied from 360 to 4100 and from
803 to 4350 µS/cm for wet and dry seasons. EC values of most of the samples (except 5)
were measured within the limit of fresh or brackish water (<2000 µS/cm). Generally, wet
season EC values were detected lower than dry season EC values of groundwater samples.
However, few samples showed the opposite trend because of saline or brackish water. Total
Dissolved Solids (TDS) of water varied from 373 to 2160 and 402 to 2396 mg/L, respectively,
for wet and dry season samples.

The concentrations of Na+, K+, Ca2+, Mg2+ (Figure 7) were measured as 26.1 to
205.3 and 299 mg/L to 512 mg/L, 1.0 mg/L to 9.8 mg/L and 2.62 mg/L to 23.2 mg/L,
15.3 mg/L to 40.0 mg/L and 10.3 mg/L to 141 mg/L and 27.65 mg/L to 149.1 mg/L and
17.1 mg/L to 183.8 mg/L for wet and dry seasons, respectively. The average Na+, K+, Ca2+,
Mg2+ concentrations is 74.79 mg/L to 424.54 mg/L, 2.92 mg/L to 9.66 mg/L, 22.28 mg/L
to 28.19 mg/L, and 76.34 mg/L to 68.38 mg/L, respectively for wet and dry seasons.
Na+ concentration of few samples showed substantial variation between wet and dry
seasons. Na+ concentration in most of the samples exceeds the WHO recommended limit of
200 mg/L for potable water [51]. Groundwater can contain a large amount of sodium due
to saltwater intrusion [52]. It is noted that dietary intake of sodium is limited to between
1800 and 5000 mg/day. Discretionary sodium intake variability is very high [53]. The
concentrations of Mg2+ in most water samples show little greater than the WHO 2011 [49]
allowable limit of 50 mg/L for Bangladesh [50].

SO4
2− was (Figure 8) found between 0 and 91.0 mg/L and 0 and 100.0 mg/L with an

average of 14.69 mg/L and 27.27 mg/L in wet and dry seasons. However, SO4
2− of most of

the samples was measured as very low. NO3
− (Figure 8) concentrations range between 0.71

and 8.81 mg/L and 0.87 mg/L and 7.59 mg/L with an average of 3.43 mg/L and 2.5 mg/L,
respectively, for wet and dry seasons. Enhancement of organic N mineralization in soil
and oxidation due to land clearing, drainage, plowing, pit-latrines, and other agricultural
applications provide extensive contents of leachable NO3

−. The reduction in the only
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process for in situ nitrate removal from groundwater as NO3
− does not form insoluble

minerals that could precipitate, nor is adsorbed considerably under aquifer conditions [54].
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Figure 7. Comparison of both wet and dry seasons of cations in terms of WHO and BD allowable limit
for drinking water (a) Sodium (Na+); (b) Potassium (K+); (c) Calcium (Ca2+); and (d) Magnesium
(Mg2+). Except for Magnesium (Mg), all other parameters are mostly under the standard limit.
Sodium (Na) does not meet the WHO limit for the dry season, but both dry and wet are under the
BD limit.

In a few cases, reduction of NO3
− to NH4

+ could occur, but denitrification generally
can be responsible for the significant decrease of NO3

− in aquifers [55]. The shallow water
tables and poor drainage during infiltration promote the microbial reduction of NO3- to
N2 gas or microbial oxidation of NH4+ to NO3 [56]. Recharging NO3

−, sourced from
agriculture fertilizer, moved down in the aquifer where denitrification is coupled with
sulfide oxidation until encountering sulfide minerals and producing SO4

2− [57]. Very low
SO4

2−/Cl− ratios occasionally result from the reduction of SO4
2−. Sorption retards the

movement of SO4
2− in the subsurface [58]. Br, I, and F concentrations were measured

between 0.05 and 1.21 mg/L and 0.04 mg/L and 2.0 mg/L, 0.35 mg/L and 3.09 mg/L and
0.11 mg/L and 3.15 mg/L and 0.007 mg/L and 0.38 mg/L and 0.13 mg/L and 1.15 mg/L,
respectively, for wet and dry seasons.

The variations of Cl− (Figure 8) cause a wide range of total dissolved ions, is 15.0 mg/L
to 830 mg/L and 150 mg/L to 867 mg/L for wet monsoon and dry irrigation seasons, re-
spectively, and HCO3

− also has a significant role with values ranging from 111.63 mg/L to
260.47 mg/L, 298.9 mg/L and 519.4 mg/L for wet and dry seasons, respectively. The aver-
age concentrations of Cl− and HCO3

− are 250.85 mg/L and 402.31 mg/L and 180.9 mg/L
and 424.65 mg/L for wet and dry seasons, respectively. Cl− concentration exceeds a
brackish water level of 600 mg/L in a few samples, i.e., groundwater of most of the very
shallow tubewells is found within the drinking water limit. However, HCO3

− (Figure 8)
concentration in many water samples exceeds the WHO recommended limit of 200 mg/L
for drinking water. Freshwater is often dominated by Ca2+ and HCO3

− ions due to calcite
dissolution. The water softening reactions are the prominent exchange processes when
groundwater flows through clay-rich layer Ca2+ and Mg2+ exchange with absorbed Na+

in the groundwater [54]. The monovalent ions are generally replaced by divalent ions,
which are more strongly bonded. However, the reversible reaction may also happen at high
activities when the divalent ions are replaced by the monovalent ions [59].
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(e) Fluoride (F−); (f) Iodide (I−); and (g) Bi-carbonate (HCO3
−). SO4

2−; NO3
−; F− and Br− meet the

limit for both WHO and BD. The F analysis showed a significantly lower amount during the wet
season than dry. Cl− mostly meets the BD limit for the wet season except for one sample but three
samples for the WHO limit. No allowable limit is available for Iodide for both WHO and BD.

