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Abstract: This study aimed to develop a geochemical database by thoroughly analyzing groundwa-
ter and sediments from coastal aquifers of southwest Bangladesh. Moreover, we investigated the 
source of sediment deposition and the mechanisms behind the presence of arsenic and salinity in 
groundwater. The seasonal distribution patterns of arsenic among the shallow and deep coastal aq-
uifers were found to be 45.12 µg/l and 20.65 µg/l during dry and wet seasons, respectively. Moreo-
ver, the groundwater salinity distribution ranged from 3262.88 mg/l to 1930.88 mg/l during the dry 
and wet seasons. Cored sediment samples showed fine to medium sands of 92%, with silt and clay 
particles. The petrographic study of authigenic and heavy minerals revealed that the mineral grains 
were subangular to angular, indicating their textural immaturity of coastal sediments. The reactivity 
of goethite (FeOOH) and siderite (FeCO3) minerals suggests that the aquifers were subjected to 
slightly oxidized to moderately reducing conditions, with ORP values ranging from +50.40 mv to 
−149.5 mv. Such redox conditions could potentially result in the enrichment and mobility of arsenic 
in the groundwater. Although arsenic concentrations in deep aquifers are relatively low, higher sa-
linity values are found in both shallow and intermediate coastal aquifers. 

Keywords: groundwater geochemistry; sediment mineralogy; arsenic contamination; saltwater  
intrusion; GIS interpolation 
 

1. Introduction 
Saltwater intrusion in coastal aquifers is a global concern, especially for those who 

rely solely on groundwater as their freshwater source [1,2]. In addition, millions of people 
living in the low-lying areas of southern Bangladesh, West Bengal state of India, are in 
danger of being exposed to high concentrations of arsenic in groundwater [3,4]. High lev-
els of arsenic concentrations are significant issues affecting groundwater in coastal aqui-
fers of Bangladesh [5]. The southwest coastal regions of Bangladesh, especially Satkhira, 
Khulna, and Bagerhat districts, are highly susceptible to numerous climatic hazards, such 
as floods, cyclones, and waterlogging [6–8]. Natural disasters such as rising sea levels due 
to climate change can move saltwater into the freshwater aquifers through river networks 
connected with the Bay of Bengal [9]. Saltwater intrusion into coastal aquifers can be 
caused by anthropogenic reasons, such as the over-extraction of groundwater to meet 
daily demands for industrial or agricultural purposes [10]. Due to such human activities 
and naturally induced phenomena, the balance between the freshwater and saline water 
interface is differentiated in the coastal regions. 

The lithological conditions and depth variation of groundwater aid in moving the 
saltwater both laterally and vertically into freshwater aquifer systems in the coastal re-
gions [11]. Eventually, this mechanism makes fresh water unsuitable for human 
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consumption or agricultural use in coastal areas of Bangladesh [12]. Thus, the groundwa-
ter quality within the coastal aquifers is seriously affected by the presence of arsenic (As) 
concentrations and salinity intrusion within shallow aquifers (less than 50 m deep) and 
the presence of salinity between both shallow and deep aquifers (more than 150 m deep) 
[13]. This phenomenon also impacts the health of water consumers living in the vicinity 
[14]. After the 1970s, many people in Bangladesh shifted their methods of water consump-
tion from surface water sources to groundwater sources, such as using hand-pumped 
shallow tubewells [15]. The second option of using pathogen-free groundwater from shal-
low tubewells became popular in the country until 1993, when arsenic was first detected 
among tubewells [16]. Since then, due to the widespread consumption of such contami-
nated groundwater, access to reliable freshwater supplies has been dramatically reduced, 
resulting in poor sanitation and inadequate health management in Bangladesh [17]. Be-
cause of the global sea-level rise [18] and climate disequilibrium, approximately 11% of 
the coastal areas of Bangladesh are projected to be submerged by 2050, including the 
southwest coastal regions [19]. 

Therefore, relevant research should be conducted to identify and implement effective 
measures to tackle this national critical issue and to ensure the well-being of arsenic and 
salinity-affected residents of the country. Understanding and quantifying arsenic contam-
ination and associated groundwater geochemistry variation within coastal aquifers is a 
significant concern in tackling these issues [20,21]. Failing to monitor groundwater con-
tamination patterns may result in the incorrect management of safe drinking water re-
sources and costs associated with adverse weather phenomena. Some researchers have 
examined the correlation between groundwater arsenic and sediment geochemistry in the 
Bengal basin at shallower depths [22,23]. Very few research studies report that the shallow 
coastal aquifers within the Ganges delta have been affected by extended saltwater infiltra-
tion due to rising sea levels, which might also be the consequence of greenhouse effects 
[24]. However, the mechanism of arsenic distribution and salinity intrusion in deep coastal 
aquifers of Bangladesh has not been established well. 

In this study, we developed a comprehensive geochemical database based on 
groundwater analysis and a mineralogical database from aquifer sediments analysis in 
the southwest coastal regions of Bangladesh. Moreover, we visualized salinity and arsenic 
distribution patterns among shallow and deep coastal aquifers of the study area. Finally, 
we assessed the provenance of sediment deposition and mobility mechanisms of arsenic 
concentration and salinity intrusion found in the groundwater. 

2. Study Area Description: Regional Geology and Hydrostratigraphy 
Bangladesh is bounded by the West Bengal states of India to the west, Meghalaya to 

the north, and Tripura to the east. The south portion is open to the Bay of Bengal (Figure 
1). The study area primarily lies in the southwestern portion of Bangladesh known as Sat-
khira district, which is subdivided into seven upazila namely, Kalaroa, Satkhira Sadar, 
Tala, Debhata, Assasuni, Kaliganj, and Shyamnagar, and one upazila of the Khulna district 
called Paikgacha (Figure 1). We also visualized salinity and arsenic distribution patterns 
within the extended study area boundary nearby Satkhira, Khulna and Bagerhat district, 
as shown in Figure 2. The Satkhira district is located with GPS coordinates of 21°36′ N and 
22°54′ N latitudes and longitude within 88°54′ E and 89°20′ E, respectively. The primary 
study area comprises nearly 3817 sq. km, with a population density of 574 people per sq. 
km. In terms of hydroclimatic regions, Satkhira has tropical climates with an average high 
temperature of about 30 °C (86 °F) per year, an average low temperature of about 21 °C 
(69 °F) per year, and an average rainfall of about 1690 mm per year [25]. 
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Figure 1. Map showing the study area (Satkhira district) located near the southwest end of coastal 
Bangladesh. 

