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Abstract
Coal mining activities greatly damage water resources, explicitly concerning water quality. The adverse effects of coal min-
ing and potential routes for contaminants to migrate, either through surface water or infiltration, into the groundwater table. 
Dealing with pollution from coal mining operations is a significant surface water contamination concern. Consequently, 
surface water resources get contaminated, harming nearby agricultural areas, drinking water sources, and aquatic habitats. 
Moreover, the percolation process connected with coal mining could alter groundwater quality. Subsurface water sources can 
get contaminated by toxins generated during mining activities that infiltrate the soil and reach the groundwater table. The 
aims of this study are the creation of models and the provision of proposals for corrective measures. Twenty-five scenarios 
were simulated using MODFLOW; according to the percolation percentage and contamination, 35% of the study area, i.e., the 
middle of the research area, was the most affected. About 38.08% of the area around the mining zones surrounding Margherita 
is prone to floods. Agricultural areas, known for applying chemical fertilizers, are particularly vulnerable, generating a risk 
of pollution to surrounding water bodies during flooding. The outputs of this research contribute to identifying and assessing 
flood-vulnerable regions, enabling focused measures for flood risk reduction, and strengthening water resource management.

Keywords  Coal mining · Surface water contamination · Groundwater percolation · Flood vulnerability · Contaminant 
transport

Introduction

Flood is one of the most catastrophic natural tragedies in 
terms of economic devastation. The most severe reper-
cussions of floods include individuals losing their resi-
dences, valuables, and vital infrastructures such as hos-
pitals and senior care centers. During disasters, losing 
electricity and mobile communication is common, hinder-
ing daily living and safety access (Jaxa-Rozen et al. 2019; 

Zhao et al. 2022). Human interference with natural water 
bodies has increased due to extensive mining operations, 
soil erosion, the growth of pavement surface for hous-
ing and industrialization, the deterioration of the flora 
in the watershed area, and improper land use change. A 
significant quantity of chemical fertilizers is likely to pen-
etrate surrounding rivers, streams, lakes, and groundwater 
during the inundation of agricultural areas (Zhang et al. 
2022). Floods represent a recurrent and widespread natu-
ral calamity of considerable magnitude on a global scale. 
Historically, these occurrences have been predominantly 
triggered by excessive precipitation and unfavorable geo-
graphical conditions, resulting in significant human casu-
alties and extensive economic ramifications. Addressing 
this challenge necessitates the meticulous identifica-
tion and classification of flood-prone areas, which are 
imperative for effective flood management strategies and 
informed risk assessment protocols (Ganji et al. 2022; 
Lenin Sundar et al. 2022; Osei et al. 2021). These inter-
ventions include but are not limited to extensive mining 
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activities, accelerated soil erosion, expansion of urban 
and industrial areas leading to increased impermeable 
surfaces, degradation of vegetative cover in watershed 
regions, and inappropriate land-use alterations.

Consequently, the susceptibility to inundation has mark-
edly escalated, culminating in frequent catastrophic inun-
dations. Notably, groundwater constitutes a primary water 
source, crucial for fulfilling escalating demands stemming 
from population growth, urban expansion, industrialization, 
and agricultural needs, particularly during periods of drought 
(Sarker et al. 2022). However, the unsustainable reliance on 
groundwater resources has led to a rapid decline in ground-
water levels, exacerbating the situation by causing the deple-
tion of wells and aquifers. While groundwater remains vital 
for potable water supply, particularly in rural settings and for 
agricultural irrigation purposes, its quality and availability 
are jeopardized due to contamination and overexploitation. 
Thus, comprehensive measures are imperative to mitigate 
the adverse impacts of human-induced alterations on water 
resources and to safeguard both human well-being and envi-
ronmental sustainability. Groundwater is the main fundamen-
tal resource for meeting the needs of the population in India 
(Jerin et al. 2023; Mendoza et al. 2023; Wei et al. 2019). The 
country’s replenishable groundwater potential is estimated 
at 432 billion cubic meters. The overexploitation of ground-
water increases groundwater withdrawals nationwide. The 
contamination of groundwater is caused by introducing con-
taminants owing to groundwater overexploitation. Ground-
water contamination may have geological or anthropogenic 
sources (Kareemuddin and Rusthum 2015). Human sources 
include wastewater discharge into water bodies and agricul-
tural leftovers’ runoff. Human activities may be the principal 
source of groundwater contamination in a city.