The matter of groundwater-rock interaction and degradation of organic matter by
an integrated microbial process is made noticeable in the concentrations of dissolved
HCO3

− [58]. Weathering and dissolution of carbonate, silicate or evaporate minerals re-
leases elements into water [54]. The Na+ and Ca2+ ratios are low in most samples, usually
due to carbonate weathering unless many ion exchanges [60]. The alkalinity of water or
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HCO3
− influences the secondary mineral formation−, sourced from weathered calcite

or silicate by respired or atmospheric CO2 [61]. Weathering processes further influence
carbonate and silicate minerals to release Na+, K+, Ca2+, and Mg2+ to the groundwater [58].
Contents of Ca2+ more than SO4

2− indicate Ca2+ sourced from calcite/dolomite or sili-
cates [60]. However, high Cl− and higher proportions of Na+ in comparison to K+, Ca2+,

and Mg2+, indicate the role of Na+ and Cl− [58] and intrusion of seawater, as well as
percolation due to shrimp cultivation with brackish or saline water, are expected in this
region of the coastal belt.

Excess heavy metal concentration is treated as harmful contaminants on biota due to
their poisonous impacts [62]. However, except iron, trace metals in natural or contaminated
groundwater, generally found at concentrations below 1.0 mg/L, controls by the solubility
of amorphous substances or minerals and adsorption on surfaces of clay minerals or organic
matter or hydrous oxides of Fe and Mn [63]. This study’s Fe content of groundwater was
measured as 0.2 mg/L to 13.7 mg/L and 0.01 mg/L to 0.85 mg/L in wet and dry seasons,
respectively (Figure 9). The concentration of most wet season samples exceeds the WHO
limit of 0.3 for drinking water [53], while almost all dry season samples show values
within the allowable limit. Important Fe2+ bearing minerals commonly present in aquifer
sediments comprise minerals such as magnetite, ilmenite, pyrite, siderite, silicates (e.g.,
amphiboles, pyroxenes, olivine, biotite), and clay minerals (e.g., smectites). Oxidative
dissolution of pyrite as a source for Fe2+ in groundwater is a necessary process [54]. The
concentration of Mn in groundwater was measured between 0 mg/L and 0.28 mg/L and
0.04 mg/L and 0.85 mg/L, respectively, for wet and dry seasons. Mn concentration of many
of the sampled wells slightly exceeds the WHO recommended value of 0.1 mg/L.
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Figure 9. Comparison of both wet and dry seasons of trace elements in terms of WHO and BD
allowable limit for drinking water (a) Iron (Fe2+); (b) Manganese (Mn2+). It seems Iron concentration
is high during the wet season due to the presence of water. Therefore, a further adaptation step is
needed to remove the iron from this layer. However, Mn2+ meets the expectation of the WHO limit
during the wet season.

Changing land-use patterns, such as for paddy cultivation in Bangladesh, has a role
in changing soil properties resulting availability of trace elements in groundwater [64].
During flooded irrigation for weeks, the redox potential of the topsoil may change from
positive values to negative values of the order of −0.1 to −0.2 V [65]. The importance of
redox potential may also rise from negative to positive (0.3–0.6 V) after water drainage and
aeration, generally within a few days, which is usual for aerobic conditions. Reductive
environments play an essential role in the mobility of metals [66]. In anoxic groundwater, Fe
is a common element to occur. The weathering of minerals e.g., pyrite, biotite, amphiboles,
and metamorphic carbonates in the Ganges-Brahmaputra-Meghna river system, enhanced
the occurrence of Fe oxyhydroxide (FeOOHx) and Mn oxide on the surfaces of sediment
grains during transportation [67]. Additional Fe- and Mn- oxides are formed within
unsaturated oxidized sediments. Partial reduction of FeOOHx and Mn oxides occurs in a
reducing environment due to the isolation of this sediment from the atmosphere during
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the seasonal flood and extensive dry season irrigation [68–70]. Chemically reduced Fe and
Mn that enter the solution may move downward with recharging water. The desorption of
Fe by reducing FeOOHx is common with groundwater’s high dissolved Fe contents in the
Holocene aquifers in the country [21,37,71].

To classify major ions of groundwater and evaluate the hydrochemical processes
between different water sources, the use of Piper diagrams is very significant [72]. Using
the pattern on the piper plot (Figure 10a,b), the groundwater of the Paikgacha area is
classified as the Na–Cl type in the dry season but turns to Ca2+- Cl− and Mixed Ca2+-Mg2+-
HCO3

− types in the wet season. Na+ > Ca2+ > Mg2+ >K+ and Cl− > HCO3
− > SO4

2− are
the major ion trends of the Na–Cl type for almost all samples. In the Tala area, dry season
groundwater is of Ca2+- HCO3

− and Mixed Ca2+- types, and during the wet season, it
turns to Ca2+-Mg2+-HCO3

− and Ca2+- Cl− types. This type of water interacts with pit
sediment, sand, and enriched carbonate layers. Both Ca2+- HCO3

− and Ca2+- Na+- HCO3
−

types of groundwater can be referred to as freshwater because freshwater originates from
rainfall-derived recharge to the aquifer.
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4.4. Depth Distribution of Salinity

In many regions, the flushing of saltwater has developed freshwater pockets. At the
shallow depths of the coastal aquifers, fresh groundwater (Cl < 300 mg/L; EC < 1000 µS/cm)
is detected in areas of Satkhira, Narail, Jashore, Barishal and Patuakhali districts, while
brackish water (Cl 300–600 mg/L; EC 1000–2000 µS/cm) occurs at Shariatpur, Chandpur and
Gopalganj aquifers. Salinity (Cl > 600 mg/L) infiltrates the shallow aquifers of Chandpur,
Shariatpur, Laksmipur, Feni, Noakhali, Cox’s Bazar, Barishal, Barguna, Bhola, Jhalokathi
and Pirojpur districts. Additionally, seasonal salinity inconsistency is observed, and dry
season salinity is generally greater than wet season salinity in upper aquifers. In shallow
groundwater, to depths of 100 m, the salinity is variable, overlain by shallow freshwater
pockets recharged from recent precipitation, and rapidly changes over short distances.
Pumping fresh water in the coastal aquifers can accelerate encroachment of saline water and
deteriorate water quality both spatially and laterally. Therefore, a clear understanding of
the groundwater system, characterization of aquifer sediments, safe yield of groundwater,
hydro-geochemical processes of the coastal aquifer, and determining the impacts of climate
change is essential. Generally, a deep aquifer (>250–300 m depth) stores fresh water in most
areas, but the higher depth is not viable for low-income people to install household-level
deep tubewells. Therefore, characterizing the potential of very shallow fresh groundwater is
essential to ensure fresh and safe drinking water availability at the household level in the
saline-prone and arsenic-affected coastal areas.