 
Figure 2. Extended boundary of sampling locations of 40 monitoring wells and respective well num-
bers. Groundwater salinity data were collected from these 40 wells only for GIS interpolation. Data 
source: Bangladesh Water Development Board (BWDB). 
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The uplift of the Himalayan Mountain and associated hydroclimatic patterns signifi-
cantly impacted the amount and distribution of sediments in the Bengal basin [26]. The 
regional hydrogeology of southwestern Bangladesh suggests the presence of three aquifer 
types in the coastal regions of the country namely, shallow (<50 m depth), intermediate or 
main (50 m to 150 m depth), and deep (>150 m depth) aquifers [27]. These three primary 
aquifers are made up of medium to fine-grained sand layers, which are separated by 
clayey aquitard layers, as shown in Figure 3. Additionally, the presence of alternating lay-
ers of clay acts as a barrier between the deep and shallow aquifers among coastal litholog-
ical sequences. Regionally, the portion of the first aquifer is confined and leaky in nature, 
as noted by BWDB-UNDP in 1982 [28], which can be found up to 100 m below ground 
[29,30]. 

 
Figure 3. Subsurface litholog of three selected boreholes from where sediment samples were col-
lected using the rotary drilling method, as located in Figure 1. Abbreviation: BH—borehole, KP—
Khulna Paikgacha, SA—Satkhira Assasuni, ST—Satkhira Tala upazila, A1—Aquifer 1, A2—Aquifer 
2, A3—Aquifer 3, and A4—Aquifer 4. Detail hydrostratigraphic description provided in Table S1. 

The general characteristics of multilayered aquifers in the southwest coastal regions 
of Bangladesh include being mostly unconfined and leaky in nature and having different 
levels of transmissivity across the area [31]. The physiography of coastal regions of Bang-
ladesh is primarily composed of the Flood Plains of Meghna, the Chittagong to Cox’s Ba-
zar Coasts, and the Ganges Brahmaputra Meghna deltaic complex, and land surfaces have 
a decreasing slope trend from the north towards the southern direction in the country [32]. 
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The Ganges Brahmaputra Meghna (GBM) delta received its massive amount of sediments 
during the Holocene through three large rivers, namely, Padma (also known as Ganges), 
Jamuna (also known as Brahmaputra), and Meghna [33]. The geological formations in the 
central regions of Bangladesh have low permeability, where units are covered by Plio-
cene–Pleistocene clay deposits, which are popularly known as Madhupur and Barind 
tracts [34]. In the eastern hilly regions of Bangladesh, pre-Holocene deposits are predom-
inant. The southwestern portion of Bangladesh comprises tidal deltaic deposits adjacent 
to the large Sundarban mangrove forests. The rest of the land areas in Bangladesh are 
predominantly covered by alluvial deposits with relatively higher permeable geological 
units [35]. 

Borehole well log information from the coastal regions of Bangladesh shows litho-
logical changes within the sediment layers at a depth of up to 290 m (Figure 3). Litholog-
ical characterization of the study area reveals that the aquifer sediment distribution and 
hydrogeological settings seem to be complex in the coastal regions of Bangladesh. Aquifer 
sediment types in the Satkhira district primarily consist of fine sands, medium sands, and 
silty clay layers where aquifer–aquitard alteration happens rapidly. The lithologic profile 
section, as shown in Figure 3, signifies that an aquiclude layer is present from 0 to 30 m at 
the Assasuni area (Well ID: SABH-2). Below that layer, there are three aquifers present 
from 30 to 184 m, 204 to 238 m, and 255 to 284 m, separated by clay aquitard layers. The 
aquitard layer thickness varies from 6 to 18 m. Similar gross-type lithologic successions 
were observed in both Tala upazila (Well ID: STBH-3) and Paikgacha upazila (Well ID: 
KPBH-1) at varying depths from hydrostratigraphic columns as represented in Figure 3, 
Table S1.  

3. Materials and Methods 
We analyzed groundwater samples and Quaternary sediments, specifically Holocene 

alluvium sandstones, with a combination of field observations and laboratory analysis 
and gathered primary data. We also used secondary data sources from the Bangladesh 
Water Development Board (BWDB). The summary of the overall research methodology is 
discussed in the following subsections. 

3.1. Primary Data Collection Methods 
3.1.1. Sediment Samples Collection and Processing 

Sediment core samples from three boreholes were collected using a split-spoon sam-
pler provided by the BWDB within selected GPS locations of southwestern Bangladesh 
(Figure 1). Sediment samples were collected at 30 m intervals until the bottom of the cho-
sen borehole with a total depth of 304.8 m below the ground level. Sediment samples were 
carefully preserved in lab-quality plastic PVC bags and transported to the BWDB head-
quarters in Dhaka, Bangladesh. We collected thirty-six (36) preserved sediment samples 
from three monitoring wells (twelve from each) from the BWDB sample repository during 
the summer 2022 fieldwork and transported them to Auburn University (Table 1). We 
dried all sediment samples in the lab-quality oven for 24 h and securely preserved them 
in the host laboratory for further analysis and processing. 
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Table 1. Inventory of collected sediment samples used to prepare both polished and unpolished thin 
sections. [Abbreviation: A—Assasuni upazila, H—heavy minerals, P—Paikgacha upazila, T—Tala 
upazila]. 

SL. 
No. 

Sediment  
Sample ID 

Sample  
Depth (m) 

Sediments  
Collected  
(Yes/No) 

This section  
Prepared  
(Yes/No) 

Thin Section  
Type 

1 A-1 3.048 Yes No  

2 A-2 15.24 Yes Yes Unpolished 
3 HA-03 30.48 Yes Yes Polished 
4 A-4 60.96 Yes No  

5 A-5 91.44 Yes Yes Unpolished 
6 A-6 121.92 Yes No  

7 A-7 152.4 Yes Yes Unpolished 
8 A-8 182.88 Yes No  

9 A-9 213.36 Yes Yes Unpolished 
10 A-10 243.84 Yes No  

11 A-11 274.32 Yes Yes Unpolished 
12 A-12 304.8 Yes Yes Polished 
13 P-1 3.048 Yes No  

14 P-2 15.24 Yes No  

15 P-3 30.48 Yes Yes Unpolished 
16 P-4 60.96 Yes No  

17 P-5 91.44 Yes Yes Unpolished 
18 P-6 121.92 Yes No  

19 P-7 152.4 Yes Yes Unpolished 
20 P-8 182.88 Yes Yes Polished 
21 P-9 213.36 Yes Yes Unpolished 
22 P-10 243.84 Yes Yes Unpolished 
23 P-11 274.32 Yes No  