Heavy metals are ubiquitous, non-biodegradable, and fre-
quently toxic contaminants of groundwater. The groundwa-
ter within the region has been subject to detrimental impacts 
resulting from various anthropogenic activities, notably the 
discharge of industrial and sanitary effluents, along with the 
runoff from agricultural irrigation practices (Kimanzi and 
Wishitemi 2001). Due to the near-riverbank dumping of 
pollutants, groundwater quality management and flood risk 
reduction in coal-mining districts are frequently delayed by 
significant barriers. This is particularly evident in the area 
under study, covering coal mines and their environs (Wei and 
Bailey 2021). Consequently, it is essential to investigate the 
contamination of the city’s groundwater. For efficient envi-
ronmental management and reducing the effects of coal min-
ing on water resources, it is crucial to comprehend the routes 
taken by pollutants from coal mines (Xing et al. 2023).

Groundwater contamination prediction commonly 
employs three general approaches: index-based, statisti-
cal-based, and simulation-based models. Among these, 
the MODFLOW model is a simulation-based tool widely 

utilized for such predictions (Sivakumar et al. 2022). Visual 
MODFLOW, a sophisticated software tool for groundwater 
flow and contaminant transport modeling, offers versatile 
applications across various sectors. These include but are 
not limited to agriculture, airfields, constructed wetlands, 
climate change research, drought evaluations, environmental 
impact assessments (EIA), landfill management, and min-
ing operations (Sathe and Mahanta 2019). Functioning as 
the Graphical User Interface (GUI) for the MODULAR 
FINITE DIFFERENCE FLOW MODEL, Visual MOD-
FLOW streamlines the model implementation and operation 
process, facilitating users in efficiently conducting complex 
simulations (Lazzarin et al. 2022). Remarkably, the adoption 
of modeling software, particularly Visual MODFLOW, is 
more widespread in Middle Eastern and Asian nations than 
in other geographical regions (Kim and Ko 2023; Langlois 
et al. 2023; Rafiei and Nejadhashemi 2023). This height-
ened prevalence can be attributed to several factors, includ-
ing the growing recognition of the importance of ground-
water management in these regions due to water scarcity 
issues, increasing environmental concerns stemming from 
rapid industrialization and urbanization, and the availability 
of expertise in groundwater modeling within academic and 
research institutions (Singh and Singh 2019). The MOD-
FLOW model was employed in the investigation to predict 
groundwater contamination (Fig. 1). Given the insights gar-
nered from this predictive analysis, it is essential to imple-
ment proactive measures to regulate and manage groundwa-
ter usage to mitigate potential contamination risks.

Overall, this work introduces a new method to tackle the 
intricate environmental issues encountered in coal mining 
areas by combining models for evaluating groundwater 
quality and assessing susceptibility to flooding. This study 
thoroughly explains the relationship between groundwater 
pollution and flood vulnerability by integrating hydrologi-
cal dynamics and mining consequences. This study makes 
a substantial addition to the field of environmental science 
and engineering by providing a foundation for compre-
hensive approaches to reduce the negative impacts of coal 
mining on water resources and flood-prone regions. Incor-
porating groundwater quality modeling and flood vulnera-
bility assessment, this work delivers valuable insights into 
water resource management (Fig. 2). The findings of these 
simulations suggest that the central portion of the research 
area is most seriously affected, underlining the necessity 
to establish effective regulatory measures to safeguard the 
region’s water supplies. In addition to groundwater purity 
concerns, the Margherita region is especially susceptible 
to flooding due to its high mining activities and bad land-
use changes. A GIS-based method incorporating Digital 
Elevation Models (DEMs) was utilized to evaluate flood 
risk. A flood vulnerability map was generated using Arc-
GIS to construct a network of streamflow and local slope 
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variables. Agricultural areas, known for applying chemical 
fertilizers, constitute a substantial risk of contaminating 
adjacent water bodies during flood disasters. Incorporat-
ing groundwater quality modeling and flood vulnerability 
assessment, this work delivers valuable insights into water 
resource management.

The study area

Margherita is derived from the Italian monarch and dates back 
to the late nineteenth century as a token of appreciation for the 
Italian Chief Engineer of a rail segment, Chevalier R Paginini, 
who oversaw the construction. Margherita was renowned for 
its coal mines, which the British heavily developed. Coal India 
Limited has the most significant industrial facility in this city. 
The municipality is known as Coal Queen due to its prominence 

Fig. 1   Process of the flow of 
contaminants via surface runoff 
and percolation

Fig. 2   An example of flood 
damages in the study area
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in the coal industry (Fig. 3). The municipality of Margherita 
has been designated as the mining hub for neighboring mines. 
It is located in the Tinsukia district, which, as of 2011, had a 
population of 26,914.

Utilizing monthly rainfall data sourced from the Indian Mete-
orological Department spanning the years 2003 to 2021, the pre-
cipitation patterns within the study area were meticulously exam-
ined. Over the specified duration, a discernible consistency in the 
distribution of precipitation within the study area was observed 
(Fig. 4). The maximum recorded rainfall during this period 
peaked at approximately 1297 mm. Notably, June emerged as the 
period characterized by the most substantial precipitation levels, 
whereas January and February exhibited the least precipitation. 
Conversely, the below-average quantity of precipitation observed 
in January and February indicates seasonal variation in rainfall 
distribution. There are concerns about the area’s ability to endure 

floods due to significant changes in precipitation patterns that 
have been seen. Due to the potential for excessive precipitation, 
especially during peak months, there is a risk of increased flood-
ing and more severe flooding in the researched region.