Sustainability 2022, 14, 6703 15 of 22

The Bengal delta’s complex drainage and river network makes it unique among the
more enormous deltas of the world. The entire delta is crisscrossed by numerous small
and extensive channels, of which many are active, some are decaying, while many others
are being drained by the tidal flow only. This drainage network also plays an integral
part in saltwater encroachment both in groundwater and surface water environments. The
southwestern part of the delta, comprising the Sundarbans, the largest mangrove forest in
the world, is ultimately a maze of tidal channels and creeks. These surface water bodies
carry a significant volume of water through distributaries, which connect these creeks and
tidal channels. The continuous shifting of courses is another prominent characteristic of the
delta-rivers. Rivers flow towards the south-east direction in a significant part of the western
delta, while some eastern rivers flow towards the south-west. The Ganges-Padma main
channel has long been hovering in the southeast direction. However, several significant
streams also follow a straight channel that can be considered as channels controlled by
tectonics. About 3 million cusecs of water flow through the delta during the summer
monsoon, and it performs as a fluvial delta. In contrast, it behaves as a tide-dominated delta
during the winter when water discharge through the delta reduces to 250,000 to 300,000
cusecs. These distinctive characteristics make this one the most complex delta in the world.

In the study areas of Tala and Paikgacha, very shallow groundwater samples (<8–10 m)
have salinity values within the potable standard of 600 mg/L of Cl and 2000 µS/cm of EC
(Figure 11a), both in wet and dry seasons. The arsenic level in this very shallow aquifer is
within the WHO recommended limit of 10.0 µg/L for potable water (Figure 11b). Deeper
samples (below 10–14 m depth) show higher salinity and arsenic values.
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Figure 11. Depth distribution of (a) salinity and (b) arsenic at Paikgacha and Tala Upazila in the
coastal belt. Except for four samples, the rest of the samples from the wet season are under the
tolerable limit of As, that is 50 µg/L. Only one place in Khulna showed a higher concentration of
arsenic during the wet season; the rest of the samples showed a lower concentration of arsenic in this
shallow aquifer layer.



Sustainability 2022, 14, 6703 16 of 22

Generally, in the aquifer where clay aquitard above pumping aquifers is absent or leaky,
vulnerability to vertical infiltration of saline water due to periodic storm surge flooding
is remarkable [73]. Due to sea-level rise, susceptibility to lateral saltwater migration is
influenced by the hydraulic properties of aquifer sediments. The more permeable section
of the aquifer is generally more vulnerable than the low permeable portion, but the process
of salinity intrusion is prolonged. Where groundwater abstraction occurs from freshwater
pockets bounded by saline water, pumping-induced threats of mixing preexisting fresh and
saline groundwater or increasing saline water mobility rates may be ubiquitous. The lower
topographic relief (central delta) aquifers have a higher vulnerability to all three intrusion
pathways than higher-relief (eastern delta) aquifers.

As the sea level rises near coastal areas, the associated impacts of regular inundation
are likely to enhance the salinity. A direct effect of SLR would be salinity encroachment
through the rivers and estuaries. It would be more severe in the dry season, mainly when
freshwater moves from rivers diminish.

4.5. Seasonal Fluctuation of Water Table and Salinity

Both depths to groundwater table and groundwater salinity have a seasonal fluctu-
ation, with a maximum during the dry season and a decreasing trend in the wet season
during monsoon (Figure 12). It usually reflects that the groundwater table rises during
the rainy season due to direct rainfall recharge and falls in the dry season. For example,
at Paikgacha, the water table fluctuates about 1.0 to 1.5 m seasonally. At Tala Upazila,
this fluctuation is about 2 m. Similarly, recent recharge during monsoon reduces salinity
concentration that increases in the dry season. The seasonal differences in EC values are
about 100 µS/cm to 200 µS/cm. EC values are about 100 µS/cm to 200 µS/cm.
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5. Recommended Solutions

Managed aquifer recharge (MAR) could be a long-term solution for mitigating or
minimizing freshwater or safe drinking water scarcity. Alternatively, government or non-
profit organizations can take the initiative to install tubewells in the shallow aquifer zone
to provide safe drinking water for the entire community in exchange for payment.

5.1. Managed Aquifer Recharge (MAR)

Managed Aquifer Recharge (MAR) is a valuable groundwater management tool for
stressed aquifers such as depleting water tables, encroachment of saline water, or land
subsidence due to declining water levels [74,75]. In the study area, where very shallow
groundwater is slightly saline, artificial recharge by rainwater harvesting can reduce the salt
content and turn it into potable water. Furthermore, techniques of both direct recharge, i.e.,
by direct vertical infiltration through the unsaturated vadose zone, and indirect recharge,
i.e., percolation through the beds of surface-water bodies to the water table [76], can be
applied to reduce salt content by adding additional water storage in coastal aquifers.
Considering this, the design of MAR, i.e., Recharge Tank and Recharge Pond, is proposed
for the salinity and arsenic affected study area to enhance the freshwater discharge of very
shallow wells (up to 5–8 m) (Figure 13a,b).