24 P-12 304.8 Yes No   
25 T-1 3.048 Yes No  

26 T-2 15.24 Yes No  

27 T-3 30.48 Yes Yes Unpolished 
28 T-4 60.96 Yes No  

29 T-5 91.44 Yes Yes Unpolished 
30 HT-06 121.92 Yes No Polished 
31 T-7 152.4 Yes Yes Unpolished 
32 T-8 182.88 Yes No  

33 T-9 213.36 Yes Yes Unpolished 
34 T-10 243.84 Yes No  

35 T-11 274.32 Yes Yes Unpolished 
36 T-12 304.8 Yes No  

We categorized the preserved and dried aquifer sediments based on color, texture, 
grain size, sorting, and composition [36]. Unconsolidated dried sand samples (30 g per 
sample) were disintegrated and placed in separatory funnels for heavy mineral separation 
using Tetrabromoethane (C2H2Br4). The separatory funnels were kept in a fume hood for 
24 h, enabling light minerals to float on top and heavy minerals to sink at the bottom of 
the heavy liquid. Then, we preserved the separated heavy minerals for further laboratory 
examination based on their optical properties under a polarizing microscope. The compo-
sition and percentage of heavy mineral grains were identified using mineral oil on 
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transparent glass slides under a microscope. In addition, fifteen unpolished and four pol-
ished standard (27 mm × 46 mm) petrographic thin sections were prepared from collected 
dried sediment samples at Wagner Petrographic Laboratory Services, Lindon, UT, USA, 
and National Petrographic Service, Inc., in Rosenberg, TX, USA, during September 2022 
(Table 1). Unpolished thin sections were stained for potassium (k) and plagioclase feldspar 
detection. Sediment compositional analysis was carried out by a petrographic study of 
these thin sections prepared from some key depths of salinity and arsenic occurrences. We 
determined sediment mineralogy and geochemistry through whole-rock petrographic 
analysis on unpolished and polished thin sections, as listed in Table 1, by using a Nikon 
E600 polarizing microscope (Leica Microsystems Inc., Deerfield, IL, USA) with a photomi-
crographic set up in the host laboratory [37].  

3.1.2. Thin-Section Petrography and Mineralogical Profiling of Sediments 
Fifteen thin sections were analyzed through petrographic studies to determine the 

aquifer sediment composition at specific aquifer depths where salinity and arsenic con-
centrations were found (Table 1). 

Quantitative Data Calculation 
The Gazzi–Dickinson point counting method was utilized in this study to perform a 

statistical calculation of the mineral components present in the sediments (modified after 
[38–40]). We considered the following parameters for counting the mineral grains in the 
Holocene aquifer sediments of the study area: 

Qt = Qm + Qp, where 
Qt = total quartzose grains 
Qm = monocrystalline quartzose grains 
Qp = polycrystalline quartz, including chert grains 
F = P + K, where 
F = total feldspar grains 
P = plagioclase feldspar grains 
K = potassium feldspar grains 
L = Ls + Lv + Lm, where 
Ls = sedimentary lithic fragments, mostly argillites  
Lv = volcanic lithic fragments 
Lm = metamorphic lithic fragments 
Lt = L + Qp where, Lt = total lithics  
P/F = plagioclase/total feldspar grains 
We employed the highly precise energy dispersive X-ray diffraction (XRD) methods 

to meticulously study heavy, light, and authigenic minerals from sediment core samples. 
This was performed using a state-of-the-art Bruker D2 Phaser X-ray Diffractometer 
(Bruker, Billerica, MA, USA) [41]. Two powdered sediment samples (weighing 65 g each) 
were then subjected to analysis using a portable Bruker Elemental Tracer IV-ED XRF. This 
instrument allowed for semiquantitative measurements of trace element concentration, 
such as iron, arsenic, sulfur, etc., in the sediment samples [42]. The DIFFRAC.EVA version 
6 software, a product of the BRUKER corporation, was utilized to analyze the samples and 
determine their mineral composition, including quantitative percentage, by searching for 
and matching peaks on the XRD spectra. The size and texture of some selected mineral 
grains were further identified using a Zeiss EVO 50VP Scanning Electron Microscope 
(SEM), Zeiss, Oberkochen, Germany [43]. Both SEM images and their respective energy 
dispersive spectroscopy (EDS) spectra were processed in Oxford INCA microanalysis 
software system (2011, Concord, MA, USA) at the Auburn University Research Instrumen-
tation Facility (AURIF). During spectrum processing, no peaks were omitted, and all ele-
mental concentrations were normalized. Four (4) iteration numbers were used for SEM 
analytical calculations. 
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3.1.3. Groundwater Sample Collection and Analysis 
At the beginning of sample collection, a field sampler opened the caps of selected 

monitoring wells, pumped water for 15 to 20 min, and collected representative fresh 
groundwater samples. Then, two plastic bottles were filled (500 mL each) with representa-
tive water samples from each well. All water samples were filtered during sampling 
through the 0.22 um filter to avoid debris and preserved with proper labels. The first sam-
ple bottle from each well was sealed immediately and marked as non-acidified (NA). In 
the other sample bottle from each well, 61–79% pure nitric acid (HNO3) was added and 
preserved for cation analysis using ICP-MS. After adding 16 drops of HNO3 to the 500 mL 
of nonacidified water, the pH dropped below 2.00, later marked as acidified (A). Three 
multiparameter field kits were used for reading in situ sample parameter testing, namely, 
(i) Aquaread, (ii) Aquaprobe—AP 800, and (iii) Aquameter Am-200. These multiparame-
ter field kits measured and documented the physical parameters such as pH, ORP, salin-
ity, dissolved oxygen, and temperature. Then, we collected 60 mL of acidified and non-
acidified groundwater samples from each 500 mL bottle and transported them to the host 
research laboratory for further analysis based on our research objectives. We collected 24 
groundwater samples in the dry season of 2020 and 24 groundwater samples in the wet 
season of 2021 from those selected monitoring well locations, as shown in Figure 1. 

Our primary study area was meticulously chosen at Satkhira district, as shown in 
Figure 1. In this district boundary, we collected groundwater samples from 12 nested 
monitoring well networks, as documented in Table S2a,b. We analyzed major cations and 
trace element composition from 24 acidified groundwater samples in ppm units using 
ICP-MS [44]. We followed a rigorous analytical procedure during the ICP-MS analysis of 
groundwater based on the mass balance calculation. Similarly, we analyzed twenty-four 
(24) nonacidified groundwater samples from the same wells for anion concentrations us-
ing Ion Chromatography (IC) [45]. A Dionex Ion Chromatograph, which included a GP40 
gradient pump, ED40 electrochemical detector (Dionex Corporation, Sunnyvale, CA, 
USA), and AS 3500 auto-sampler (Applied Biosystems, Foster City, CA, USA), was used 
to analyze the samples. The analytical column used was the Dionex IonPac AS16 (Thermo 
fisher scientific Inc. MA, USA) with dimensions of 4 × 250 mm, while the guard column 
was the IonPac AG16 with dimensions of 4 × 50 mm. The analysis was performed using 
an Eluent of 18.75 mM sodium hydroxide (Dionex Corporation, Sunnyvale, CA, USA) in 
water, with a flow rate of 0.8 mL/min. A three-point calibration curve was used for the 
analysis. This highly effective IC tool allowed for calculating the concentrations of fluo-
ride, chloride, bromine, nitrate, nitrite, phosphate, and sulfate ions in the parts-per-million 
(ppm) range. 