Materials and methods

Data collection

This study’s methodology comprises several essential 
stages: data acquisition, analysis, model development, 
model calibration, results interpretation, and discussion. 
The primary tool utilized for predicting groundwater 
quality in this investigation is MODFLOW. Comprehen-
sive data on groundwater levels, quality parameters, and 

Fig. 3   a The study area.b Coal mines under North Eastern Coalfields (NEC)

Fig. 4   Rainfall pattern in the area
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environmental factors were initially collected from field 
measurements, historical records, and scientific data-
bases (Table 1). This data was then subjected to rigor-
ous analysis to identify trends, correlations, and potential 
anomalies, employing statistical tools and software to 
ensure accuracy and reliability. Using the analyzed data, 
a groundwater flow model was developed in MODFLOW, 
defining parameters such as boundary conditions, hydrau-
lic properties, and initial conditions. The model was sub-
sequently calibrated to align with observed data, and the 
results were interpreted to understand groundwater qual-
ity dynamics. Finally, the findings were discussed in the 
context of existing literature, and implications for future 
research and management practices were considered.

Assessment of groundwater quality by MODFLOW

The governing flow equation for three-dimensional satu-
rated flow in porous media is articulated as follows:

In the context provided, the symbols kx, ky, and kz 
represent the anticipated hydraulic conductivities along 
the x, y, and z axes, respectively, expressed in meters per 
second (m/s). The variable h denotes the Head Piezo-
metric, measured in meters (m), as a crucial indicator of 
groundwater elevation within the system. Additionally, 
the symbol Q represents the volumetric flux per unit vol-
ume, encapsulating any source or sink terms within the 
system. Q is dimensionally expressed in units of time 
(T) raised to the power of negative one (T−1), signify-
ing the volumetric flow rate per unit volume over time. 
Ss denotes The Specific storage coefficient, which is 
defined as the volume of water discharged from storage 
per unit change in head per unit volume of porous mate-
rial, with dimensions of length to the power of negative 
one multiplied by time (L−1 T) and t represents time in 
seconds (s). Various boundary conditions are specified in 

(1)
� �x [ kx �h �x ] + ��x[ ky �h �y ] + � �z [ ky �h �z ] ± Q = [Ssht]

the model, including those related to rivers, lakes, pump-
ing wells, evaporation data, and recharge (Esfahani et al. 
2021). These boundary conditions are crucial in simulat-
ing the model domain’s groundwater flow and transport 
processes.

Data analysis

During the duration of the research, i.e., 6 months, collected 
data and samples are analyzed. Groundwater samples were 
systematically collected from wells and subjected to compre-
hensive analysis encompassing various quality parameters 
(Table 2). These parameters included pH, TDS, electrical 
conductivity (EC), total hardness (TH), chloride (Cl), alka-
linity, sodium (Na+), calcium (Ca2+), magnesium (Mg2+), 
nitrate (NO3

−), and Sulfates (SO4
2−).

A significant dataset of 2500 samples was collected 
over two pre-monsoon and two post-monsoon seasons. 
This dataset was subjected to thorough statistical analysis. 
Several preprocessing procedures, such as outlier filter-
ing, normalization, and data transformation, guarantee the 
integrity and consistency of the data. Eliminated abnormal 
data points that deviated more than three standard devia-
tions from the average, standardized the data to a standard 
scale, and adjusted key variables to account for asymmetry. 
The meticulous preprocessing and analytical methodolo-

gies are used to guarantee the robustness and reliability of 

Table 1   Steps in the data analysis process

Step Description

a) Software and tools used ESRI ArcGIS 10.8 software, surface tools, and Arc Hydro tool extensions were used to produce different layers and 
generate maps. This allowed for a thorough analysis of all relevant data

b) Identifying and defin-
ing flood-prone regions

The process included many phases, such as obtaining secondary data, processing it, and evaluating the acquired data 
to determine locations prone to flooding

c) Data acquisition The acquiring data entailed importing a Digital Elevation Model (DEM) into the ArcGIS software, where the spatial 
resolution was set at 20 m (with a pixel size of 20 m × 20 m)

d) Data preparation The data preparation for evaluating regions at risk of flooding in the study area’s DEM included a sequence of proce-
dures to provide the required data for analysis. Before conducting hydrological analysis, the data was processed 
using the ArcGIS program

Table 2   Initial characterization of the groundwater

Parameter Range Permissible range

pH 7.0 to 8.6 6.5 to 8.5
Electrical conductivity 280 to 8250 (mS/cm)  < 1500 µS/cm
Total dissolved solids 

