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Abstract: Bangladesh is overly dependent on groundwater and the demand in the near future is
expected to increase, as the country is experiencing rapid development and industrial growth. This
study assesses the prospect and sustainability of groundwater in Mirsharai Upazila, Chattogram,
where a large industrial area, namely ‘Bangabandhu Sheikh Mujib Shilpa Nagar (BSMSN)’, is taking
shape. The physical aquifer system was characterized and groundwater quality was mapped. There
is one thick aquifer in the northernmost part of the upazila, which splits into three separate aquifers in
the south. Water quality indexing suggests that the deep (>130 m) groundwater throughout upazila
is good (1 = 5) to excellent (1 = 18), while the shallow groundwater is mostly poor to unsuitable for
both drinking and irrigation purposes. Because of the close proximity to the sea and the presence
of thick clays above the deep freshwater aquifer in the BSMSN area, heavy industrial abstraction
poses a threat to the lateral intrusion of seawater and land subsidence. Even a small subsidence in the
project area at only a couple of meters above sea level would jeopardize the entire project. This study
recommends limiting the use of the deep fresh groundwater for the current population of the upazila.

Keywords: groundwater quality; industrialization; water quality index; BSMSN; subsidence; coastal
groundwater; Bangladesh

1. Introduction

Groundwater is a major source of the global water supply because it is usually clean,
safe, requires little or no treatment, and is less affected by droughts than surface water [1-3].
In south and southeast Asia, it is used extensively for both drinking and irrigation pur-
poses [4,5]. Groundwater degradation, in terms of both quantity and quality, has been a ma-
jor concern in many countries [6-10]. Although, on a global scale, groundwater withdrawal
is less than the available supply [11], there is a large spatial variability [12,13]. Groundwater
depletion is particularly evident in heavily irrigated areas across the globe [14-18].

In Bangladesh, groundwater is the major source of freshwater supply for irriga-
tion, industrial, and domestic water supply in both the urban and rural areas [19-22].
However, Bangladesh is one of the worst affected countries in the world for ground-
water arsenic [23,24]. An estimated 27.5 million people are chronically exposed to ar-
senic greater than the WHO guideline value of 10 ug/L through their drinking wa-
ter [25]. Besides arsenic, groundwater salinity is a major problem in many parts of coastal
Bangladesh [20,26,27]. In the coastal area, potable groundwater only exists in aquifers
deeper than 150 m, while at shallower depths, most of the water is brackish. Under such
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circumstances, it is easier to assume that no local vertical freshwater recharge occurs in
the coastal deep aquifer and the only source of freshwater supply it is the deep regional
flow [28,29]. However, how far the recharge to the deep aquifer occurs is poorly understood.
Understanding the recharge mechanism and recharge area is crucial for managing coastal
groundwater, the sole source of potable water for tens of millions of people [28]. Climate-
change-induced increased intensity of storm surges and a possible sea level rise poses an
additional threat to the management of coastal groundwater in Bangladesh. Away from the
coast, extensive irrigation and use of pesticides and other chemicals in the northern part
of Bangladesh is deteriorating the groundwater quality [30,31]. Apart from groundwater
quality issues, many urban centers and agricultural hubs in the country are experiencing a
rapid decline in groundwater levels [21,22], and its impacts are being felt in areas that are
tens of kilometers away from the urban center [32-34].

Urbanization and industrialization act as engines for economic growth and social
development but also cause environmental degradation, especially in developing coun-
tries [35,36]. Increased vulnerability to natural hazards, landscape degradation, groundwa-
ter contamination, land surface erosion and reduction, climate change, net productivity
reduction etc., are influenced by urbanization and industrialization [37-39]. There is a posi-
tive correlation between urbanization (industrialization) and groundwater contamination.
Deterioration of both groundwater quality and quantity, in and around many megacities in
the world, is evidenced in many studies [32,38,40-44]. Urban and industrial waste are often
polluted with dangerous heavy metals such as Cu, Ni, Cd, Cr, As, Pb, and Zn, pathogens
and other water contaminants, that eventually find their way into groundwater [45-48]
and causes health issues to the consumers [49].

