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Abstract

This study evaluates the seasonal dynamics of groundwater quantity and quality in an emerging industrial hub
(Mirsarai Upazila, Chattogram in Bangladesh) where systematic assessments are scarce. Field surveys (March—
August 2025) and laboratory analyses of 16 monitoring wells were integrated with long-term DPHE records (2000
2021) and spatial interpolation (IDW). Physico-chemical parameters (pH, turbidity, chloride, fluoride, hardness,
iron, arsenic, manganese, nitrate, TDS, and alkalinity) were compared across pre-monsoon and monsoon periods.
Results show pronounced seasonal fluctuations: groundwater levels declined by up to 1.3 m during the pre-
monsoon but recovered rapidly with monsoon recharge. Water quality exhibited dilution effects during monsoon
(lower fluoride, hardness, chloride), while the pre-monsoon was marked by elevated TDS and nitrate, reflecting
anthropogenic inputs and evaporation-driven concentration. Long-term records indicate a significant downward
trend in pre-monsoon levels, suggesting growing aquifer stress. These findings underscore the urgent need for
season-specific groundwater management, including managed aquifer recharge during monsoon and highlights the
importance of regular monitoring to ensure sustainable use.

Keywords: Groundwater; Seasonal variation; Water quality; Mirsharai; Chattogram.
1 Introduction

Groundwater is the primary source of freshwater in Bangladesh, supporting drinking, irrigation, and industrial
needs. Nationally, almost 98% of domestic water demand is met from groundwater (Rahman, Lateh and Islam,
2018)! In coastal and semi-coastal regions e.g., Mirsarai Upazila, Chattogram, reliance on this resource is
particularly high because of limited access to perennial surface water. However, rapid population growth,
unplanned urbanization, agricultural intensification, and expanding industrial activities—especially linked to the
Mirsarai Economic Zone—are exerting unprecedented pressure on groundwater resources. Existing studies across
Bangladesh have highlighted two interlinked concerns: (i) quantitative stress due to over-abstraction, with water
table declines in urban viz., Dhaka (0.6-2.4 m/year (Rahman, Lateh and Islam, 2018); and parts of Chattogram
(2.2-2.65 mlyear (Akter et al., 2020), and (ii) deterioration of groundwater quality through arsenic, iron,
manganese, chloride, and salinity contamination (Akter and Ahmed, 2021).These challenges have been studied at
national and regional scales, but Mirsarai—despite being one of the fastest-growing industrial hubs—remains
under-investigated. Although past research has applied geostatistical tools (e.g., Inverse Distance Weighted, IDW,
Kriging) and trend analyses for groundwater in other regions of Bangladesh systematic assessments of seasonal
variation in both quantity (water table depth) (Bhattacharjee, Akter and Mahin, 2018) and quality (physico-
chemical parameters) are scarce for Mirsarai. This gap is particularly important because seasonal fluctuations
dictate groundwater reliability: pre-monsoon scarcity, monsoon recharge, and post-monsoon stabilization create
variable stress conditions for households, agriculture, and industries. A time series regression analysis usually
determines the groundwater level and water level fluctuation trend. Statistical methods for trend analysis vary from
simple linear regression to more advanced parametric and non-parametric methods. Various characteristics
controlling groundwater lowering can be presented and analyzed using a Geographic Information System (GIS).
GIS technology is an effective spatial tool widely used for predicting, monitoring, managing, and visualizing
geographic information. Different interpolation methods were adopted for surface interpolation and among them
IDW performs better. Natural processes viz. evaporation, secondary mineral precipitation, mineral dissolution,
redox reactions, cation and anion exchange, and microbial activities significantly influence water-rock interactions
that regulate groundwater quality. Furthermore, the absence of updated monitoring data prevents reliable prediction
of future stressors under accelerated industrialization. Therefore, this study aims to assess the seasonal dynamics
of groundwater quantity and quality in Mirsarai Upazila by integrating field surveys, laboratory testing, and
geospatial interpolation techniques. Specifically, it investigates how key parameters (pH, turbidity, chloride,
fluoride, hardness, arsenic, iron, manganese, nitrate, TDS, alkalinity, and temperature) fluctuate, and how
groundwater table depths respond to seasonal recharge. By filling this local knowledge gap, the study could
contribute to evidence-based groundwater management strategies.
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2 Materials and methods