Time-variant meteorological events (e.g., precipitation and evapotranspiration) affect
the various processes of groundwater recharge. Recharge is also influenced by other climate
and surface and sub-surface conditions, including changing land-use and aquifer character-
istics [77]. For example, increasing shrimp cultivation using saline and brackish water on
the land surface in coastal landform can limit the availability of very shallow freshwater by
introducing higher salt contents. Therefore, field investigations are required to assess the
potential of area-specific recharge technologies by monitoring recharge processes. Specifi-
cally, a remarkably thick clay layer, i.e., aquitard, is encountered in the sub-surface (at least
3–5 m thick), which is less vulnerable to surface contamination. Recharge technologies
such as Recharge Tank and Recharge Pond can be constructed by removing this surface
clay and filling it with sand for additional water storage in the shallow aquifer.
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The Water Table Fluctuation (WTF) method can be applied to quantify the recharge
and availability of freshwater storage. The technique is best suited for shallow water tables
because of capturing sharp water-level fluctuations with high accuracy [78]. Recharge is
calculated as [79,80]:

R = Sy
dh
dt



Sustainability 2022, 14, 6703 18 of 22

where Sy is specific yield, t is time, and h is the height of the water table. All other
factors, such as changes in subsurface storage, and evaporation are zero during recharge.
Recharge for Paikgacha and Tala areas are computed at 60 mm and 100 mm, respectively,
by considering seasonal groundwater table fluctuation of 1.5 and 2.0 m, respectively.
Considering the average distance between two adjacent household tubewells as 50 m,
available water for a very shallow hand tubewell may be estimated to be 150–250 m3/year.
This volume of water can be increased, and salinity concentration level can be reduced
by providing artificial recharge technologies such as Recharge Tank and Recharge Pond.
The average hydraulic conductivity of very shallow aquifer sediment (8–10 m depth) is
measured as 9.45 and 5.45 m/day for Paikgacha and Tala areas, respectively, by conducting
slug tests from the installed observation wells. Considering the thickness of the upper
shallow aquifer at Paikgacha and Tala as 130 and 80 m, the transmissivity can be estimated
as 1280 and 436 m2/day, which is great potential for groundwater abstraction.

5.2. Willingness to Pay for Fresh and Safe Drinking Water

Even though the high percentage of the local people is ultra-poor and poor, they are still
willing to pay for fresh and safe drinking water. So, government or non-profit organizations
can take an enormous step to install the shallow aquifer tubewell to secure safe and fresh
potable water for the community. And Government or non-profit organizations can take a
minimum amount of payment from the local people based on their income. Moreover, few
people can earn money providing their service for installation and monitoring activities
through these initiatives. Most households are interested in ensuring access to sources of
improved potable water. However, about 84% of households reported that they wanted
new drinking water supply technology to ensure access to safe and fresh drinking water.

6. Conclusions

This study investigates the sustainable drinking water source for the arsenic and saline-
prone coastal aquifers of the Bengal Delta. Groundwater abstraction from upper freshwater
pockets and deep aquifers in the coastal areas can be done by manually operating small
diameter (38–50 mm) tubewells. After doing all analyses for both seasons, it may be
concluded that the very shallow groundwater (5–8 m) that is mainly recharged by direct
rainfall is suitable for drinking purposes. This layer should be preserved only for drinking
and cooking purposes. For other uses, water should be used from surface water bodies,
precipitation during monsoon, and groundwater below this very shallow aquifer. In that
case, the low-income population on the coast can get drinking water over the year, both in
wet and dry seasons.

The study also recommends probable solutions to solve the problem of freshwater
scarcity in the study area. To build a resilient community, both traditional and indigenous
practices and scientific and technical knowledge must be considered simultaneously. In the
study area, the salinity of selected samples was under the allowable limit (<2000 µS/cm),
and the targeted aquifer was almost arsenic (50 µg/L) free. Moreover, the extensive
range of total dissolved ions significantly varied over the study area for wet and dry
seasons (e.g., Cl−: 15.0 mg/L to 830 mg/L and 34.0 mg/L to 867 mg/L for wet and dry
seasons, respectively). In addition, the average concentrations of Cl− are 250.85 mg/L
and 402.31 mg/L for wet and dry seasons, respectively. Cl− concentration exceeds a
brackish water level of 600 mg/L for the few samples. Therefore, additional recharge
by artificial recharge mechanisms can dilute the concentration of Cl− to some extent.
The design of affordable recharge technologies such as the Recharge Tank and Pond is
suggested to augment artificial recharge of rainwater to groundwater table to increase the
freshwater availability of very shallow tubewells (up to 6–8 m). Groundwater in the upper
shallow aquifer is less vulnerable to surface contamination when a remarkably thick clay
layer overlays it (at least 3–5 m), i.e., aquitard, on the surface. Further investigation and
comprehensive study are necessary to quantify the additional seasonal recharge by these
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artificial recharge technologies. In all cases, concern and maintenance must be taken to
avoid threats of surface contamination, including salinity sourced from storm surges.

Author Contributions: For this research, K.J. and A.Z. developed and designed the research frame-
work. K.J., carried out the analysis of results, and wrote the original paper. K.J. and A.Z. contributed
to the interpretation of results, resources, supervision, project administration. M.A.E.B. involved with
writing, review & editing and contributed to the development of the paper. I.A. project administration
and funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by DFID under Action Re-search for Community Adaptation in
Bangladesh (ARCAB) project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to DFID for sponsoring the study under Action Research
for Community Adaptation in Bangladesh (ARCAB) project. Saleemul Huq, International Center for
Climate Change and Development (ICCCAD), and Sumana Tanchangya, ARCAB, are acknowledged
for their cooperation. In addition, M. Aminur Rahman and M. Rashidul Hassan are recognized for
their valuable support during field and laboratory activities.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pradhanang, S.; Jahan, K. Urban Water Security for Sustainable Cities in the Context of Climate Change. In Water, Climate and

Sustainability; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2021; Chapter 14; pp. 213–224.
2. Ahmed, B.; Kelman, I.; Fehr, H.; Saha, M. Community resilience to cyclone disasters in coastal Bangladesh. Sustainability 2016,

8, 805. [CrossRef]
3. Ahmed, N.; Diana, J.S. Threatening “white gold”: Impacts of climate change on shrimp farming in coastal Bangladesh.