Bangladesh is rapidly transforming from a largely agrarian to an industrialized coun-
try. Currently, it is the second largest exporter of readymade garments in the world.
Considering the limited land area, high population density, and a large young workforce,
industrialization is important for the growth and future of Bangladesh. The contribution of
industries to the nation’s gross domestic product (GDP) has increased from 19.13% in the
1985-86 fiscal year, to 34.99% in 2020-21 [50]. To keep pace with the fourth industrial revo-
lution, the government of Bangladesh is focusing heavily on the growth of the industrial
sector and planning to set up 100 exclusive economic zones in different parts of the country
to attract foreign investment by 2030 [50]. Each of these zones will become a high-density
industrial center and will promote urbanization around them. It is highly likely that these
economic zones will also be hotspots for groundwater contamination. Previously, it is
evident that large-scale, unplanned industrial growth has resulted in severe environmental
degradation. For example, the tannery industry along the Buriganga River in the capital
city of Dhaka, causes severe destruction of the aquatic ecosystem and pollution of the major
surface and groundwater sources [51,52].

Although it is understood that groundwater quality deteriorates due to urbanization
and industrialization, the exact pathways and timeline of such contamination is poorly
understood. This is largely because, in most of the cases, there is no baseline groundwater
quality data to compare the post-industrialized water quality. To monitor the evolution
of the groundwater quality affected by anthropogenic activities, it is necessary to compile
and analyze all the relevant data. The current study area is the largest planned exclusive
economic zone in Bangladesh, namely Bangabandhu Sheikh Mujib Shilpa Nagar (BSMSN),
which is being implemented by the Bangladesh Economic Zone Authority (BEZA) (Figure 1).
More than 580 industries, including garments, automobiles, food, and the chemical industry,
are expected to be established there. To run this industrial site every day, approximately
839 million liters/day of freshwater will be required by 2040, which will be collected from
nearby surface water sources and groundwater [53,54]. Therefore, this study is focusing
on evaluating the spatial variability in hydrogeological and hydrogeochemical parameters
in the area that will serve as a baseline paper to assess the impacts of industrialization on
water quality in the near future. Besides, this study provides a qualitative assessment of the
potential impacts of large-scale groundwater withdrawal in the planned industrial zone on
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the water supply of the existing population, as well as the possibility of land subsidence
and the overall sustainability of the proposed industrial zone. Furthermore, based on the
spatial variation in major ion chemistry, this study provides insights on groundwater flow
and the recharge mechanism to deep aquifers in coastal Bangladesh.

*8L62SL6T
sL53OSL60
(o)

SL08
Q

Legend

® Shallow wells 200 E

Well depth distribution
—

E
O Deep wells §% 100 -
S 8
D BSMSN area ———
0 —
s D

Figure 1. Map showing the study area.

Study Area

The Mirsharai upazila contains both hilly and plain land topography. Our focus is
the western part of the upazila, which is a plainland with an elevation between 0 and
10 m. The eastern hilly area has an elevation between 50 and more than 200 m with a very
scarce population. The transition from plain land to hills is abrupt and is marked by a
regional fault line. The surface geology of the study area has two distinct patterns: the
tertiary sediments are exposed in the eastern hilly part and the plainlands are covered with
Holocene alluvium and tidal flat sediments along the coast. The northern boundary of
the study area is marked by a southerly flowing fresh water river, the Feni river, while the
southern boundary is marked by the Bay of Bengal. Mangrove plantations exist along the
coastal side in the northwest and southeast parts of the area. In Mirsharai upazila, the total
percentage of groundwater use is 95.5% [55]. The study area is located in tropical monsoon
and coastal climatic conditions. The study area receives an average of 3000 mm of rainfall
per year. The driest month is January receiving an average of 6 mm of rainfall, and the
wettest month is July receiving an average of 761 mm of rainfall. The average temperature
of the area is 25.7 °C.
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2. Methods
2.1. Aquifer Delineation