3.2. Use of GIS Exploratory Interpolation Techniques 
The Geographic Information Systems (GISs) interpolation method is a powerful tech-

nique for estimating variable values (salinity and arsenic) at unsampled locations using 
known values from surrounding sample points [46]. Among the deterministic and geosta-
tistical interpolation methods available, the Inverse Distance Weighting (IDW), Kriging, 
and Empirical Bayesian Kriging (EBK) methods were particularly effective in accurately 
estimating arsenic concentration values using available data [47]. 

We collected groundwater arsenic and salinity data within the extended study area 
boundary of 40 monitoring wells, as shown in Figure 2, to perform GIS interpolation meth-
ods. Data were sourced from the Bangladesh Water Development Board (BWDB). In the 
first step, we utilized an exploratory interpolation tool in ArcGIS Pro 3.1 software to de-
termine spatial extents of arsenic and salinity occurrences in the study area. This software 
tool iteratively evaluated different interpolation techniques, quantified their accuracy 
with cross-validation metrics (e.g., Root Mean Square Error (RMSE), and ranked the out-
put accordingly [48]. The exploratory interpolation tool was applied to the sample of 
known arsenic and salinity levels recorded during the wet season of 2021 and dry season 
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of 2020 from the 40 monitoring wells and is listed in Table S3. Following the interpolation 
process, we chose the top-ranked method based on the RMSE. Empirical Bayesian Kriging 
(EBK) was the optimal interpolation method for the arsenic distribution, while Ordinary 
Kriging (OK) was selected to estimate the distribution of salinity distribution. We also 
utilized the cross-validation (CV) wizard in ArcGIS Pro version 3.1 software to assess the 
precision of these interpolation models. The RMSE values were used to evaluate the level 
of accuracy between the actual measurements and the model predictions, with lower val-
ues indicative of greater accuracy. A CV mean close to zero suggests minimal bias in our 
model predictions. Where the CV mean surpassed zero, it implied that the model consist-
ently overestimated actual values. In contrast, a CV mean below zero indicated an under-
estimation of the values, according to the threshold set by ESRI [49]. 

4. Results 
4.1. Geochemical Data from Groundwater Analysis 
4.1.1. Arsenic (As) Distribution in Groundwater 

The concentration of major cations, anions, and the physical parameters of ground-
water samples are summarized in supplementary materials (Table S2a,b). Data from the 
ICP-MS analysis indicate that in Satkhira, the average concentrations of arsenic were 45.12 
µg/l and 20.65 µg/l during the dry season 2020 and wet season 2021, respectively. The 
arsenic values range from a minimum of 0.16 µg/l at a depth of 30 m to a maximum of 
92.42 µg/l at a depth of 45.5 m in the no SKSN2PZ-1/1 and SKASPZ-1well, respectively, 
during the wet season of 2021, whereas during the dry season of 2020, the minimum 
amount of As was found as 0.94 µg/l at 212 m depth in well SKSN2PZ3, and the maximum 
amount of As occurred at 187 µg/l at a shallow depth (45.5 m) in well SKASPZ1, respec-
tively. The spatial distribution map of arsenic shows that the maximum amount of arsenic 
within a range of 37.23 µg/ to 65.19 µg/l was found in the southwestern side of Satkhira 
(Figure 4a). The minimum level of As occurrence was distributed towards the southern 
portion of Satkhira district within a range of 2.38 µg/l to 3.94 µg/l (Figure 4a). 
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Figure 4. (a) Visualization of groundwater arsenic distribution pattern derived from top-ranked GIS 
interpolation methods within the extended study area boundary, as shown in Figure 2. (b) Visuali-
zation of groundwater salinity distribution pattern derived from top-ranked GIS interpolation meth-
ods within the extended study area boundary, as shown in Figure 2 and TableS3. 

4.1.2. Salinity Distribution in Groundwater 
The spatial distribution pattern of salinity shows that a maximum of 29,277.79 mg/l 

salinity was found in the southernmost portion of the study area. Moreover, a minimum 
of 1039.33 mg/l salinity was distributed towards the northeastern direction of the study 
area. For salinity, the color bands represented in mg/l and can be categorized as slightly 
saline (deep green to light green), moderate saline (yellow and brown), to highly saline 
(red), respectively as depicted in Figure 4b. 

4.1.3. Cross Validation (CV) of Salinity and Arsenic Distribution from Interpolation  
Models 

Apart from RMSE and mean CV values, prediction and error plots were generated 
using data input in the geostatistical wizard window showing the measured salinity and 
arsenic concentrations versus predicted concentrations. An accurate model shows a re-
gression line that follows a slope of 1, indicating that the predicted concentrations align 
with the measured concentrations. Deviations from a slope of 1 indicate errors in the 
model fit. For example, for the salinity interpolation, Ordinary Kriging (OK) showed a 
correlation error slope of −0.83 versus a measured slope of 0.43 during the wet season of 
2021 (Figure 5a). Similarly, for arsenic distribution, the Empirical Bayesian Kriging (EBK) 
interpolation methods showed a correlation error slope of −0.92 versus a measured slope 
of 0.45 during the wet season of 2021 (Figure 5b). 
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Figure 5. (a) Measured salinity (y axis) vs. predicted salinity (x axis) and error vs. measured salinity 
(mg/l) based on Ordinary Kriging interpolation during wet season 2021. (b) EBK interpolation meth-
ods showing measured arsenic vs. predicted arsenic and error vs. measured arsenic during wet sea-
son of 2021. 

Applying Ordinary Kriging (OK) interpolation for salinity distribution (Table S4a) 
revealed that the mean CV was −473.51 and the lowest Root Mean Square Error was 
5691.81 during the wet season of 2021 in the study area, whereas after utilizing Radial 
Basis Function (RBF) interpolation during the dry season of 2020, the CV mean was 
−651.23, and the Root Mean Square Error was 3436.52 for salinity distribution. Therefore, 
the Ordinary Kriging interpolation method is the best one considering the lower amount 
of RMSE during the wet season of 2021, and this model consistently underestimates actual 
values of salinity in the study area during the wet season of 2021. 
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In contrast, the OK interpolation model overestimates actual values of salinity with 
a CV mean value of 44.39 and RMSE of 4262.11 during the dry season of 2020. Similarly, 
RBF interpolation, as represented in (Table S4a), reveals that the mean CV mean was 16.08 
and the Root Mean Square Error was 7006.44 during the wet season of 2021 in the study 
area. So, this RBF interpolation model consistently overestimates actual values of salinity 
during the wet season of 2021. The trend of measured arsenic (As) vs predicted As and 
measured As vs error plots are shown in Figure S1, and the detail data are provided in 
Table S4b. During the dry season of 2020 and wet season of 2021, the other two interpola-
tion methods show similar interpretations and vice versa for the arsenic distribution pat-
tern. 