Ocean. Coast. Manag. 2015, 114, 42–52. [CrossRef]
4. Mahmudul, H.; Islam, A.; Aziz, H.; Jahangir, A.; Mehedi, H.P. Groundwater vulnerability assessment in Savar upazila of Dhaka

district, Bangladesh—A GIS-based DRASTIC modeling. Groundw. Sustain. Dev. 2019, 9, 100220.
5. Jahan, K. Delineating suitable aquifers for agricultural and drinking water supply in Southwest coastal area. PG Diploma Thesis,

Institute of Water and Flood Management, Bangladesh University of Engineering and Technology, Dhaka, Bangladesh, 2013.
6. Ahsan, M.N.; Warner, J. The socio-economic vulnerability index: A pragmatic approach for assessing climate change led risks—A

case study in the southwestern coastal Bangladesh. Int. J. Disaster Risk Reduct. 2014, 8, 32–49. [CrossRef]
7. Mallick, B.; Ahmed, B.; Vogt, J. Living with the risks of cyclone disasters in the southwestern coastal region of Bangladesh.

Environments 2017, 4, 13. [CrossRef]
8. Becker, M.; Papa, F.; Karpytchev, M.; Delebecque, C.; Krien, Y.; Khan, J.U.; Ballu, V.; Durand, F.; le Cozannet, G.; Islam, A.K.M.S.;

et al. Water level 703 changes, subsidence, and sea level rise in the Ganges–Brahmaputra–Meghna delta. Proc. Natl. Acad. Sci. USA
2020, 117, 1867–1876. [CrossRef]

9. Nicholls, R.J.; Hutton, C.W.; Adger, W.N.; Hanson, S.E.; Rahman, M.M.; Salehin, M. Ecosystem Services for Well-Being in Deltas:
Integrated Assessment for Policy Analysis; Springer: Berlin/Heidelberg, Germany, 2018.

10. Bhuiyan, M.A.E.; Yang, F.; Biswas, N.K.; Rahat, S.H.; Neelam, T.J. Machine Learning-Based Error Modeling to Improve GPM
IMERG Precipitation Product over the Brahmaputra River Basin. Forecasting 2020, 2, 248–266. [CrossRef]

11. Institute of Water Modelling. Use Existing Data on Available Digital Elevation Models to Prepare Useable Tsunami and Storm Surge
Inundation Risk Maps for the Entire Coastal Region; IWM: Dhaka, Bangladesh, 2009.

12. Yu, W.; Mozaharul, A.; Ahmadul, H.; Abu Saleh, K.; Ruane, A.; Rosenzweig, C.; Major, D.; Thurlow, J. Climate Change Risks and
Food Security in Bangladesh; Routledge: Abingdon, UK, 2010; ISBN 97818497113026497.

13. Anwar, M.S.; Rahman, K.; Bhuiyan, M.A.E.; Saha, R. Assessment of Sea Level and Morphological Changes along the Eastern
Coast of Bangladesh. J. Mar. Sci. Eng. 2022, 10, 527. [CrossRef]

14. Abdullah, H.M.; Muraduzzaman, M.; Islam, I.; Miah, M.G.; Rahman, M.M.; Rahman, A.; Ahmed, Z. Spatiotemporal dynamics of
new land development in Bangladesh coast and its potential uses. Remote Sens. Appl. Soc. Environ. 2019, 14, 191–199. [CrossRef]

15. Mozumder, M.R.H.; Michael, H.A.; Mihajlov, I.; Khan, M.R.; Knappett, P.S.K.; Bostick, B.C. Origin of groundwater arsenic in a
rural Pleistocene aquifer in Bangladesh depressurized by distal municipal pumping. Water Resour. Res. 2020, 56, e2020WR027178.
[CrossRef]

16. MLGRDC. Sector Development Plan (FY 2011-25)—Water Supply and Sanitation Sector in Bangladesh; MLGRDC: Dhaka, Bangladesh, 2011.

http://doi.org/10.3390/su8080805
http://doi.org/10.1016/j.ocecoaman.2015.06.008
http://doi.org/10.1016/j.ijdrr.2013.12.009
http://doi.org/10.3390/environments4010013
http://doi.org/10.1073/pnas.1912921117
http://doi.org/10.3390/forecast2030014
http://doi.org/10.3390/jmse10040527
http://doi.org/10.1016/j.rsase.2019.04.001
http://doi.org/10.1029/2020WR027178


Sustainability 2022, 14, 6703 20 of 22

17. Fischer, A.; Hope, R.; Manandhar, A.; Hoque, S.; Foster, T.; Hakim, A. Risky responsibilities for rural drinking water in-stitutions:
The case of unregulated self-supply in Bangladesh. Glob. Environ. Change 2020, 65, 102152. [CrossRef]

18. Khan, M.M.N.; Hossain, A.T.M.Z.; Haldar, P.K.; Mondal, M.S.H. Promoting community based adaptation to combat climate
change impacts—Practices, approaches and models. In Proceedings of the 2nd Regional Conference on Disaster Risk Reduction
and Climate Change Adaptation, Khulna, Bangladesh, November 2014; pp. 59–66.