Aquifer framework in the study area was delineated based on the interpreted vertical
electrical sounding (VES) data at 20 locations and borehole lithological records at five lo-
cations (Figure 2b). At each location, borehole lithologies and interpreted VES data were
grouped into different layers of aquifers and aquitards based on grain size. Cross-section di-
agrams were prepared using Rockworks 2017 software to identify the extent and thickness
of the aquifer layers (Figure 2).
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Figure 2. Delineation of aquifer geometry based on lithological logs and vertical electrical sounding
(VES) data. (a) Cross-section along three different lines in the study area. (b) Map showing the
location of the sections, borehole logs, and VES.
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2.2. Groundwater Sampling

Groundwater samples were collected from a total of 47 sampling sites including
21 shallow (15-60 m depth) and 26 deep (128-260 m depth) wells. PVC bottles of 125 mL
were used for water sample collection. Before sampling, each well was purged for 5 to
10 min. Sample bottles were thoroughly washed and water was filtered using a 45 pm
micron filter during sampling. Two samples were collected from each location, one was
acidified with concentrated HNOj for cations and trace elements and the other was non-
acidified for anion analysis. Well ID, location, depth, and acidification status were labeled
on each sample bottle. The collected samples were transported to the laboratory cautiously
and stored in a temperature-controlled environment prior to testing.

2.3. Laboratory Analysis

Water samples were analyzed in the Hydro-Geochemistry Laboratory of the Depart-
ment of Geology, University of Dhaka. The concentration of major cations (Na*, K*, Ca?*,
and Mg?*) and trace elements (Fe, Mn, As) were measured using atomic absorption spec-
trometers (AAS). Major anions such as NO3 ™~ and SO42~ were analyzed using a UV visible
spectrophotometer (410 nm wavelength), while HCO3;™ and Cl~ were analyzed using
titration methods.

Analytical accuracy was checked for every sample using Equation (1) for ionic balance.

Ionic balance (%) = [(Xcation — XAnions) / [(Xcation + XAnions)] x 100 (1)
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All the concentrations of cations and anions were taken in the meq/L unit. If the
calculated ionic balance by the above equation was within 5%, the analysis was assumed to
be good (Hounslow, 1995); however, a balance up to 10% was accepted in this study.

2.4. Hydrogeochemical Types

Classification of water into distinct hydrogeochemical types provides insights on the
geochemical evolution of groundwater and helps identify recharge areas, the ion exchange
process, and saline water intrusion. The Chadha index [56], Piper diagram [57], and Durov
plot [58] were used for geochemical classification of groundwater in the study area. The
Chadha’s plot of (Ca?* + Mg?*)-(Na*+K*) against HCO3 ~-(C1~ + SO42") classifies water
into (i) recharge water (Ca-HCOj; type), (ii) base ion exchange water (Na-HCOj type),
(iii) reverse ion exchange water (Ca-Mg-Cl type), and (iv) seawater (Na-Cl type). Both the
Piper and Durov’s classification schemes are based on the plots of major cations (Na * +K*,
Ca?*, and Mg?*) against major anions (HCO;~ + CO32~, Cl~, and SO4%7) in triangular
diagrams. In the Piper plot, the cation and anion triangles extend to form a rhombus having
6 distinct water-type zones based on the relative concentration of various ions. Similarly,
a square having 8 distinct water type zones is formed in the Durov plot. The position of
water samples in various zones of these diagrams indicate the geochemical type as well as
geochemical processes.