(TDS)
196 to 5775 (mg/l)  < 1000 mg/l

Total hardness (TH) 80 to 1700 (mg/l) 100 to 500 mg/l
Sulfate (SO4

2−) 6 to 1000 (mg/l)  < 500 mg/l
Nitrate (NO3

−) 11 to 655 (mg/l)  < 50 mg/l
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results. This analytical process entailed the determination 
of essential statistical parameters such as minimum, maxi-
mum, mean, and standard deviation values for each tested 
parameter, providing valuable insights into the groundwater 
quality dynamics within the studied area across different 
temporal contexts. TDS, EC, TH, calcium, magnesium, alka-
linity, and chloride values were higher post-monsoon than 
pre-monsoon. Sulfates decreased as pH values decreased. 
The sodium concentrations before and after the monsoon 
did not differ significantly.

Model conceptualization

The initial phase of developing a groundwater flow model 
involves delineating the area of interest and defining the flow 
boundary conditions (You et al. 2023). In this process, cer-
tain assumptions were made to conceptualize the groundwa-
ter flow regions. Firstly, a data exchange format (DXF) file 
was imported, containing a scanned and digitized base map 
that serves as the foundation for the model (refer to Table 1 
for details). Subsequently, the model grid was established, 
comprising 50 rows and columns. The total vertical extent 
of the model was assumed to be 75 m, with the following 
distribution (Table 3):

•	 The topmost layer, representing the upper boundary of 
the model, was positioned at an elevation of 0 m.

•	 The subsequent layers were arranged uniformly, with 
each layer extending downwards by a height of 1.5 m.

These assumptions form the basis for the spatial and ver-
tical discretization of the groundwater flow model, facilitat-
ing the subsequent implementation of boundary conditions 
and simulation of groundwater flow dynamics within the 
defined study area.

The table provides a thorough summary of several strata 
in a hydrogeological system, clearly outlining their unique 
features and properties. Each layer is classified into specific 
categories with distinct characteristics that clarify how it 

behaves regarding water movement and storage. The fea-
tures column concisely describes whether a layer is confined 
or unconfined, indicating its association with surface water 
and the geological formations in its vicinity. In addition, the 
properties column provides detailed information on charac-
teristics such as hydraulic conductivity, specific yield, and 
transmissivity, which significantly impact the flow of water 
inside each layer. The inclusion of variable-specific yield 
and transmissivity indicates the presence of geographical or 
temporal variations in water storage and transmission capa-
bilities, highlighting the intricate interaction of geological, 
hydrological, and environmental elements that shape the 
hydrogeological system. In summary, this tabular repre-
sentation is an excellent tool for comprehending the varied 
characteristics of hydrogeological strata and their crucial 
influence on groundwater dynamics and resource manage-
ment (Table 4). The following categories were considered 
for this study:

The implementation of the groundwater flow model 
involved several critical steps and considerations. Initially, 
ASCII files containing well elevations relative to the Mean 
Sea Level were transmitted to each model stratum, facilitat-
ing the integration of well data into the model (Duran and 
Gill 2021). Pumping rates from approximately 20 pump-
ing wells were estimated based on their geographical loca-
tions and intended water usage. In addition to pumping 
wells, head observation wells were strategically located 
within the study area. These wells, serving dual roles as 
concentration observation points, were equipped to monitor 
water levels and parameter concentrations. Data regarding 
head variations, parameter concentrations, and observation 
well elevations were meticulously inputted for each well, as 
detailed in Table 3. The model systematically recorded and 
assigned concentration values for all parameters at each 
observation site for every time step during transport simu-
lations. Furthermore, various hydrogeological characteris-
tics were defined for the model, encompassing parameters 
such as conductivity, storage coefficients, initial heads, and 
dispersion properties. Horizontal and vertical conductivity 
values were meticulously inputted and adjusted cell by cell 

Table 3   Layer characteristics and properties

Layer Type Characteristics Properties

Layer 1 Type 1 Unconfined - Single hydraulic conduc-
tivity

- Variable specific yield (S)
Layer 2 Type 3 Confined/unconfined - Variable transmissivity (T)

- Variable specific yield (S)
Layer 3 Type 2 Confined/unconfined - Variable transmissivity (T)

- Variable specific yield (S)
- Variable specific yield (S)

Layer 4 Type 4 Confined/unconfined - Variable transmissivity (T)
- Variable specific yield (S)

Table 4   Parameters and units

Parameter Unit

Length Meter (m)
Time Days
Velocity Meters per second (m/s)
Conductivity Siemens per meter (S/m)
Pumping rate Cubic meters per day (m3/day)
Annual recharge Millimeters (mm)
Mass Kilogram (kg)
Concentration Milligrams per liter (mg/L)
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to reflect the geological heterogeneity of the study area. 
The influence of soil properties, including porosity, was 
acknowledged due to their significant impact on hydrologi-
cal attributes such as hydraulic conductivity and electrical 
resistivity.