Mirsarai is a narrow coastal plain that is bounded to the east by steep Tertiary hills and to the west by the Bay of
Bengal/Sandwip Channel. Along a regionally faulted frontier, elevation abruptly changes from around 0-10 m in
the plain to over 200 m in the hills; the northern limit is formed by the Feni River (Fig. 1). Groundwater availability
and quality in Mirsarai are strongly influenced by its hydro-geological. This study comprises of three major
segments, i.e., secondary data accumulation (2000 — 2021), primary dataset (March to August 2025) development
through field and laboratory tests, and preparing an IDW map utilizing this information (Fig. 2). According to the
Bangladesh Meteorological Department (BMD), during 2000 -2023 with an average of 3000 mm of rainfall/year,
the driest month (January) receives an average of 6 mm/month, and the wettest month (July) experiences upto 761
mm/month rainfall. The average temperature of the area is 25.7 °C. Longterm groundwater tables were collected
from the Department of Public Health Engineering (DPHE) 2000-2021. For field and laboratory study,
Groundwater samples were collected from 16 tubewells located in the different unions of Mirsarai upazila with
each monitoring point identified by a unique identification code. Groundwater table measurements (in m) were
collected using a water level indicator during the field test period (March to August 2025). The dataset includes
geographical coordinates (latitude and longitude) for each tubewell, enabling precise spatial analysis. During the
field test period, groundwater samples were collected in pre-cleaned polyethylene bottles. Prior to the collection,
bottles were rinsed three times with the respective sample water. Immediately after collection, each bottle was
labeled with its unique identification code. For heavy metal analysis, 2 mL of concentrated nitric acid (20% HNO3)
was added to each designated sample to preserve metal ions. The preserved samples were placed in an ice bath and
transported to the laboratory within 24 hours. All samples were stored at 4 + 1 °C until analysis, following APHA
Standard Methods (APHA, 2017) . Here pH, Turbidity, CO,, Chloride, Fluoride, Hardness, lron, Arsenic,
Manganese, Nitrate, TDS, Alkalinity, Colour, Temperature was tested. Seasonal trends were analyzed using
statistical tools and compared with Environment Conservation Rules (ECR, 2023) and WHO guidelines. An IDW
is a deterministic interpolation technique that estimates values at unmeasured locations based on the values of
nearby sampled points. The core principle is points closer to the unmeasured location have more influence than
those farther away. Mathematically, the estimated value Z at an unmeasured point (Xo, Yo) has obtained by:
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Where:
Z; = measured value at point i
d? = distance between the unmeasured point and point i
P = power parameter (usually 2), controlling the rate of influence decay with distance

3 Results and discussions

Historical datasets on the 87 tubewells in last two decades, the obtained groundwater table ranged between 10.681
m and 228.25 m and the study area has been categorized into six classes i.e., very shallow (8.681 m—43.442 m),
shallow (43.443-78.702 m), shallow deep (78.703-113.960 m), moderate (113.961-149.220 m), deep (149.221—
184.480 m) and very deep (> 219.750 m) (Fig.3). Field tests were conducted on 16 tubewells except W23 and W24
(Deep class), rest of the wells are in very shallow class. Overall, most tubewells exhibited a fluctuation in the
groundwater levels from March to May (Fig. 4) followed by a recovery in June or July and August, coinciding
with the onset of monsoon rains (Fig. 5). By May 2025, water table depths range from 2.4 m (W-78) to 8.15 m
(W-53), indicates that most sites will have a net recharge of 0.47-1.35 m. Significant aquifer recharging occurs
with the start of monsoon rains, causing water levels to rise dramatically at all locations. August shows the highest
available groundwater level, which range from 4.6 m (W-24) to 0.85 m (W-78) (Fig.5). The magnitude of recovery
is most pronounced in shallow aquifers (W-78) and areas with higher infiltration capacity. Significant but
insufficient recovery is evident at locations with lower pre-monsoon levels (W-53) (Fig.4), indicating ongoing
groundwater stress even during periods of peak recharge.
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Figure 4: Observed groundwater level (M-A-M)) Figure 5: Observed groundwater level (J-J-A))

Significant seasonal variation, mostly due to monsoon recharge patterns, is revealed by a spatiotemporal analysis
of groundwater levels from 16 monitoring tubewells in Mirsharai Upazila. The groundwater table decreased from
an average depth of 0.468 m during the pre-monsoon season (M-A-M) 2025, which needs to investigate with long-
term historical groundwater level dataset (Fig.4). This pattern might be due to prolonged extraction for home and
agricultural usage and little recharge. On the other hand, monsoon infiltration causes a notable aquifer recovery
during J-J-A 2025 (Fig.5). Significant interannual variability and a troubling decadal change in seasonal water
availability are shown by long-term secondary data at a single tubewell in Mirsharai Upazila (Fig.6).
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Figure 6: Long-term pre-monsoon variability in the W-79