2.5. Drinking Water Quality (WQI)

Drinking water quality was assessed based on the calculation of a water quality index.
The water quality index (WQI) is a quick assessment of suitability of groundwater for
drinking purposes, considering the cumulative effects of a number of key water chem-
istry parameters. Originally developed by Horton [59], WQI is widely used all over the
world [60-63]. For the computation of WQI, each of the parameters has been assigned a
weight (w;) according to its relative importance in the overall quality of water for drinking
purposes (Table 1). A maximum weight of 5 has been assigned to the parameters such as
nitrate, total dissolved solids, chloride, arsenic, and fluoride, due to their major importance
in water quality assessment and health hazards. A weight of 3 was assigned for Mn?*
and SO4%~. For all other parameters, a weight of 2 was considered. Relative weight (W;)
was calculated by dividing the weight of individual parameters by the total weight of all
parameters. The water quality index for each sample was then calculated by Equation (2).

WQI:iWix (%) x 100 @)
i=1 1

In Equation (2), Wj is the relative weight of each parameter, C; is the concentration
in the water sample, and S; is the Bangladesh drinking water standard for that parameter.
Based on the calculated value of WQI, the water samples were classified as excellent
(WQI < 50), good (WQI > 50 to <100), poor (WQI > 100 to <200), very poor (WQI > 200 to
<300), and unacceptable for drinking (WQI > 300).

2.6. Irrigation Water Quality

Irrigation water quality of each sample was assessed using the Riverside [64] and
Wilcox [65] classification schemes. The Riverside classification is based on the sodium
absorption ratio (SAR) and electrical conductivity (EC) of the water samples, whereas the
Wilcox classification scheme is based on the percentage sodium (%Na) content and EC.
Sodium is an important factor for irrigation water quality because sodium reacts with the
soil to create sodium hazards by replacing other cations [66]. SAR was calculated by using
Equation (3) and % Na was calculated using Equation (4).

+
SAR — N 3)

[ Ca2t + Mgz+
2
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%Na = Na™ @)
Ca’" +Mg?" + Na™ + K"

Table 1. Drinking water quality indexing parameters.

;:izg:egr Unit Standard Weight (w;) ngegl;?:‘i,i)
pH - 6.5-8.5 2 0.0444
DS mg/L 1000 5 0.1111

SO4%~ mg/L 400 3 0.0667
Cl- mg/L 600 5 0.1111
NO;~ mg/L 10 5 0.1111
F~ mg/L 1 5 0.1111
Ca% mg/L 75 2 0.0444
MgZ* mg/L 35 2 0.0444
Na* mg/L 200 2 0.0444
K* mg/L 12 2 0.0444
HCO3~ mg/L 200 2 0.0444
Fe mg/L 1 2 0.0444
Mn mg/L 0.1 3 0.0667
As ng/L 50 5 0.1111
Total 45 1.0000

3. Results

3.1. Aquifer Framework

Borehole logs and interpreted VES data suggest that there is one thick aquifer in the
northernmost part of the study area, which splits into three separate aquifers in the south
(Figure 2). Except for the central part of the study area, the shallowest part of the aquifer is
exposed all over the study area below a very thin soil layer. In the central part of the study
area, the aquifer lies beneath a 5-7 m thick clay layer. In the south, the second aquifer is
25 to 85 m thick and is separated from the first aquifer by an aquitard of variable thickness.
The second aquifer is thickest in the west and thinnest in the east. The third or deep aquifer
occurs in the south below approximately 150 m in depth. The aquifer is thinnest in the
southeast (20 m) and thickest in the northwest (80 to 120 m). It is separated from the second
aquifer by a 30-50 m thick aquitard.

3.2. Groundwater Flow Direction

Groundwater flow direction was determined based on the field measurement of the
depth to groundwater level in the monitoring wells. The depth data was later converted to
groundwater elevation based on the satellite image. The groundwater level in the shallow
aquifer varies between 4 m and 6 m. Though the data are very patchy, some regional
trend in flow direction can be deduced from the figure. Generally, the head is higher in the
north and northeast than that in the south and southwest. Groundwater flows from the
north-northeast to south-southwest direction (Figure 3a). The patchiness in the data is
most likely due to inaccurate topography data together with uncertainties in the platform
height of the wells. The groundwater level data for the deep aquifer are comparatively more
coherent than the shallow data. There is a strong trend in groundwater level, groundwater
flows from the NNE to SSW direction (Figure 3b). It is worth noting that, though the flow
direction nearly represents the natural condition, the groundwater level may not show an
accurate result due to lack of proper elevation data from the field.
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Figure 3. Groundwater level contour in the study area of the (a) shallow and (b) deep aquifer.

