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Abstract: The current investigation aimed to assess the impact of land use changes on groundwater
quality because of the extensive mining activities in the coal mining province of the Mahan River
catchment area, which is located in the Surguja district of Chhattisgarh, India. The water quality
index (WQI), Collin’s ratio, stable isotope ratios of water molecules (8'80 and 6D), and various
physicochemical parameters were measured to determine the suitability of water for domestic
purposes. Water samples collected from dug wells, tube wells, river water, and mine water were
analyzed, and the results revealed that 28% of the samples were classified as excellent and 44%were
classified as good during the pre-monsoon period. In the post-monsoon period, 50% of the samples
were categorized as good, while 35% were classified as poor, whereas in mining areas, 54% of
samples were found to be unsuitable during the pre-monsoon period, and this increased to 77%
in the post-monsoon period. Stable isotope analysis was also conducted: samples were plotted to
the right of the Local Meteoric Water Line (LMWL) in the isotope bivariate plot, and the observed
slopes for all samples were smaller than that of the LMWL. The enrichment of the §'80 ratio and
negative d-excess values at certain locations suggest the occurrence of non-equilibrium processes and
mixing mechanisms.

Keywords: stable isotopes; mine water; oxygen-18; deuterium; d-excess; meteoric water line

1. Introduction

Coal mining plays a significant role in India’s economic development as one of the
core industries. However, it also leads to the degradation of environmental and hydrogeo-
logical conditions. The extraction of coal involves both opencast and underground mining
methods, which have harmful effects on the environment, particularly water resources, due
to the discharge of large volumes of mine water [1]. These mining activities not only disrupt
the nature of interactions between groundwater and surface water but also contribute to
significant air pollution and bring about drastic changes in the landscape [2].

In addition to these detrimental effects, such as landscape damage, soil erosion, loss of
forest ecosystems, and the destruction of wildlife habitats, mining activities also give rise
to significant issues related to mining waste disposal, metal contamination, and accelerated
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sedimentation resulting from the presence of unconsolidated materials. Moreover, land
degradation caused by open-pit or underground mining activities, including excavation
and the disposal of overburden, along with other associated activities, represents a major
factor contributing to these concerns [3]. Since most open-cut operations intersect the
natural water table, they invariably produce significant catchments for rainfall and runoff,
which in turn causes an influx of surface water or subsurface water into the active mine
workings [4]. In active mining areas, the constant flow of water in the mine front creates
sludgy conditions. Surface runoff and leachate water produced by these materials will also
contaminate adjacent water bodies.

It is further obvious that the environment created by coal mining operations favors
the mobilization of metals into aquatic environments. Therefore, contaminated water
resources containing high salt concentrations, sediments, metals, or other pollutants can
pose exposure risks when utilized for various applications, such as domestic, agricultural,
industrial, and irrigational purposes. According to a number of technical assessments,
the consumption of contaminated water poses significant health hazards, like cholera,
dysentery, polio, diarrhea, typhoid, and skin infections [5-7]. Identifying the source, origin,
and flow pathways of mine seepage water is crucial for ensuring good-quality water, which
is a necessity for a healthy nation. Although there are many statistical methods for an
undisturbed groundwater regime, it is still difficult to investigate the hydrological regime
of an active coal mining province; therefore, assessing the quality of water resources is a
vital step toward achieving a sustainable environment [8]. Water quality, its movement,
and distribution pattern can be studied using various methods, like the WQI (water quality
index), factor analysis, stable isotope studies, principal component analysis, fuzzy logic,
hierarchical cluster analysis, and multivariate and spatial analysis [9,10].

Conducting hydrogeochemical studies, coupled with the systematic analysis of stable
isotopes, in coal mining areas is essential for comprehending the origin, mechanisms, dis-
tribution patterns, and processes involved. These studies are particularly crucial due to the
various activities associated with coal mining, such as overburden removal, the generation
of coal mine waste or mine drainage, resource exploitation, and the establishment of a
balance within local and regional aquatic systems [11]. In mining areas, the isotopic signa-
ture of groundwater can also provide insights into the impact of mining activities on the
local hydrological cycle. The discharge of mine water with a distinct isotopic composition
can be identified and traced back to its source. This information can help to assess the
potential risks associated with mine water discharge, such as the contamination of surface
water or the degradation of downstream water quality [12]. Studies have indicated that
groundwater recharge in the area primarily occurs through precipitation, while mining
activities have a limited impact on the recharge process [13]. These studies have also
revealed that the groundwater in the region exhibits long residence times and is influenced
by processes such as evaporation and interactions with the surrounding rocks [14].