4.1.4. Seasonal Variation of Salinity 
The seasonal variability histogram shows erratic ups and downs in salinity trends 

during the 2020 dry and 2021 wet seasons in the Satkhira district (Figure 6). Detailed data 
tables are provided in Table S3. For well no 8, there was a sharp increase in salinity during 
the dry season of 2020 of about 21,797.12 mg/l and it showed a sudden decreasing trend 
towards well no 9, which reached about 1792 mg/l. Afterward, a continuous fluctuating 
salinity happened for the 2020 dry and 2021 wet seasons until well no 37. From well no 
36, a sharp increasing salinity trend was found at about 29,728 mg/l and reached its peak 
at well no 38 of about 34,976 mg/l. After well 38, a sharp decreasing trend went as low as 
5533. 44 for well no 39. The United States Geological Survey reported in the year of 2018 
that fresh water has a salinity level of less than 1000 ppm. Slightly saline water has a salt 
concentration between 1000 ppm and 3000 ppm. Moderately salty water ranges between 
3000 ppm and 10,000 ppm of salt concentration, while highly salty water ranges from 
10,000 ppm to 35,000 ppm. Water with a salt concentration greater than 35,000 ppm is 
considered pure seawater. According to the exploratory interpolation method, over 50% 
of the Satkhira district experiences high groundwater salinity levels, with a maximum of 
34,976 mg/l (Figure 6). 

 
Figure 6. Seasonal variability of groundwater salinity (mg/l) among 40 wells in southwest regions 
of Bangladesh. 

The correlation among the physical parameters such as pH, Salinity, ORP and trace 
elements concentration of As and Fe is depicted in Figure 7. In addition, this correlation 
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matrix is explained in the discussion Section 5.2. Detailed correlation data provided in 
Table S5a,b. 

 

Correlation (dry season 2020) 
Fe 0.135    

pH −0.671 0.238   

EC −0.606 0.56 0.536  

ORP −0.185 0.365 0.53 0.38 
Variables As Fe pH EC 

Correlations (wet season 2021) 
Fe 0.585    

Ph 0.266 0.157   

EC −0.076 0.336 0.396  

ORP −0.275 0.208 0.53 0.521 
Variables As Fe pH EC 

Figure 7. Correlogram of pH, EC (µS/cm), As (µg/l), Fe (mg/l), and ORP (mv) and associated Pearson 
correlation matrix during dry season of 2020 and wet season of 2021, visualizing and comparing the 
strength and direction of the linear relationship between pairs of variation among these variables. 

The Eh-pH diagram (Figure 8) shows certain chemical conditions in the Fe-
HCO3−H2O system. The following major illustrations of concentration dimensions for the 
active species for this stability were considered in this study: Fe2+ = 10−3, HCO3− = 10−2. A 
temperature of 25 °C and a pressure of 1.013 bars were considered. Groundwater samples 
were located between the area where authigenic mineral, goethite (FeOOH) and siderite 
(FeCO3), concretions were dominantly present with a pH value between 7.02 and 8.20. 
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Figure 8. Eh-pH diagram for Fe-HCO3 system showing the stability field of goethite, sider-
ite, magnetite, and location of 12 groundwater samples during wet and dry seasons. 

4.2. Mineralogy of Sediments 
Sandstone samples commonly comprised quartz, feldspar, some mica, lithic frag-

ments, and trace amounts of calcite cement mixtures (Figure 9). The studied sediment 
samples primarily comprise quartz (65% of framework grains), most of which is mono-
crystalline quartz (58%), orthoclase (k) feldspars that are comprised of plagioclase (20%), 
and (Na) feldspars (9%). Lithic fragments comprise about 10% of the framework grains, 
most of which are sedimentary types (8%), followed by metamorphic types (2%). A trace 
amount of volcanic lithic fragments is also found. The normalized modal percentage of 
the point count data is represented in Table 2. 

Table 2. Normalized modal compositions showing percentages of individual framework grains of 
the 15 sediment samples from Satkhira district. 

Sample  
ID 

QtFL% QmFLt% QmPK% QpLvLs% 
Qt F L Qm F Lt Qm Plag Kspar Qp Lv Ls 

A-2 65.68 24.75 9.57 59.74 24.75 15.51 70.70 4.69 24.61 43.90 0.00 56.10 
A-5 66.56 24.50 8.94 57.95 24.50 17.55 70.28 6.43 23.29 57.78 0.00 42.22 
A-7 68.52 21.64 9.84 60.66 21.64 17.70 73.71 9.16 17.13 53.33 0.00 46.67 
A-9 66.34 21.57 12.09 55.88 21.57 22.55 72.15 10.55 17.30 56.14 0.00 43.86 

A-11 62.17 28.29 9.54 52.63 28.29 19.08 65.04 11.38 23.58 56.86 0.00 43.14 



Water 2024, 16, 1442 15 of 28 
 

 

P-3 65.68 25.74 8.58 60.07 25.74 14.19 70.00 8.46 21.54 45.95 0.00 54.05 
P-5 65.46 22.70 11.84 57.89 22.70 19.41 71.84 8.16 20.00 44.23 0.00 55.77 
P-7 60.26 25.50 14.24 52.98 25.50 21.52 67.51 13.92 18.57 40.74 0.00 59.26 
P-9 67.00 23.43 9.57 61.72 23.43 14.85 72.48 11.24 16.28 41.03 0.00 58.97 

P-10 65.12 26.25 8.64 58.14 26.25 15.61 68.90 12.20 18.90 53.85 0.00 46.15 
T-3 73.27 19.47 7.26 64.03 19.47 16.50 76.68 9.49 13.83 62.22 0.00 37.78 
T-5 72.52 17.55 9.93 65.23 17.55 17.22 78.80 8.40 12.80 50.00 6.82 43.18 
T-7 63.82 24.34 11.84 53.29 24.34 22.37 68.64 8.05 23.31 55.17 3.45 41.38 
T-9 65.67 25.00 9.33 59.33 25.00 15.67 70.36 5.53 24.11 46.34 0.00 53.66 
T-11 60.00 26.00 14.00 51.67 26.00 22.33 66.52 8.58 24.89 41.67 0.00 58.33 

Mean 65.87 23.78 10.35 58.08 23.78 18.14 70.91 9.08 20.01 49.95 0.68 49.37 
Standard  
Deviation 

3.71 2.80 2.02 4.13 2.80 2.91 3.63 2.50 3.98 6.99 1.92 7.42 

 
Figure 9. Representative photomicrographs of minerals from different sediment depths of three se-
lected boreholes arranged as per sample number listed in Table 2. Abbreviation: Qm—monocrystal-
line quartz; Qp—polycrystalline quartz; K-Spar—potassium feldspar; Plag—plagioclase feldspar; 
Ls—sedimentary lithic; Lm—metamorphic lithic; Ch—chert; Sil—sillimanite; Bt—biotite. 