3.3. Physicochemical Characteristics of Groundwater

The pH value of the area ranges from 5.04 to 7.90 with a mean of 6.90, which indicate
a slight acidic nature of the groundwater. Moreover, pH values of the 79% studied samples
were within the permissible limits suggested by the World Health Organization (WHO)
(Table 2). The wells along the Naf river and Bay of Bengal have shown higher EC values
than other parts of the area. The groundwater temperature in the study area ranges from
21.5 °C to 29.5 °C in the shallow aquifer and 24.5 °C to 30.5 °C in the deep aquifer. The
concentration of the total dissolved solids (TDS) in all groundwater from the deep wells
ranges from 64 to 737 mg/L with an average of 443 mg/L. The TDS concentration in the
shallow wells ranges from as low as 131 mg/L to as high as >7000 mg/L. Because of the
large variation in TDS in the shallow samples, the shallow samples have been divided
into two groups: (51) shallow groundwater with TDS < 1000 mg/L and (52) shallow
groundwater with TDS > 1000 mg/L, for the purpose of statistical analysis and plotting.

The statistical distributions of the concentrations of major cations and anions are
summarized in Table 2 and illustrated using box and whisker diagrams for S1, S2, and the
deep (D) wells in Figure 4. The overall Ca>*, Mg?* and Na* concentrations show higher
values in the S2 wells compared to the other two categories. Na* concentration in the
shallow wells (52 category) shows values higher than the permissible limit by the WHO. The
K* concentration is higher in both the S1 and S2 categories. The major cation concentration
in the deep wells are lower than in the shallow wells. The HCO3™~ concentrations ranges
between 89.25 and 571.88 mg/L with a median concentration of 274.50 mg/L in the S1
wells; 180 to 799.75 mg/L with a median concentration of 588.78 mg/L in the S2 wells;
and 45.75 to 533.75 mg/L with a median concentration of 331.69 mg/L in the deep wells.
The C1™ concentration is higher in the S2 category wells with a median 1047.95 mg/L. The
concentration of SO4%~ in the shallow and deep wells varies insignificantly, whereas, in the
52 wells, it ranges from 0.20 to 443.80 mg/L with a median value of 53.03 mg/L. The NO3 ™
concentration is generally higher in the S2 wells compared to both the S1 and deep wells.
The concentration of HCO3; ™~ and Na* ions are higer than SO4%~ NO;3~ in the groundwater
of the area. The major ions are within the permissible limit by the WHO for shallow (S1
category) and deep wells, except the S2 category shallow wells.
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Table 2. Statistical distribution of the water quality parameters.
Parameters Min Max Mean SD WHO
Guidelines
Temperature 215 30.5 26.5 3.7 -
pH 5.04 7.90 6.90 0.57 6.5-9.2
EC (uS/cm), 25 °C 60 9540 1628 2086 -
Eh (mV) —167 —195 —52 —-83 850
TDS (mg/L) 65 7114 1126 1359 1000
Sodium (mg/L) 2.10 1748 236.4 340.5 200
Potassium (mg/L) 0.62 20.19 4.95 4.70 200
Calcium (mg/L) 5.44 171.7 28.48 30.58 200
Magnesium (mg/L) 6.67 280.1 50.83 57.59 150
Bicarbonate (mg/L) 45.75 799.8 375.0 195.6 125-350
Chloride (mg/L) 1.38 3720 393.3 755.8 250
Nitrate (mg/L) 0.07 13.35 2.64 3.01 50
Sulphate (mg/L) 0.11 443.8 29.6 78.4 250
Manganese (mg/L) <DL 2.45 0.25 0.40 0.1
Iron (mg/L) 0.05 10.14 2.34 2.60 0.3
Fluoride (mg/L) <DL 0.65 0.28 0.15 1.5
Bromide (mg/L) <DL 17.3 1.37 3.09 -
Phosphate (mg/L) <DL 9.80 0.97 1.97 0.3
Nitrite (mg/L) <DL 0.42 0.04 0.09 0.5
Arsenic (ug/L) <DL 1000 131.3 213.2 10
Hardness 41 1501 280 308 -
%Na 8.12 83.41 51.59 20.39 -
SAR 0.13 19.62 5.07 4.85 -
>DL Less than the detection limit
Calcium Magnesium Sodium Potassium
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Figure 4. Statistical distribution of major ions among three groups of samples; (S1) shallow
groundwater with TDS < 1000 mg/L, (52) shallow groundwater with TDS > 1000 mg/L, and
(D) deep groundwater.
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The statistical distributions of the concentrations of minor constituents and trace
elements are summarized in Table 2 and illustrated using box and whisker diagrams
for S1, S2, and the deep (D) wells in Figure 5. The concentration of the trace/minor
constituents among three groups of samples are identical with the distribution of the
major ion concentration. The S2 category shallow wells show higher values than the other
51 shallow and deep wells. The median concentration of manganese is 0.20, 0.38, and
0.03 mg/L for the S1, S2, and deep wells, respectively. The ranges of concentrations in
the S1 and deep wells are similar, while those in 52 wells vary considerably. The median
concentration of iron is 1.93, 2.36, and 0.46 mg/L for the S1, 52, and deep wells, respectively.
However, there is a wide variation in the iron concentration in all three categories of wells.
The median concentration of bromide in the S1 and deep wells are similar, while that in 52
wells varies considerably. It ranges from 0 to 0.54 mg/L in the S1 wells, 0 to 17.30 mg/L
in the S2 wells, and nil to 0.46 mg/L in the deep wells. The concentration of fluoride and
phosphate are significantly higher in the shallow S2 wells than the S1 shallow and deep
wells. Moreover, the manganese, iron, and phosphate concentrations are higher than the
WHO limit in groundwater, whereas the fluoride and bromide are within that limit.
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Figure 5. Statistical distribution of trace/minor constituents among three groups of samples; (S1)
shallow groundwater with TDS < 1000 mg/L, (52) shallow groundwater with TDS > 1000 mg/L,
and (D) deep groundwater.