Once these features were defined, different boundary 
requirements were explicitly stated. Constant head borders 
were used to replicate the impact of neighboring water 
bodies on the northern and eastern limits of the research 
region. The recharge borders were primarily situated in 
the middle and western sections of the research area, 
which align with areas experiencing substantial rainfall 
infiltration and groundwater replenishment. In addition, 
river borders were established along the primary river that 
runs through the research area, and evapotranspiration 
limits were designated in regions with substantial vegeta-
tion, including water loss caused by plant absorption and 
evaporation. The precise boundary conditions enabled an 
accurate simulation of the hydrological processes in the 
research region.

After defining these properties, various boundary con-
ditions were specified, including constant head, river, 
recharge, and evapotranspiration boundaries, among others 
(Table 5). These boundary conditions are crucial for execut-
ing MODFLOW simulations accurately and ensuring real-
istic representations of groundwater flow and transport pro-
cesses within the hydrogeological model (M. Jibhakate et al. 
2023). The research area was further partitioned into seven 
distinct zones, delineated based on variations in recharge and 
evapotranspiration patterns (Fig. 5). Zone budget analysis, 
an integral component of the modeling process, involved 
computing sub-regional water budgets utilizing MODFLOW 
simulation results. These budgets were derived through cell-
by-cell flow computations, providing insights into ground-
water fluxes and storage dynamics within each defined zone. 
After inputting all pertinent data and specifications, the 
model was prepared for execution within the module. The 
initial step of the execution phase entailed selecting either a 

steady-state or transient-state simulation, depending on the 
nature of the hydrological investigation being conducted. 
This preparatory phase laid the groundwork for subsequent 
analysis and assessment within the hydrogeological mod-
eling framework.

These values indicate how nitrate moves with the same 
velocity as groundwater and spreads from its source. The 
molecular diffusion coefficient has a crucial role in hydro-
dynamic dispersion. The movement of molecules or ions 
governs it and explains the process of solute diffusion from 
areas of high concentration to lower concentration. The 
MODFLOW model was used to simulate the steady-state 
flow of groundwater by entering model parameters.

Results and discussion

Flood risk analysis

Hydrologic analysis

The hydrology toolset extension in ArcGIS was employed 
to analyze and delineate flood-prone areas. Surface water 
movement was simulated to identify potential water sources 
and areas susceptible to accumulation. A flow accumulation 
map was generated through several steps, which included 
filling the Digital Elevation Model (DEM) to remove depres-
sions and producing a flow direction map utilizing the filled 
DEM as input raster data (refer to Fig. 6). A coding direction 
was established by utilizing both the surface input raster and 
the raster displaying flow direction. Following the acqui-
sition of flow accumulation results, an input stream raster 
was generated by applying a threshold to the outcomes. This 
step aids in delineating stream networks within the study 
area, facilitating further analysis and mapping of flood-prone 
regions.

For instance, a threshold value of 50 indicates that each 
drainage network cell has at least 50 contributing cells. As a 

Table 5   Assessment parameters 
used in MODFLOW

Parameter Description

Grid division 25 cells (vertical) × 20 cells (horizontal)
Region with constant head boundary Coal mining region in the eastern section
River conductance 0.00811 m/s
Hydraulic heads Range, 5.57 to 9.67 m
Starting head 5.57 m
Starting nitrate concentration 3.14 mg/L
Transverse dispersivity 0.85 m
Vertical dispersivity 0.085 m
Molecular diffusion coefficient 1.48608 × 10−4 m2/day
Model used MODFLOW
Simulation type Steady-state flow
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result, multiple accumulation thresholds were used to extri-
cate the stream until a stream was attained, and the resulting 
stream map was utilized (Fig. 6). The buffer (coverage) sur-
rounded input coverage features with polygons. The typi-
cal breadth of stream networks in the study location was 
determined to be less than 500 m. Consequently, using the 
stream network, a 1 km-long buffer was established. There-
fore, areas within the buffer zone were deemed susceptible to 
flooding, and vice versa. The buffer (coverage) surrounded 
input coverage features with polygons. The typical breadth 
of stream networks in the study location was determined to 
be less than 500 m. Consequently, using the stream network, 
a 1 km-long buffer was established. Therefore, areas within 
the buffer zone were deemed susceptible to flooding, and 
vice versa.