4.2.1. Heavy Minerals Study 
A 30 g sediment sample from each aquifer, labeled as HT-06 and HA-03 in Table 1, 

was separated under 0.063 mm sieve size fractions. We found 4.4% of heavy minerals in 
Tala upazila at a depth of 121.92 m. Moreover, 6.56% of heavy minerals was found in As-
sasuni upazila at a depth of 30 m, respectively (Figure 10). Most of the heavy mineral 
assemblages in this area were opaque varieties that make up between 33% and 53% of the 
total counted grains (Table S6a,b). In the Quaternary sediments of the Satkhira district, 
around fourteen (14) different heavy mineral species were identified. The most-found 
heavy minerals’ weight % in the sediment sample HA-03 was tourmaline (3.9%), garnet 
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3.25%, zircon 5.19%, rutile 3.25%, biotite 7.79%, kyanite 4.55%, sillimanite 5.84%, magnet-
ite 7.79%, and apatite 6.49% (Table S6a,b; Figures 10 and 11). 

 
Figure 10. Representative photomicrographs of heavy mineral assemblages from different depth of 
sediments of selected three boreholes arranged as per sample number listed in Table 1. (a) Zircon 
crystal inclusion. (b) Heavy minerals in XPL. (c) Abraded zircon crystal. Abbreviation: Amp—am-
phibole, Ap—apatite, Bt—biotite, Chl—chlorite, Chld—chloritoid, Gr—garnet, Gth—goethite, Ky—
kyanite, Mag—magnetite, Op—opaque, Py—pyrite, Ru—rutile, Sil—sillimanite, Sid—siderite, Tr—
tourmaline, Zr—zircon. 

 
Figure 11. Stacked diagram showing the normalized weight percentage (%) of heavy mineral con-
centration among sediments in shallow well (30 m depth), HA-03, and in a deep well (122 m depth), 
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HT-06, in Satkhira district. Abbreviation: ZTR: zircon–tourmaline–rutile, H: heavy mineral, A: As-
sasuni upazila, T: Tala upazila. 

4.2.2. XRD Analysis of Sediments 
Figure 12 depicts the major and minor minerals that were detected in sediment sam-

ple A-12 through the analysis of XRD spectra using Defrac.EVA version 6 software. Aqui-
fer sediments from the Satkhira district are rich in authigenic minerals primarily com-
posed of Fe-oxides (mainly goethite or FeO(OH) and Fe-carbonates (mostly siderite or 
FeCO3), which make up 1.8% of the total S-Q%. This comprehensive analysis of sediments 
also reveals the presence of calcite (21.7%), quartz (33.4%), illite (9.9%), kaolinite (1.6%), 
carbon (3.3%), sulfur (4.2%), and biotite (16.5%) minerals, as shown in Table S7. 

 
Figure 12. Detected major and minor minerals constituent from the XRD spectra of sample A-12. 

4.2.3. Scanning Electron Microscope (SEM) Analysis of Sediments 
A detailed Scanning Electron Microscope (SEM) analysis of the sediment sample  

A-12 shows the mineral concretion of goethite and biotite. The SEM analysis captured 
Backscattered Electron (BSE) images, obtained associated EDS spectra, and created ele-
mental color maps of the distribution of these mineral grains, as shown in Figure 13. The 
SEM and EDS analysis accurately identified the specific elements present in these two 
selected mineral grains. The EDS spectrum obtained from this study revealed that biotite 
and goethite mineral grains contain three dominant elements—silicon (34.71%), oxygen 
(47.71%), and iron (3.56%), respectively. The percentages were counted three times on the 
same mineral grains for better accuracy. Moreover, these mineral grains contain trace ele-
ments such as Al, Ca, K, and Mg in oxide forms with an average concentration of 5.90%, 
2.61%, 2.12%, and 0.58%, respectively, based on their decreasing abundance, as detailed 
in Table S8. However, the SEM-EDS spectral peaks could not confirm the presence of  
detectable limits of arsenic within these mineral grains. 
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Figure 13. (a) SEM image of sample A-12 shows the aggregated crystalline structure of biotite and 
goethite mineral grains; (b) corresponding EDS spectrum showing different peaks of respective el-
emental composition; (c) color maps showing the elemental variation across these mineral grains. 

5. Discussion 
5.1. Hydrochemical Facies of Groundwater 

The piper triangular diagram [50] signifies that groundwater can be categorized as 
the Ca-Cl-HCO3 type in the dry season for the wells SKASPZ-1 and SKSKPZ-4, but it turns 
to the mixed Na-Cl-HCO3 type in the wet season for both wells, respectively (Figure 14). 
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During the wet season, these wells had more Na than Ca concentrations, indicating that 
Na on clay may have been replaced by Ca from the water via ion exchange. 

Two hydrochemical facies, Ca-Cl-HCO3 type and Na-Cl-HCO3 type, dominate the 
groundwater during the dry and wet seasons, respectively. The high HCO3− concentration 
may be derived from the dissolution of inorganic calcite or the decomposition of organic 
matter. The Na-HCO3-type water may be produced by the cation exchange process, in 
which Ca or Mg in the water exchange with Na on the clay minerals when seawater enters 
a freshwater aquifer zone. A geochemical process known as cation exchange, if occurring, 
could add Na-HCO3 to the groundwater, accompanied by calcite dissolution [51], as ex-
plained by Equation (1) or (2) below: 

Na+ + Ca-clay ⇌ Na-clay + Ca2+ (1)

CaCO3 + Na2-clay + H+ ⇌ Ca-clay + 2Na+ + HCO3− (2)

This cation exchange reaction would consume H+ and release Na+ and HCO3− into the 
water. Thus, the observed Na-HCO3-type water with a relatively high pH may be pro-
duced by a cation exchange process, in which Ca or Mg in the water exchange with Na on 
the clay minerals. Clay minerals in a high-salinity environment during dry seasons are 
typically Na-rich from their equilibrium with saltwater. Overall, the major ionic trends of 
both shallow aquifers (<50 m deep) and deep aquifers (>150 m deep) during dry seasons 
are Ca2+ > Mg2+ > Na+ > K+ and Cl− > HCO3- > SO4−2. 

 
Figure 14. Piper diagrams showing the hydrochemical processes between different water sources 
among 12 monitoring wells located in the Satkhira district, Bangladesh. (a) Dry season of 2020; (b) 
wet season of 2021. Well ID abbreviation: SK—Satkhira district; AS—Assasuni upazila; and PZ—
Piezometer. 

Weathering and dissolution of carbonates, silicates rocks, and minerals release Na+, 
Ca2+, and Mg2+ elements into the groundwater. Clay-rich layers present in the aquifers 
soften the water by reactions after exchanging calcium and magnesium ions with ab-
sorbed sodium ions on the clay minerals [52]. Few Na-Cl-type deep aquifer waters found 
in the southwest regions of the study area indicate the presence of connate water confined 
in the inter-basin during Holocene transgression [53]. Therefore, conservative mixing 
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between saltwater and freshwater or seasonal salinity change may drive non-conservative 
water–rock interaction such as mineral (calcite) dissolution and cation exchange. 