3.4. Hydrogeochemical Types

Except for only one sample, all deep groundwater samples fall in either the recharge
or base ion exchange quadrants on the Chadha’s plot (Figure 6a); this is also supported by
the Piper (Figure 6d) and Durov’s plots (Figure 6e). The spatial distribution of Chadha’s
index reveals that the recharging to the deep aquifer occurs in the northern half of the study
area (Ca-HCOj type), whereas base ion exchange occurs down the groundwater flow paths
in the southern half of the study area, where the water becomes Na-HCOj type (Figure 6b).
The exception is a 207 m deep well located in the north central part of the study area that
exhibits a reverse ion exchange signature (Ca-Mg-Cl type) (Figure 6). In contrast, except
for one shallow well, all samples have TDS > 1000 mg/L falls in the seawater (Na-Cl type)
class on the Chadha’s plot (Figure 6a), Na-Cl-504 type in the Piper diagram (Figure 6d),
and on the seawater mixing lines in the Durov plot (Figure 6e). The exception is located
in the central part of the study area and exhibits characteristics of reverse ion exchange
(Ca-Mg-Cl type) processes. The remaining shallow wells with TDS < 1000 mg/L show
a similar water chemistry to the deep groundwater, i.e., they are either recharging water
(Ca-HCOj3 type) or modified by a base ion exchange where calcium is replaced by sodium
ions. These wells are located in the north and eastern margins near the hills (Figure 6b).
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Figure 6. Graphical plots depicting various water types and geochemical processes in the study area.
(a) Chadha’s plot of (Ca + Mg) — (Na + K) against HCO3 — (Cl + SOy) for identifying water type
in the study area. (b,c) Spatial distribution of Chadha’s index for shallow groundwater and deep
groundwater, respectively. (d,e) Piper and Durov plots, respectively.