Surface analysis

Utilizing the spatial analyst tool within ArcGIS, the Digital 
Elevation Model (DEM) served as the input raster data to 
generate a slope map. The slope tool facilitated the com-
putation of the maximum change in elevation between 
each cell and its neighboring cells. Steepest descent was 
identified based on the most significant change in elevation 
between the cell and its nearest neighbors. It is pertinent to 
acknowledge that regions characterized by rugged terrain 

and pronounced gradients typically exhibit lower suscep-
tibility to inundation. Due to the study area’s undulating 
nature, the resulting slope map was categorized into high, 
medium, and low slope areas. Areas with steep gradients 
are less prone to flooding, whereas those with gentler slopes 
are more susceptible. Subsequently, a flood-prone map was 
derived by integrating the slope map with the map depict-
ing stream networks. Regions falling within a 1 km buffer 
zone from the stream networks and exhibiting slope values 
ranging from 0 to 10 were reclassified as areas bearing a 
very high risk of inundation (refer to Fig. 7). Additionally, 
certain areas beyond the 1 km buffer zone were identified as 
moderately susceptible to inundation.

Flood risk analysis

In summary, combining the buffered stream connection map 
and the slope map of the research area resulted in creat-
ing a flood danger map focused on the Margherita mining 
zone. The flood hazard map for the Margherita mining zone 
was generated using the analytical hierarchy process (AHP). 
The allocation of weight to various parameters was as fol-
lows: proximity to streams (25%), slope (20%), land use 
(15%), soil type (10%), buffered stream connection (15%), 
and flow direction (15%). The weights were derived based 
on the relative significance of each factor in affecting flood 

Fig. 5   Framework of the model
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Fig. 6   a Hydrologic analysis (filled DEM). b Flow direction map. c Buffer zone map. d Slope map
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susceptibility. The combination of these elements led to 
the creation of a flood hazard map that classifies places of 
very high, high, medium, and low sensitivity to flooding. 
The map indicated that about 38.08% of the research region 
is susceptible to floods. The map categorizes places vul-
nerable to flooding into four basic categories: very high, 
high, medium, and low flood susceptibility. The total area 

occupied by the different categories was computed based 
on the flood-prone map (Table 6), as shown in Fig. 8. In 
order to produce a flood hazard map focused on the Margh-
erita mining zone, it was necessary to integrate the buffered 
stream connection map and the slope map inside the study 
area. This was done to facilitate the process of map produc-
tion. Figure 7 demonstrates the flood-prone map, which is 
included in Table 6, to calculate the exact area inhabited by 
each susceptibility group. Based on the inquiry’s findings, it 
was discovered that about 38.08% of the land under consid-
eration is susceptible to floods. This thorough research aims 
to provide significant insights into the spatial distribution of 
flood risk within the Margherita mining zone by presenting 
relevant findings. Such insights may aid in decision-making 
by using reliable information and applying effective manage-
ment measures to minimize the risk of floods.

Fig. 7   Flood risk map

Table 6   Area distribution of flood-prone zones within the study area

Degree of flood vulner-
ability

Area (km 2) Percentage (%)

Very high 521.13 13.75
High 922.11 24.33
Medium 1496.67 39.49
Low 850.09 22.43
Total 3790 100
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Assessment in MODFLOW

Effects of surface runoff and elevation

When the soil gets saturated or impermeable barriers hinder 
water penetration, surface runoff refers to the water flow on 
Earth’s surface, generally after precipitation or snowmelt. 

The region’s topography, slope, and land cover features may 
all impact how surface runoff and elevation relate (Fig. 8). 
In most cases, elevation significantly influences surface run-
off’s likelihood. Elevation changes are directly correlated 
with changes in the topography and slope of the ground. 
The velocity of surface runoff may be accelerated by steeper 
slopes, often seen at higher altitudes. Water moves more 

Fig. 8   a Elevation map. b Land cover map

Fig. 9   Contamination spread 
according to land cover
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quickly and downslopes in certain regions, increasing the 
possibility of surface runoff formation. Elevation changes 
have an impact on the development of drainage patterns. 
Surface runoff gathers and starts downstream at higher ele-
vations, often serving as the source regions for streams and 
rivers. Runoff from higher altitudes may enter lower eleva-
tions, increasing surface runoff in those places. Elevation 
may also have an impact on the kinds and distribution of 
plant and land cover, which in turn has an impact on surface 
runoff. Regarding the quantity of water intercepted by veg-
etation or absorbed by the soil, it is vital to remember that 
local characteristics and regional climatic trends may affect 
surface runoff and elevation. For a given research region, 
in-depth analysis and modeling employing hydrological and 
topographical data may provide more precise insights into 
the link between surface runoff and elevation.

Land use and land cover patterns are directly connected 
to surface water and runoff. The type, area, and land cover 
may greatly influence surface water runoff quantity and 
quality. The link between surface water runoff and land use/
land cover has the following major components: Impervious 
Surfaces: Land uses like urban or built-up regions with a 
high proportion of impervious surfaces (concrete, asphalt) 
restrict the amount of rainwater that seeps into the ground. 
The amount and speed of surface runoff increase as water 
swiftly drains off these surfaces. Forested regions and veg-
etated land coverings, including grasslands or agricultural 
fields, may assist in catching rainwater, fostering infiltra-
tion, and minimizing surface runoff. A variety of agricul-
tural practices, including crop rotation, tillage techniques, 
and irrigation, may have an impact on surface runoff.