The hydrochemical analysis also revealed the presence of two distinct facies types: 
the Na-Cl type and Ca-Cl type. In the wet season, the samples SKSN2PZ1, SKASPZ2, and 
SKASPZ3 comprised approximately 80% Na-Cl types of water. This finding suggests that 
the coastal aquifers in the study area are affected by seawater. Conversely, in the dry sea-
son, a combination of water types, such as Ca-HCO3, Na-HCO3, and Ca-Cl facies, consti-
tuted 20% of these samples, indicating the existence of a freshwater phase in the coastal 
aquifers [54]. The dominance of Na+ in cations and the interactions between HCO3 and 
Cl− in anions have been observed in both facies types. The Na-Cl facies type, which con-
stitutes the majority, indicates the presence of high levels of sodium and chloride ions. On 
the other hand, the Na-Cl-HCO3 facies type shows the presence of bicarbonate ions, which 
interact with the chloride ions in the water system. Therefore, it is noteworthy that salt-
water intrusion has played a significant role in shaping the chemical composition of the 
studied area [55].  

The calculation of SICalcite shows that groundwater in the aquifer layers was typically 
oversaturated with calcite, showing a maximum value of 1.91 during the dry season and 
1.68 during the wet season, respectively. SICalcite values decrease to a level close to satura-
tion, which is indicated by a range between 0.29 and 0.56, respectively, during the wet 
season (Figure S2a,b). The occurrence of oversaturated calcite may happen because of the 
slow dissolution of CaCO3 from the breakup of ancient organic materials in freshwater. 
Therefore, the continuous breakdown of calcite leads to higher salinity levels despite the 
ionic exchange absorbing the dominant portion of Ca2+ and Mg2+ after releasing from their 
host rocks. 

5.2. Distribution Mechanism of Arsenic (As) and Iron (Fe) in Groundwater 
The type of rock formations in the aquifer have confining clay layers found in the 

lithostratigraphic column (Figure 3) that reduce the rate at which water is absorbed into 
the ground. In addition, the tiny pore spaces between the sediment particles slow down 
the movement of water and can lead to more minerals being dissolved. Areas with high 
levels of arsenic in groundwater tend to have a proportion of correlation with other trace 
elements and physical parameters such as Fe, pH, EC, and ORP, respectively. Arsenic (As) 
and manganese (Mn) are positively correlated with Fe and pH (Figure S3) which suggests 
that As in the aquifer may be derived from bacterial iron reduction in iron and manganese 
[56]. 

4 FeOOH + CH2O + 7H+ → 4 Fe2+ + HCO3− + 6H2O (3)

As is negatively correlated with ORP, which suggests that more negative ORPs under 
moderately reducing conditions may lead to the reductive dissolution of Fe oxides and 
increase the level of trace elements, including As and Fe, in groundwater. Due to ion ex-
change, as explained in Equations (1) and (2) above, organic clay minerals become mixed, 
causing significant microbial activity, such as the reduction in Fe-oxyhydroxides, which 
eventually results in the release of high levels of arsenic and delimits iron (Fe) concentra-
tion into groundwater. 

The findings from the Eh-pH diagram (Figure 8), XRD analysis (Figure 12), and SEM 
analysis (Figure 13) show the correlation of authigenic goethite (FeOOH) and siderite 
(FeCO3) minerals with the arsenic release mechanism. The XRD data (Table S7) show that 
shallow sediments contain minor monoclinic biotite grains, whereas the deeper sediments 
contain major monoclinic biotite. The weathering of biotite [K(Mg, Fe)₃AlSi₃O₁₀(F, OH)₂] 
and goethite [FeO(OH)] in sediments could release Fe and As into groundwater [57]. The 
presence of goethite and siderite suggests that the aquifer was under slightly oxidized to 
moderately reducing conditions, which is consistent with the measured ORP value of 
(+50.40 mv) in the groundwater well no. SKSN2PZ-1 during the dry season of 2020 and 
with the negative ORP value ranging between −53 mv and −149.5 mv, respectively, among 
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all other wells (Table S2a,b). This reactivity of these Fe-oxyhydroxide minerals may, in 
turn, contribute to the enrichment and mobility of As in groundwater in the study area 
[58]. 

5.3. Vertical Distribution of Arsenic (As) and Salinity Contents and Heavy Mineral wt% within 
Aquifer Sediments 

Figure 15 shows the depth-wise vertical distribution of As concentration, salinity con-
tents, and associated wt% of heavy mineral assemblages. The sediment analysis of aqui-
fers in well no SA BH-2 (Sample ID: HA-03) and well no STBH-3 (sample ID: HT-06) has 
revealed a significant variation in the weight percentage of heavy minerals. Further exam-
ination of groundwater samples from the two wells has indicated elevated levels of arsenic 
of 121.92 µg/l and 92.42 µg/l during the dry and wet seasons at shallow depths of 30.48 m 
and intermediate depths of 121.93 m, respectively (Figure 15a). The difference in magnetic 
susceptibility in the minerals between the two depths suggests a relationship between the 
abundance of strongly magnetic minerals, such as magnetite, goethite, siderite, Fe-oxides 
(20.13%), and moderately magnetic minerals, like biotite and garnet (11.04%), in the sedi-
ments with the increased concentrations of arsenic in the groundwater (Figure 15c). More-
over, higher amounts of salinity (~30,080.00 mg/l) were observed at the 30.48 m depth, 
where an abundance of strongly magnetic minerals, particularly iron-oxyhydroxides, was 
observed (Figure 15b). 

The aquifers in the study area consist of unconsolidated sediments, such as sands, 
silts, and clays minerals, and hold significant amounts of authigenic and detrital minerals. 
This abundance of detrital minerals in intermediate and deeper aquifer layers suggests 
rapid sedimentation and subsidence of Holocene sediments in the coastal Bengal basin. 
This distinct mineral composition provides valuable insights into the geological history 
and processes of the area. 

The sediments from deeper sections of the wells present a unique composition, rich 
in biotite, sillimanite, chlorite/chloritoid, and zircon. Notably, the most commonly found 
opaque minerals in the Assasuni upazila are magnetite and goethite. These opaque min-
erals are highly dominant in older sediments (Oligocene to Pliocene) in the Bengal basin, 
while the Quaternary sediments comprise a lower average of 5% [59]. At depths of 200 m 
within the aquifer, concentrations of As varied between 0.094 µg/l and 19.04 µg/l. Notably, 
these aquifers contained a significant proportion of moderately magnetic heavy minerals, 
namely biotite and garnet, which accounted for 15.75% of the heavy mineral composition. 