3.5. Drinking Water Quality Index

The calculated drinking water quality index shows that all 26 deep wells have excellent
(n = 20) to good (1 = 6) water quality, whereas only three out of the 21 shallow wells have
excellent (n = 2) to good (1 = 1) water quality (Table 3). A total of 15 shallow wells have
poor (n = 8) to very poor (n = 7) drinking water quality, and water in the remaining three
shallow wells are unsuitable for drinking (Table 3). Excellent quality deep groundwater is
distributed throughout the study area with sporadic pocket areas of good quality water
(Figure 7b). In contrast, the excellent and good quality shallow groundwater exists only in
the north and in the east, along the boundary of the hills (Figure 7a).
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Table 3. Calculated groundwater quality index of the shallow and deep wells.

Groundwater Quality Range Groundwater Quality No. of Shallow Wells No. of Deep Wells
<50 Excellent 2 20
50-100 Good 1 6
100-200 Poor 8 -
200-300 Very poor 7 -
>300 Unsuitable for drinking 3 -

(a) Shallow Groundwater (b) Deep Groundwater

\_00_9)

Drinking water quality
* <50 (Excellent)
4 50-100 (Good)
® 100 - 200 (Poor)

B 200 - 300 (Very poor)
¥ =300 (Unsuitable for
drinking)

Contour shows TDS [mg/l]
[ Study area

o

Figure 7. Spatial distribution of drinking water quality index of (a) shallow and (b) deep groundwater.

3.6. Irrigation Water Quality

Shallow groundwater with TDS > 1000 mg/L has medium to high SAR and
EC > 2000 uS/cm, indicating a risk of alkali and salinity hazard if this water is used for
irrigation (Figure 8a,c). In contrast, deep groundwater throughout the study area and most
of the northern shallow groundwater with TDS < 1000 mg/L has low SAR and conductivity
<750 uS/cm (Figure 8a,c,d). The Wilcox plot also shows the same pattern as the Riverside
classification scheme. All deep wells and shallow wells (TDS < 1000 mg/L) are falling
in the excellent to good, and permissible to doubtful classes, whereas the shallow wells
(TDS > 1000 mg/L) are predominantly doubtful and unsuitable for agricultural purposes
(Figure 8b,e,f).
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Figure 8. (a) Riverside classification of irrigation water, (b) Wilcox classification of irrigation water.
Map showing spatial distribution of Riverside (c¢,d) and Wilcox (e,f) classes for shallow (c,e) and deep
(d,f) groundwater, respectively.

4. Discussion
4.1. Groundwater Sustainability for Industrial Abstraction

The half a million people living in Mirsharai upazila entirely depend on groundwater
for drinking, while irrigation is mostly based on surface water. In the northern part of the
upazila, people install their wells at both a shallow and deeper depth, while in the southern
part, all wells are deep because of the salinity of the shallow aquifer. Groundwater quality
assessment indicates that the deep groundwater is suitable for both drinking and irrigation,
while the shallow groundwater is unsuitable for either use in most parts of the study area,
except in the north. Major ion chemistry and their various indices indicate that recharges
to the deep aquifer occur in a small area in the north and flow southward, where the deep
aquifer is confined in nature. Therefore, a large-scale abstraction of the deep groundwater
in the planned industrial area, which is more than 15 km south of the recharge area, would
likely cause a rapid depletion of the head in the deep aquifer. The proposed economic
zone is along the coastline in the southwest. Hence, even a small drop in hydraulic head in
the confined deep aquifer within the economic zone is likely to impact the area in several
ways. First, a drop in head in the deep aquifer near the coastline would induce landward
migration of the seawater—freshwater interface in the deep aquifer. However, the time it
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would take to reach the project area will depend on the magnitude of the head drop and
the current position of the seawater—freshwater in the deep system. Second, a large drop in
head in the deep system in the project area will induce the vertical migration of salty water
from a shallow depth through the overlying mud layers. Third, the release of water from
overlying clays will induce land subsidence. Perhaps this is the most important concern
about large-scale abstraction within the industrial zone. The land surface elevation within
the project area is one or two meters above sea level. Therefore, even a small subsidence
would jeopardize the entire project.