19. Haque, S.A. Salinity problems and crop production in coastal regions of Bangladesh. Pak. J. Bot. 2006, 38, 1359–1365.
20. BWDB-UNDP. Groundwater Survey: The Hydrogeological Conditions of Bangladesh; UNDP: New York, NY, USA, 1982.
21. Bhattacharya, P.; Chatterjee, D.; Jacks, G. Occurrence of Arsenic contaminated groundwater in alluvial aquifers from the delta

plains, eastern India: Options for safe drinking water supply. Water Resour. Dev. 1997, 13, 79–92. [CrossRef]
22. Papazotos, P.; Vasileiou, E.; Perraki, M. Elevated groundwater concentrations of arsenic and chromium in ultramafic environments

controlled by seawater intrusion, the nitrogen cycle, and anthropogenic activities: The case of the Gerania Mountains, NE
Peloponnese, Greece. Appl. Geochem. 2001, 121, 104697. [CrossRef]

23. Nickson, R.; McArthur, J.; Burgess, W.; Ahmed, K.M.; Ravenscroft, P.; Rahman, M. Arsenic poisoning of Bangladesh groundwater.
Nature 1998, 395, 338. [CrossRef]

24. Ravenscroft, P.; McArthur, J.M.; Hoque, B.A. Geochemical and palaeohydrological controls on pollution of groundwater by
arsenic. In Arsenic Exposure and Health Effects; Chappell, W.R., Abernathy, C.O., Calderon, R.L., Eds.; Elsevier: Oxford, UK, 2001;
pp. 53–77.

25. Van Geen, A.; Zheng, Y.; Versteeg, R.; Stute, M.; Horneman, A.; Dhar, R.; Steckler, M.; Gelman, A.; Small, C.; Ahsan, H.; et al.
Spacial variability of arsenic in 6000 tubewells in a 25 km2 area of Bangladesh. Water Resour. Res. 2003, 39, 1140. [CrossRef]

26. Yan, X.-P.; Kerrich, R.; Hendry, M.J. Distribution of arsenic (III), arsenic (V) and total inorganic arsenic in pore waters from a thick
till and clay rich aquitard sequence, Saskatchewan, Canada. Geochim. Cosmochim. Acta. 2000, 62, 2637–2648. [CrossRef]

27. Climate Change Cell (CCC). Assessment of Sea Level Rise on Bangladesh Coast through Trend Analysis; Climate Change Cell 706;
Department of Environment, Ministry of Environment and Forests: Dhaka, Bangladesh, 2016.

28. SMRC. The Vulnerability Assessment of SAARC Coastal Region Ude to the Sea Level Rise: Bangladesh Case Study; SAARC Meteorological
Research Center: Dhaka, Bangladesh, 2003.

29. Acharyya, S.K.; Chakraborty, P.; Lahiri, S.; Raymahashay, B.C.; Guha, S.; Bhowmik, A. Arsenic poisoning in the Ganges delta.
Nature 1999, 401, 545. [CrossRef]

30. Sarwar, M.G.M. Sea-Level Rise along the Coast of Bangladesh. In Disaster Risk Reduction Approaches in Bangladesh; Shaw, R.,
Mallick, F., Islam, A., Eds.; Springer: Tokyo, Japan, 2013.

31. Khandker, H. Mean sea level in Bangladesh. Mar. Geod. 1997, 20, 69–76. [CrossRef]
32. Khan, T.M.A.; Singh, O.P.; Rahman, M.S. Recent sea level and sea surface temperature trends along the Bangladesh coast in

relation to the frequency of intense cyclones. Mar. Geod. 2000, 23, 103–116.
33. Rahman, A.F.; Danilo, D.; Bassil, E. Response of the Sundarbans coastline to sea level rise and decreased sediment flow: A remote

sensing assessment. Remote Sens. Environ. 2011, 115, 3121–3128. [CrossRef]
34. Saha, S.K.; Monsur, H. Sea level changes due to climate change–Facts and fiction. J. Nepal Geol. Soc. 2007, 36, 30.
35. Bangladesh Water Development Board (BWDB). Hydrogeological Study and Mathematical Modelling to Identify Sites for Installation

of Observation Well Nest; Bangladesh Water Development Board (BWDB) and Institute of Water Modelling (IWM): Dhaka,
Bangladesh, 2013; Volume 5.

36. BWDB. List of Observation Wells, Automatic Water Level Recorders and Groundwater Sampling Stations under Ground Water Hydrology
Division-II; Bangladesh Water Development Board: Dhaka, Bangladesh, 2001; p. 130.

37. Zahid, A.; Jahan, K.; Ali, M.H.; Ahmed, N.; Islam, M.K.; Rahman, A. Distribution of Groundwater Salinity and Its Seasonal
Variability in the Coastal Aquifers of Bengal Delta. In Impact of Climate Change on Socio-economic Conditions of Bangladesh; Zahid,
A., Hassan, M.Q., Islam, R., Samad, Q.A., Khan, M.S., Haque, R., Eds.; Alumni Association of German Universities in Bangladesh:
Dhaka, Bangladesh, 2013; pp. 170–193.

38. Islam, A.R.M.T.; Ahmed, N.; Bodrud-Doza, M.; Chu, R. Characterizing groundwater quality ranks for drinking purposes in
Sylhet district, Bangladesh, using entropy method, spatial autocorrelation index and geostatistics. Environ. Sci. Pollut. 2017, 24,
26350–26374. [CrossRef] [PubMed]

39. Dowling, C.B.; Poreda, R.J.; Basu, A.R. The Groundwater Geochemistry of the Bengal: Weathering, Chemsorption and Trace
Metal Flux to the Oceans. Geochim. Cosmochim. Acta 2003, 67, 2117–2136. [CrossRef]

40. Islam, A.R.M.T.; Islam, H.M.T.; Mia, U.M.; Khan, R.; Habib, M.A.; Bodrud-Doza, M.; Siddique, M.A.B.; Chu, R. Co-distribution,
possible origins, status and potential health risk of trace elements in surface water sources from six major river basins, Bangladesh.
Chemosphere 2020, 249, 126180. [CrossRef] [PubMed]

41. Huq, S.; Ayers, J. Climate Change Impacts and Responses in Bangladesh. In DG Internal Policies of the Union Policy Department
Economic and Scientific Policy; European Parliament: Brussels, Belgium, 2008. Available online: https://www.europarl.europa.eu/
RegData/etudes/etudes/join/2008/400990/IPOLCLIM_ET(2008)400990_EN.pdf. (accessed on 8 April 2022).