The release of arsenic, even in negligible amounts, into the Holocene deep aquifers 
may result from the interaction between infiltrated surface water and reduction in biotite 
and goethite [60]. However, the reactivity of biotite and most silicate minerals is consid-
ered stable and relatively insoluble via acid leaching compared to other minerals contain-
ing iron oxides and organic clay minerals. Thus, having biotite in deeper aquifers does not 
readily mobilize arsenic into groundwater under the aquifer chemical and redox condi-
tions [61]. Instead, it may have been relieved from iron oxides or organic matter, as de-
scribed by Equations (1) and (2) in Section 5.1 [62].  
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Figure 15. Vertical distribution showing (a) arsenic vs Depth variation (As) (b) salinity intrusion vs 
depth variation and (c) heavy mineral wt% vs depth variation within aquifer sediments from se-
lected depts of monitoring wells and associated depth-wise arsenic and salinity distribution pattern. 
[Lithologic legends are provided in Figure 3]. 

The general trend of arsenic occurrences happens at shallower depths (<50 m below 
the ground) and reached a maximum amount of 92.42 µg/l during the wet season and 
121.92 µg/l during the dry season at a depth of 45.5 m. In contrast, deeper groundwater 
wells show significantly lower levels of groundwater arsenic, about 0.94 µg/l at 212 m 
depth during the dry season and 0.28 µg/l during the wet season, respectively. The maxi-
mum permissible level of arsenic in drinking water is 10 µg/l or 0.010 mg/l, according to 
U.S. Environmental Protection Agency (EPA) reports, and Bangladesh’s standard limit of 
arsenic is 50 µg/l or 0.05 mg/l, as reported by the WHO [63]. Hence, the arsenic concentra-
tion level found during wet season was much higher than the EPA and WHO permissible 
limits in the study area. 

Groundwater salinity gradually decreases and reaches its lowest point in April or 
May throughout the winter or dry season, as shown in Figure 15. The arrival of the 
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monsoon or wet season from June to September flushes salts from aquifer sediments, 
gradually increasing groundwater salinity and reaching as high as 35,000 mg/l. Con-
versely, if the sea levels rise, the salinity of the water may also increase, which can release 
more arsenic into the fresh water. Seasonal variations also impact arsenic dynamics in 
groundwater. During the dry season, arsenic in groundwater was higher, about 190 µg/l. 
Meanwhile, during the wet or monsoon season (July–October), dissolved arsenic concen-
trations in groundwater showed significant variations from the dry season and decreased 
to 160 µg/l, respectively. 

5.4. Sediment Composition and Texture Analysis 
The ternary plots emphasize overall sandstone modes of mineral grains in QFL and 

source rocks’ provenance types in QtFL diagrams, as shown in Figure 16. The Quaternary 
sediment samples are plotted nearer to the recycled orogenic and transitional continental 
provenance fields, although the overall trend is more toward the recycled orogenic prov-
enance field (Figure 16). The compositional study suggests that sediment sources through-
out the Cenozoic did not significantly change and the coastal sediments were transported 
via the major river systems from the Himalayas, Indo-Burman Ranges, and the Indian 
Shield [64]. The higher number of the zircon–tourmaline–rutile (ZTR) maturity index 
(more than 20%) usually indicates a higher proportion of abraded, broken detrital zircons, 
as shown in Figure 10. The zircons in the Paleogene strata of the Bengal basin might have 
originated from an older source (Indian craton) compared to the zircons of the Holocene 
sediments, which may have come from the uplifted orogenic sources [65]. However, the 
results from this study, with a low ZTR index of about 11%, indicate a heterogeneous 
source from low-to-intermediate grade metamorphic rocks. 

The provenance fields of the Holocene sediments in the Satkhira district are mostly 
recycled orogenic, collisional fold belts and continental blocks, as shown in Figure 16. Al-
most all the samples fall in the sandstone compositional fields of arkose to lithic arkose. 
Most feldspar grains are subangular to angular, and quartz grains are subangular to sub-
rounded, suggesting that the sediments were deposited rapidly in a cooler and/or dry 
environment that prevented feldspars from undergoing significant chemical weathering. 
The angular to sub-angular quartz grains signify short travel distances, from a high relief 
in the source areas. The greater angularity of the coastal sediments reveals their relatively 
short transportation and quick burial before any coastal turbulent flow could affect them. 
This inference from the coastal sediments validates the source constraints of older geologic 
(Oligocene to Pleistocene) sediment samples in the Bengal basin [66]. This observation 
indicates that the Holocene coastal sediments are relatively texturally immature com-
pared to the older exposed and drilled sediments of the Miocene to Pleistocene sequences 
in the Bengal basin [67]. 
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Figure 16. (a) QFL triangular diagram showing average sand classification of Satkhira, Bangladesh, 
modified after Folk, 1974 [68]. (b) QtFL Provenance Plot of sandstone in Satkhira, Bangladesh, mod-
ified after Dickinson, 1985. 

6. Conclusions 
Groundwater is dominated by two hydrochemical facies: the Ca-Cl-HCO3 type dur-

ing the dry season and the Na-Cl-HCO3 type during the wet season. Groundwater among 
aquifers in southwestern Bangladesh contains major elements like Ca, Mg, Na, K, and Fe, 
released through weathering and dissolution of carbonates, silicates, and evaporite rocks 
and minerals. Observation of higher salinity in the intermediate to deeper aquifers sug-
gests rapid sedimentation and subsidence of the area with repeated sea level changes. The 
concentration of authigenic and heavy minerals in the Quaternary succession of the Ben-
gal basin varies throughout the entire succession. The simplified Fe-HCO3 system in the 
Eh-pH plot shows the stability field of goethite and siderite minerals, suggesting that the 
aquifer is under slightly oxidized to moderately reducing conditions. The sediments 
found in the southwest coastal areas of Bangladesh are compositionally and texturally 
immature, as indicated by a lower ZTR index of 11%. These sediments may have traveled 
a short distance from source areas and did not go through intense chemical weathering. 
The microbial activity in the groundwater results from the interaction between water, cal-
cite (CaCO3) minerals, and organic matter, likely responsible for dissolved HCO3−. Arsenic 
is positively correlated with Fe and pH, suggesting that As may be derived from the bac-
terial iron reduction of Fe oxides. Arsenic is negatively correlated with ORP. This mecha-
nism indicates that more negative ORPs under moderately reducing conditions may lead 
to the reductive dissolution of Fe oxides and increased trace element levels, including As 
and Fe, in groundwater. The lack of correlation between As and EC suggests that salinity 
and increased ionic competition for mineral sorbing sites with Fe oxides may not control 
As mobilization. The spatial distribution trend of groundwater arsenic follows a particular 
pattern, for example that higher levels of arsenic concentration occur in shallow aquifers 
and a lower concentration occurs in deep aquifers in the study area. Hence, arsenic con-
centration in groundwater among shallow aquifers is nearly eighteen times more than the 
EPA standards and four times higher than the WHO’s and Bangladesh’s standard levels. 
Comparing the spatial distribution pattern of arsenic and salinity, we can infer that nearby 
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regions with a higher amount of arsenic occurrence show a significant distribution of sa-
linity. However, this hypothesis requires special attention and further study, with more 
sampling points in the southern margin of coastal Bangladesh. 
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