4.2. Implications of Groundwater Chemistry to Flow System

The spatial and depth distribution of groundwater chemistry reveals some important
features of the groundwater flow system in the study area. There seems to be a separate
shallow and deep groundwater system in the southern part of the study area. While in
the northern part of the area, where there is no aquitard separating these two aquifers,
their groundwater chemistry is identical. Moreover, this is also the recharge area for both
the aquifers. The shallow aquifers also seem to get recharged along the eastern boundary
hills. The TDS contour in the shallow system (Figure 7a) exhibits a systematic increase in
TDS in the SW direction towards the sea, down the topographic gradient. This pattern
salinization in the shallow system could be due to lateral intrusion of seawater from the
Bay of Bengal or due to periodic inundation of land areas due to storm surge and vertical
infiltration across the land surface. The latter is more likely because the lateral intrusion
model cannot explain the lack of salinity in the deep system. The shallow and deep systems
are completely isolated in areas where the shallow system is brackish (Figure 2), and this
could be the reason why vertical infiltration did not occur in the deep system.

The observed pattern of salinity distribution in the groundwater is also consistent
throughout southern coastal Bangladesh, but on a much larger spatial scale because of the
geological and topographic configurations. Generally, in south—central coastal Bangladesh,
brackish water is found at a shallower depth, up to a landward distance of >100 km from
the coastline [28]. Occurrences of brackish water at a shallow depth and freshwater at
a deeper depth testify that the deep groundwater has a recharge location hundreds of
kilometers away from the coastline [28]. In the current study area, the brackish water at
a shallow depth is confined within only 15 km of landward distance from the coastline
and the recharge area for the deep groundwater is only a few tens of kilometers away
from the coastline. The deep groundwater is fresh, even near the coastline where the land
surface is flat, with an elevation of only a meter above sea level. This indicates that the deep
fresh groundwater may even exist in the offshore region; this seaward extension is either
due to aquifer heterogeneity [67,68] or is related to the sea level regression 18,000 years
ago [29,69,70], or both. A modeling study [71] indicated that deep fresh groundwater that
extended tens of kilometers in the seaward direction during the last glacial maximum,
when the sea level dropped by more than 100 m, has not yet reached an equilibrium with
the sea level rise over the last 18,000 years [71]. In any case, the position of the seawater—
freshwater interface in the deep aquifer is currently unknown. Therefore, it is currently
futile to quantify the timeframe of pumping-induced lateral encroachment of seawater in
to the deep aquifer.

5. Conclusions

This study recommends limiting the use of the deep fresh groundwater for the current
population of the upazila. This is because heavy industrial abstraction is likely to cause
lateral intrusion of seawater in the deep aquifer and land subsidence over the entire
economic zone area. The timeline of the lateral intrusion of seawater depends on the
current position of the seawater—freshwater interface in the deep aquifer, which is currently
unknown and perhaps located several kilometers offshore. Depending on the pumping
intensity and distance of the interface, it may take decades to reach the area, since the
movement of the interface is slow. However, because of the presence of thick, soft marine
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clays above and below the deep confined aquifer, pumping-induced subsidence of the
order of a meter or so would be immediate. Since the elevation in the project area is only
a couple of meters above sea level, such subsidence would jeopardize the entire project.
A modeling study is suggested to quantify the probable subsidence for various scenarios
of groundwater abstraction in the proposed industrial area. Should there be no heavy
industrial abstraction, the existing fresh groundwater in the deep aquifer can sustainably
supply drinking water to the existing population of Mirsharai Upazila.
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