The average groundwater level during the pre-monsoon was varied significantly from year to year, from 2.69 m in
2015 to 3.75 m in 2025 (Fig. 6). The lowest recorded in the 13-year span indicates either a possible extension of
the seasonal stress period or a higher level of extraction. Although levels during the monsoon exhibit interannual
variability as well viz. monsoon recharge. The 2025 level was measured at 2.00 m, with values ranging from 1.39
m in 2012 to 2.80 m in 2014. The monsoon level in 2025 is not the deepest in the period, compare to the early-
year records (i.e.2012, 2013), suggesting either a gradual increase in base demand or a decrease in recharge
efficiency. From 1.38 m in 2012 to 1.75 m in 2025, the gap between pre-monsoon and monsoon levels shows a
crucial measure of the success of annual recharge (Fig. 6). The 2025 increase in the disparity indicates that while
absolute recharge might be taking place, groundwater extraction is increasing during the pre-monsoon season,
resulting in a greater seasonal depletion.

The pH found strong to extreme acidity (pH < 3.80) located mostly in the central and southwestern sections. The
pH range during the monsoon (June to August 2025), is more constrained and consistent (6.45-7.48), primarily
representing near-neutral to slightly alkaline conditions throughout the region. Turbidity levels stay comparatively
low and uniformly distributed throughout the pre-monsoon, which is indicative of less surface runoff and sediment
intake. Monsoon has a wider range of turbidity (0.65-39.80 mg/L), with higher values concentrated in isolated
areas, especially in the central-eastern region. The existence of high turbidity hotspots highlights the susceptibility
of some catchments to erosion and sedimentation, while the majority of the region has lower turbidity zones (<7.17
mg/L), which supports overall dilution by rainfall. In the pre-monsoon, concentrations exhibit a broader range
(0.001 —109.976 mg/L), with pronounced spatial heterogeneity and localized areas of very low (<18.33 mg/L) and
very high (>91.65 mg/L) concentrations. In contrast, the monsoon shows a significantly elevated baseline
concentration (minimum: 10.199 mg/L), with a narrower overall range (10.199 — 85.687 mg/L) and reduced spatial
variability. During the pre-monsoon, chloride concentrations exhibit significant spatial heterogeneity (i.e. 0.003—
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876.846 mg/L). In contrast, concentrations show reduced spatial variability and a compressed range (1.492—
1,022.017 mg/L), with the lowest observed values (1.492 mg/L) substantially higher than pre-monsoon minima.
In the pre-monsoon, fluoride concentrations range from 0.000 to 1.326 mg/L, with a large portion of the study area
showing elevated values (0.443-1.326 mg/L). This elevated fluoride level during the pre-monsoon may be linked
to reduced groundwater recharge, evaporation-driven concentration, and longer water—rock interaction, which
enhance fluoride mobilization. In contrast, the rainy season exhibits a significantly lower concentration range,
between 0 and 0.870 mg/L, with most of the region dominated by values below 0.3 mg/L. Only few localized
pockets in the southern and central regions show moderately higher values (0.436-0.870 mg/L). The general
decline in fluoride during this period reflects the impact of monsoonal recharge, which dilutes groundwater
chemistry and reduces solute buildup. During the pre-monsoon, water hardness is considerably higher, with values
ranging from 0.002 mg/L to a maximum of nearly 360 mg/L. The spatial distribution shows the highest
concentrations (239.944 — 359.914 mg/L) prevalent across most of the central and western regions of the map.
Conversely, the monsoon is characterized by a pronounced dilution effect. Hardness values are both higher at the
minimum and lower at the maximum, with a new range of approximately 6.270 mg/L to 218.546 mg/L. The spatial
pattern of the highest class (183.168 — 218.546 mg/L) is substantially reduced, confined to a much smaller area,
suggesting that precipitation and increased surface runoff have effectively diluted ion concentrations across most
of the basin. Iron concentrations are relatively low and stable during the pre-monsoon ( 0- 8.995 mg/L). The spatial
distribution shows the highest concentrations (5.998 — 8.995 mg/L) confined to a specific, localized zone,
suggesting a point source or a specific geological feature governing its distribution under low-water conditions. In
stark contrast, the monsoon exhibits a substantial increase in both the minimum and maximum iron concentrations,
with values ranging from 0.200 mg/L to 19.831 mg/L (Fig.7). This represents a greater than two-fold increase in
the maximum observed value. Iron is a common element found in natural water sources, often present in both
dissolved (ferrous) and precipitated (ferric) forms. While iron itself is not highly toxic at typical concentrations, it
is tested in drinking water due to its potential health and aesthetic concerns. High iron in water is common in many
regions of Bangladesh, specially in groundwater from tubewells. The concentration ranges for each mapped
category are nearly identical between the two seasons, with maximum values of 0.197 mg/L and 0.198 mg/L for
the pre-monsoon and monsoon, respectively). This indicates that the hydrological and geochemical processes
controlling arsenic mobilization in this aquifer are largely invariant with respect to seasonal precipitation changes.
Manganese concentration demonstrates a significant seasonal mobilization pattern, with concentrations markedly
elevated during the rainy season. The maximum value increases from 0.743 mg/L in the pre-monsoon to 1.621
mg/L in the monsoon, representing more than a twofold increase (Fig. 8). Interpolated nitrate concentrations
demonstrate substantial seasonal flux monsoon concentrations show a pronounced increase, with a maximum value
of 7.392 mg/L, exceeding the four times of the pre-monsoon. This dramatic rise indicates a large-scale mobilization
of nitrogen compounds from the catchment area into the water bodies. During the pre-monsoon, TDS
concentrations range from 0.017 to 1,589.653 mg/L, with relatively higher values observed in the western and
central zones. Several localized hotspots of elevated TDS are evident, indicating possible groundwater salinity
intrusion or geogenic influence. Conversely, in the rainy season, TDS levels markedly increase, ranging from
182.622 to 3,165.671 mg/L, with a more widespread distribution of higher concentrations across the region. The
dilution effect typically expected during monsoon recharge is not predominant; instead, leaching and surface
infiltration appear to contribute to higher solute loads. Water with a TDS above 500 mg/l is not recommended for
use as drinking water (EPA secondary drinking water guidelines). Water with a TDS above 1,500 to 2,600 mg/|
(EC greater than 2.25 to 4 mmho/cm) is generally considered problematic for irrigation use on crops with low or
medium salt tolerance. Analysis of alkalinity levels between seasons reveals a complex interplay of dilution and
geochemical buffering. While a dilution effect is evident from the significant rise in the minimum value from 0.007
mg/L (dry season) to 61.048 mg/L (rainy season), the overall system demonstrates remarkable resilience. The
maximum alkalinity increases slightly from 1,319.351 mg/L to 1,361.116 mg/L. This pattern suggests that
rainwater influx dilutes the most vulnerable, low-alkalinity waters but is insufficient to significantly alter the
buffering capacity of the entire aquifer system.
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Figure7: Iron concentration (MAM) Figure 8 : Arsenic concentration (MAM and JJA)