Changes in land use, including urbanization and defor-
estation, can potentially change the hydrological cycle and 
increase surface runoff drastically. These maps classify and 
quantify several forms of land cover within a study region, 
offering insights into the geographic distribution and land 
use features. It is important to remember that the specific 
link between surface water runoff and land use/cover might 
change based on the regional climate, soil characteristics, 
and terrain.

Contamination over the land

Distance traveled through percolation refers to the verti-
cal distance water travels through the soil profile, typically 
by percolation or infiltration. It measures the depth water 
penetrates the soil at a product’s life cycle stage (Fig. 9). 
When evaluating the environmental effects of water usage, 
such as water consumption, groundwater depletion, or pol-
lution, it is crucial to consider percolation distance. It aids in 
assessing the likelihood of water-related effects beyond the 
local region of water extraction or consumption. The impact 
categories represent different environmental, social, and 
economic elements that a product or process might impact 
throughout its life cycle. The quantity of water drained from 
the source is influenced by percolation distance, which may 
result in water shortage or depletion in the area. The prob-
able repercussions of the depletion of water resources are 
assessed in this effect category. Contaminants carried by 
percolation may affect aquatic life, plants, or animals if they 
enter surface water bodies or other ecological systems. The 
impact category for ecotoxicity assesses possible toxicity on 

Fig. 10   Duration of contamina-
tion spread
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ecosystems. It is crucial to remember that the importance 
and severity of these impact categories might change based 
on regional circumstances, site-specific variables, and the 
particulars of the process or product being evaluated must 
identify and evaluate the critical impact categories linked to 
percolation and water-related consequences.

An illustration of how the concentration of a particular 
pollutant varies throughout a product’s life cycle is called 
a contaminant concentration vs. time graph. This graph is 
often used to examine the environmental effects of pollutant 
release and dispersion at various life cycle phases (Fig. 10). 
This graph shows how the concentration of the contaminant 
varies over time as it is moved through and distributed in the 
environment. This knowledge may be used to evaluate the 
contaminant’s potential for environmental exposure and its 
effects. By examining the pollutant concentration vs. time 
graph, hotspots or critical moments when the contaminant 
concentration reaches a peak or surpasses specific criteria 
may be found in the life cycle. These hotspots may guide 
the decision-making process for pollution prevention and 
control actions. It is crucial to remember that depending 
on the exact contamination, the kind of product or process 
being examined, and the environmental circumstances, the 
form and properties of the contaminant concentration vs. 
time graph might change dramatically. Therefore, undertak-
ing a thorough and context-specific involving reliable data 
collection and suitable modeling methodologies is essential 
for effectively capturing and understanding changes in pol-
lutant concentration over time.

percolation and contamination spread

As part of the testing and calibration process of the model, 
a simplified version was developed, concentrating solely on 
one geological formation. This focused approach allowed 
for a detailed examination of the system’s behavior regard-
ing various parameters and the influence of conduits on the 
aquifer, alongside other pertinent hydrological characteris-
tics (Fig. 11). The simplified setup was explicitly tailored to 
analyze two distinct sets of recharge events: firstly, a 1-day 
recharge event with a magnitude of R = 50 mm, succeeded 
by a 10-day recession period; secondly, a 2-day recharge 
event with a magnitude of 40 mm, followed by a 15-day 
recession period. These simulated scenarios aimed to eluci-
date the response of the aquifer system to varying recharge 
patterns and durations, providing valuable insights into its 
dynamic behavior under different hydrological conditions. In 
addition, a specific event was examined, which had the high-
est recorded recharge between 2014 and 2019, measuring 
60 mm. This was followed by 30 days of declining recharge.

Subsequently, detailed modeling incorporating the area’s 
geography and geology, including the primary aquifer, was 
undertaken. The hydrogeological model was expanded to 
include a more extensive region to assess variations in the 
potentiometric surface related to geological characteristics 
and provide a more comprehensive understanding of the 
southern catchment border (Fig. 12). Using these models 
was crucial in determining the most likely karst network and 
precisely defining catchment borders. To improve computa-
tional efficiency and prioritize the karst aquifer, the model 
deliberately removed nearby geological formations, such as 

Fig. 11   Percentage % of per-
colation
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the Glencar limestones and Slishwood paragneiss, that are 
not karstified. These deposits have hydraulic conductivi-
ties of K = 1e8 and K = 11 m/s, respectively. The choice to 
exclude these formations was influenced by many variables, 
such as the notable differences in hydrogeological charac-
teristics, surface watershed/topography, and high hydraulic 
gradients seen inside the karst aquifer.