42. Plan International. Life under Water: When Monsoon Season Strikes in Bangladesh. 2021. Available online: https://plancanada.
ca/monsoon-season-in-bangladesh (accessed on 8 April 2022).

43. Agarwala, S.; Ota, T.; Ahmed, A.U.; Smith, J.; Alast, M.V. Development and Climate Change in Bangladesh: Focus on Coastal
Flooding and the Sundarbans. 2003. Available online: https://www.oecd.org/env/cc/21055658.pdf (accessed on 8 April 2022).

http://doi.org/10.1016/j.gloenvcha.2020.102152
http://doi.org/10.1080/07900629749944
http://doi.org/10.1016/j.apgeochem.2020.104697
http://doi.org/10.1038/26387
http://doi.org/10.1029/2002WR001617
http://doi.org/10.1016/S0016-7037(00)00380-X
http://doi.org/10.1038/44052
http://doi.org/10.1080/01490419709388095
http://doi.org/10.1016/j.rse.2011.06.019
http://doi.org/10.1007/s11356-017-0254-1
http://www.ncbi.nlm.nih.gov/pubmed/28944409
http://doi.org/10.1016/S0016-7037(02)01306-6
http://doi.org/10.1016/j.chemosphere.2020.126180
http://www.ncbi.nlm.nih.gov/pubmed/32086063
https://www.europarl.europa.eu/RegData/etudes/etudes/join/2008/400990/IPOLCLIM_ET(2008)400990_EN.pdf.
https://www.europarl.europa.eu/RegData/etudes/etudes/join/2008/400990/IPOLCLIM_ET(2008)400990_EN.pdf.
https://plancanada.ca/monsoon-season-in-bangladesh
https://plancanada.ca/monsoon-season-in-bangladesh
https://www.oecd.org/env/cc/21055658.pdf


Sustainability 2022, 14, 6703 21 of 22

44. Bakr, M.A. Quaternary Geomorphic Evolution of the Brahmanbaria-Noakhali Area; Geological Survey of Bangladesh: Dakha,
Bangladesh, 1977.

45. Morgan, J.P.; McIntire, W.G. Quaternary geology of the Bengal Basin, East Pakistan and India. Geol. Soc. Am. Bull. 1959, 70,
319–342. [CrossRef]

46. Edmunds, W.M.; Ahmed, K.M.; Whitehead, P.G. A review of arsenic and its impacts in groundwater of the Ganges–Brahmaputra–
Meghna Delta, Bangladesh. Environ. Sci. Processes Impacts 2015, 17, 1032–1046. [CrossRef]

47. Ahmed, M.F.; Ahuja, S.; Alauddin, M.; Hug, S.J.; Lloyd, J.R.; Pfaff, A.; Pichler, T.; Salitkov, C.; Stute, M.; Van Geen, A. Ensuring
safe drinking water in Bangladesh. Science 2006, 314, 1687–1688. [CrossRef]

48. Bouwer, H.; Rice, R.C. A Slug Test for Determining Hydrolic Conductivity of Unconfined Aquifers with Completely or Partially
Penetrating Wells. Water Resour. Res. 1976, 12, 423–428. [CrossRef]

49. World Health Organization. Guidelines for Drinking-Water Quality, 4th ed.; World Health Organization: Geneva, Switzerland, 2011.
Available online: https://apps.who.int/iris/handle/10665/44584 (accessed on 8 April 2022).

50. DoE. Final Report Geospatial Technology Based Water Quality Monitoring System for Bangladesh; Department of Environment: Dhaka,
Bangladesh, 2016.

51. WHO. Guideline for Drinking Water Quality, 4th ed.; World Health Organization: Geneva, Switzerland, 2007; Volume 1, p. 515.
52. Basavaraddi, S.; Kouser, H.; Puttaiah, E. Sodium Toxicity in Ground Water and its Hazardous Effect on Life–A Study in Tiptur

Town and its Surrounding Areas. Glob. Adv. Res. J. Microbiol. 2012, 1, 149–154.
53. US Environmental Protection Agency. Drinking Water Advisory: Consumer Acceptability Advice and Health Effects Analysis on

Sodium. 2003. Available online: https://www.epa.gov/sdwa/recommendations-national-drinking-water-advisory-council-
us-epa-its-national-small-systems (accessed on 8 April 2022).

54. Appelo, C.A.J.; Postma, D. Geochemistry, Groundwater and Pollution; CRC Press: Boca Raton, FL, USA, 1999; p. 535.
55. Berner, R.A. Principles of Chemical Sedimentology; McGraw-Hill: New York, NY, USA, 1971; p. 240.
56. Tesorieroa, A.J.; Spruilla, T.B.; Eimersb, J.L. Geochemistry of shallow ground water in coastal plain environments in the

southeastern United States: Implications for aquifer susceptibility. Appl. Geochem. 2004, 19, 1471–1482. [CrossRef]
57. Van Beek, C.G.E.M.; Hettinga, F.A.M.; Straatman, R. The effects of manure spreading and acid deposition upon groundwater

quality in Vierlingsbeek, the Netherlands. Int. Assoc. Hydrol. Sci. Publ. 1989, 185, 155–162.
58. Zheng, Y.; Stute, M.; Van Geen, A.; Gavrieli, I.; Dhar, R.; Simpson, H.J.; Schlosser, P.; Ahmed, K.M. Redox control of arsenic

mobilization in Bangladesh groundwater. Appl. Geochem. 2004, 19, 201–214. [CrossRef]
59. Fetter, C.W. Applied Hydrogeology; Prentice Hall: New York, NY, USA, 1994; 691p.
60. Hounslow, A.W. Water Quality Data, Analysis and Interpretation; Lewis Publishers: Poole, UK, 1995.
61. Garrels, R.M. Genesis of some ground waters from igneous rocks. In Researches in Geochemistry; Abelson, P.H., Ed.; John Wiley

and Sons: New York, NY, USA, 1967; pp. 405–421.
62. Alloway, B.J.; Ayres, D.C. Chemical Principles of Environmental Pollution; Chapman and Hall: London, UK, 1997.
63. Freeze, R.A.; Cherry, J.A. Groundwater; Prentice-Hall Inc.: New Jersey, NJ, USA, 1979; p. 604.
64. Basta, N.T.; Ryan, J.A.; Chaney, R.L. Trace Element Chemistry in Residual-Treated Soil: Key Concepts and Metal Bioavailability.