4 Conclusions

This study provides an integrated assessment of groundwater quantity and quality in Mirsarai Upazila, highlighting
the pronounced influence of seasonal variability on aquifer dynamics. Groundwater levels were observed to decline
during the pre-monsoon months, followed by substantial recovery during the monsoon due to recharge, although
long-term records indicate a statistically significant downward trend in pre-monsoon levels over the past decade.
This trend suggests increasing aquifer stress and raises concerns for future water security under expanding
domestic, agricultural, and industrial demand. Water quality analysis further revealed strong seasonal contrasts.
Parameters such as pH, turbidity, chloride, fluoride, hardness, and iron exhibited dilution effects during the
monsoon, whereas higher concentrations during the dry season reflected evaporation, reduced recharge, and
prolonged water—rock interactions. Elevated levels of nitrate, TDS, and manganese in some locations point to
potential anthropogenic inputs, leaching, and salinity intrusion, which could undermine the suitability of
groundwater for both drinking and irrigation purposes. The findings underscore the dual challenge of declining
groundwater availability and deteriorating quality in a rapidly industrializing and densely populated coastal
upazila. Addressing these challenges will require regular groundwater monitoring, improved recharge
management, and stricter regulation of extraction and contamination sources. Season-specific strategies, such as
managed aquifer recharge during monsoon and demand-side conservation during pre-monsoon, can enhance
sustainability. Ultimately, the study emphasizes the urgent need for an integrated groundwater management
framework in Mirsarai that balances economic development with long-term water security.
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