By excluding non-karstified formations from the model, 
computational speed and accuracy were notably enhanced, 
allowing for a more focused and precise analysis of the karst 
network’s behavior and hydrological dynamics. Figure 12 
depicts various experiments to assess conduit network topol-
ogies, ranging from basic to intricate designs and shallow 
to deep configurations. Both steady-state (assessed through 
the analysis of resulting potentiometric surfaces) and tran-
sient (validated against several spring discharge events) out-
comes of these experiments were meticulously examined 
and calibrated. The steady-state condition was initiated with 
a recharge rate of 0.0082 m over 365 days. The recharge rate 
used in the research was around three times higher than the 

average yearly recharge of the watershed. The computational 
grid included 65 rows and columns, including ten vertical 
levels spanned various altitudes.

Ranging from 63 to 348 m, the thickness of each layer 
was adjusted to accommodate geological variations. Cell 
dimensions were standardized at 40 × 40 m for the gen-
eral aquifer, with smaller dimensions applied as necessary 
of 20 × 20 m around the conduits and 10 × 10 m utilizing 
quadtree grid refinement. Turbulence within the pipes was 
determined using the Manning equation. Conduit network 
configurations included round, vertical, horizontal, or angled 
conduits. A fixed head of 120 m was established and des-
ignated along the eastern border of the Dartry limestone 
formation within the catchment.

The efficiency of the conduit network was significantly 
improved after analyzing the geological transition from the 
Dartry limestones to the Glencar limestones. This change 
was marked by a noticeable increase in clay, as shown in 
Fig. 5c. Following that, it was determined that a reevalua-
tion of the borders of the area where water is collected and 

Fig. 12   Percolation and spread of contamination
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the anticipated physical characteristics of the underground 
limestone network was required. This is shown in Fig. 6. 
Tracer tests, topographical data, 3D geological modeling, 
and groundwater flow simulations informed the determina-
tion of catchment limits. The delineation of the northern 
boundary was accurately guided by the geological fea-
tures of the Glencar Shaley limestone formations, while 
a presumed plugged fissure demarcated the southeastern 
boundary. The likely position of the groundwater divide 
is identified along the southern boundary. This determina-
tion is made through a comparative analysis between the 
3D geological model; the area displays a concave bending 
shape of the Dartry limestones and Glencar formation, 
together with the potentiometric surface resulting from an 
exceptional occurrence, which corresponds to double the 
highest recorded daily rainfall during periods of solid flow. 
The geological demarcation of the division becomes less 
clear near the southwest and western limits. Subsequent 
examination of documented karst characteristics in the sur-
rounding region uncovered the existence of a smaller karst 
spring, which is linked to the Manorhamilton watershed 
via its drainage area. This observation suggests that the 
probable location of the groundwater divide aligns with 
the termination of this geological folding, approximately 
halfway between identified conduits and this neighboring 
catchment. Figure 7 illustrates the steady-state potentio-
metric surface for the optimal configuration. Before the 
commencement of the temporary time increments, the 
steady state was formed at day 365.

Conclusion

Using Digital Elevation Models (DEMs), a geographical 
information system (GIS) technique was employed to iden-
tify areas susceptible to flooding within the Margherita 
mining region. Locations near coal mining zones were 
carefully selected to reflect the groundwater system suit-
ably. The MODFLOW modeling framework was employed 
to simulate various scenarios and assess the effects of 
groundwater contamination on water quality. In addition 
to groundwater quality concerns, the Margherita region 
is especially susceptible to flooding due to its high min-
ing activities and bad land-use changes. The utilization of 
ArcGIS facilitated the generation of several morphological 
attributes derived from digital elevation models (DEMs), 
notably local slope and flow network analyses. Findings 
indicate that approximately 38.08% of the surveyed area 
exhibited high susceptibility to inundation. Twenty-five 
scenarios were simulated using MODFLOW; according to 
the percolation percentage and contamination, 35% of the 
study area, i.e., the middle of the research area, was the 
most affected. About 38.08% of the area around the mining 

zones surrounding Margherita is prone to floods. Conse-
quently, it is inferred that the mining environs encompass-
ing the Margherita municipality were comparatively less 
prone to flooding. This study introduces a simplified meth-
odology for delineating and assessing flood-prone regions, 
offering a valuable resource for flood risk mitigation, dis-
aster preparedness, and mitigation efforts within the study 
area. Furthermore, an analysis of electrical conductivity 
(EC) and total dissolved solids (TDS) values indicates 
that the research area should be classified into a moder-
ate to high salinity zone suitable for irrigation purposes. 
Groundwater flows towards and along the course of river 
movement. Therefore, pollutants are readily transported 
from upstream to downstream.
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