J. Environ. Qual. 2005, 34, 49–63. [CrossRef] [PubMed]
65. Reddy, K.R.; Patrick, W.H. Effect of alternate aerobic and anaerobic conditions on redox potential, organic matter decomposition,

and nitrogen loss in a flooded soil. Soil Biol. Biochem. 1975, 7, 87–94. [CrossRef]
66. Davranche, M.I.; Bollinger, J.C. A Desorption–Dissolution Model for Metal Release from Polluted Soil under Reductive Conditions.

J. Environ. Qual. 2001, 30, 1581–1586. [CrossRef]
67. Tareq, S.M.; Safiullah, S.; Anawar, H.M.; Rahman, M.M.; Ishizuka, T. Arsenic pollution in groundwater: A self-organizing complex

geochemical process in the deltaic sedimentary environment, Bangladesh. Sci. Total Environ. 2003, 313, 213–226. [CrossRef]
68. Koenigs, F.F.R. A Sawah Profile Near Bogor (Java); Institute for Soil Research: Bogor, Indonesia, 1950.
69. Mitsuchi, M. Permeability series of lowland paddy soils in Japan. JARQ 1975, 9, 28–33.
70. Moormann, F.R.; Breeman, N.V. Soil forming processes in Aquatic rice lands. In Rice: Soil, Water, Land; International Rice Research

Institute: Los Banos, Philippines, 1978; Chapter 5.
71. Zahid, A.; Hassan, M.Q.; Balke, K.-D.; Flegr, M.; Clark, D.W. Groundwater chemistry and occurrence of arsenic in the Meghna

floodplain aquifer, southeastern Bangladesh. J. Environ. Geol. 2008, 54, 1247–1260. [CrossRef]
72. Soulsby, C.; Chen, M.; Ferrier, R.C. Hydrogeochemistry of shallow groundwater in an upland Scottish catchment. Hydrol. Processes

1998, 12, 1111–1127. [CrossRef]
73. World Bank-USGS. Implications of Climate Change for Fresh Groundwater Resources in Coastal Aquifers in Bangladesh; The World Bank,

South Asia Region: Almaty, Kazakhstan, 2010; 105p.
74. Dillon, P. Future Management of Aquifer Recharge. Hydrogeol. J. 2005, 13, 313–316. [CrossRef]
75. Scanlon, B.R.; Healy, R.W.; Cook, P.G. Choosing appropriate techniques for quantifying groundwater recharge. Hydrogeol. J. 2002,

10, 18–39. [CrossRef]
76. Lerner, D.N.; Issar, A.S.; Simmers, I. Groundwater Recharge. A Guide to Understanding and Estimating Natural Recharge; Verlag Heinz

Heise: Hannover, Germany, 1990; p. 345.
77. De Vries, J.J.; Simmers, I. Groundwater recharge: An overview of processes and challenges. Hydrogeol. J. 2002, 10, 5–17. [CrossRef]
78. Healy, R.W.; Cook, P.G. Using groundwater levels to estimate recharge. Hydrogeol. J. 2002, 10, 91–109. [CrossRef]

http://doi.org/10.1130/0016-7606(1959)70[319:QGOTBB]2.0.CO;2
http://doi.org/10.1039/C4EM00673A
http://doi.org/10.1126/science.1133146
http://doi.org/10.1029/WR012i003p00423
https://apps.who.int/iris/handle/10665/44584
https://www.epa.gov/sdwa/recommendations-national-drinking-water-advisory-council-us-epa-its-national-small-systems
https://www.epa.gov/sdwa/recommendations-national-drinking-water-advisory-council-us-epa-its-national-small-systems
http://doi.org/10.1016/j.apgeochem.2004.01.021
http://doi.org/10.1016/j.apgeochem.2003.09.007
http://doi.org/10.2134/jeq2005.0049dup
http://www.ncbi.nlm.nih.gov/pubmed/15647534
http://doi.org/10.1016/0038-0717(75)90004-8
http://doi.org/10.2134/jeq2001.3051581x
http://doi.org/10.1016/S0048-9697(03)00266-3
http://doi.org/10.1007/s00254-007-0907-3
http://doi.org/10.1002/(SICI)1099-1085(19980615)12:7&lt;1111::AID-HYP633&gt;3.0.CO;2-2
http://doi.org/10.1007/s10040-004-0413-6
http://doi.org/10.1007/s10040-001-0176-2
http://doi.org/10.1007/s10040-001-0171-7
http://doi.org/10.1007/s10040-001-0178-0


Sustainability 2022, 14, 6703 22 of 22

79. Meinzer, O.E. The Occurrence of Groundwater in the United States with a Discussion of Principles; University of Chicago: Chicago, IL,
USA, 1923; p. 321.

80. Meinzer, O.E.; Stearns, N.D. A Study of Groundwater in the Pomperaug Basin, Connecticut; US Geological Survey: Reston, VA, USA,
1929; pp. 73–146.


	Introduction 
	Study Area 
	Methodology 
	Assessment of Socioeconomic Status 
	Analysis of the Hydrogeological Settings 
	Analysis of the Geochemical Parameters 

	Results and Discussion 
	Assessment of Social Challenges through Questionnaire Survey 
	Hydrogeologic Settings Analysis 
	Groundwater Chemistry 
	Depth Distribution of Salinity 
	Seasonal Fluctuation of Water Table and Salinity 

	Recommended Solutions 
	Managed Aquifer Recharge (MAR) 
	Willingness to Pay for Fresh and Safe Drinking Water 

	Conclusions 
	References