In recent years, the assessment of groundwater quality and its spatial analysis have
become crucial for the effective management of groundwater resources. The integration of
Geographic Information Systems (GISs) and methodologies like the water quality index
(WQI) has emerged as a significant approach for combining groundwater quality assess-
ment and spatial analysis, providing valuable spatial information. This integrated approach
enables a better understanding and management of groundwater resources. The WQI is
an excellent tool for determining the quality of the water and drinking suitability. It was
originally developed by Horton and Brown [15,16], and it has been extensively employed
in several studies to evaluate water quality. Stable isotopes, such as deuterium (6D) and
oxygen-18 (§180), are inherent components of water and exhibit similar movement patterns
to water itself [17,18]. These isotopes are widely utilized as environmental tracers to assess
groundwater quality, track geochemical evolution, investigate rock—water interactions,
analyze low-temperature geochemical parameters, understand recharge processes, and
identify contamination mechanisms [19]. Moreover, stable isotopes are valuable for charac-
terizing, interpreting, and modeling the hydrological cycle at different scales, including
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local, regional, and global, as they are not subject to radioactive decay or easily altered by
other processes in closed systems [20].

To assess the effects of mining on water resources, a long-term database on water
quality and systematic observations of water quality parameters, their origin, distribution,
and dynamics are necessary. While studies have investigated groundwater quality and
coal mines in various Indian coalfields, like Penchand, Singrauli, West Bokaro, Neyveli,
and Raniganj [4,21], the Mahan River coal mining region has not been explored in terms
of groundwater quality and stable isotope systematics. The main objectives of this study
are to:

1. Assess the drinking water suitability of different sources of water in the mining
province by using the water quality index method;

2. Map the spatial distribution of the WQI for the pre- and post-monsoon seasons;

3. Determine recharge sources, flow patterns, and pathways of both mine water and
groundwater dynamics using stable isotopes (5'®0 and §D) in the Mahan River
catchment area.

2. Materials and Methods
2.1. Study Area

The study was conducted in the Bishrampur coalfield region of the Surguja district,
located in Chhattisgarh, India. The study area spans approximately 717 square kilometers,
with latitudes 23°00’ N-23°30’ N and longitudes 83°00" E-83°45’ E encompassing it. The
region includes several mines, namely, Bhatgaon UG, Mahan OC, Dugga UG, Mahamaya
UG, Kalyani UG, Nawpara UG, Mahan-II OC, and Shivani UG. Figure 1 illustrates the
location of the study area. The climate is tropical monsoon with a temperature range from
17.8 °C in winter to 30.1 °C in summer. However, due to hot winds in the summer, maxi-
mum temperatures can rise to 42.7 °C, and lowest temperatures can drop to 4.4 °C in the
winter. Table 1 depicts the monthly fluctuations in precipitation and average temperature,
with the most rainfall occurring in the month of July. The yearly rainfall ranges from 1100
to 1270 mm. The southwest monsoon, which lasts from mid-June to mid-October, brings
significant amounts of rain. Around 80% of the annual rainfall is concentrated within
this time of year, while the remaining 20% occurs between October and May, outside the
monsoon season. The Mahan River and its tributaries encircle the region, and they are
principally responsible for controlling the coalfield’s drainage. The geography of the area is
undulating, and its elevation ranges from 446 m to 672 m above mean sea level (MSL). The
Bishrampur coalfield is located in the northeastern corner of the Hasdeo Arand sub-basin,
and it has a rectangular shape. It extends approximately 36 km from east to west and 35 km
from north to south. In the eastern part of the Son Valley, the coalfields of Lakhanpur
and Bishrampur are situated close to each other, forming twin basins. These basins are
connected by a short section of the Talchir Formation.

Table 1. Monthly rainfall, temperature, and relative humidity.

Months Rainfall (mm) Average Temperature (°C) Relative Humidity
January 23.36 18.60 51.77
February 8.22 20.36 50.72
March 7.42 24.68 33.52
April 1.60 29.17 28.73
May 2.03 32.92 23.78
June 188.69 31.51 55.20
July 455.51 27.42 7348
August 449.48 27.24 81.34
September 208.75 26.55 71.94
October 64.84 24.89 82.31
November 13.24 21.36 65.04

December 6.01 18.75 63.17
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Figure 1. Study area location map.

According to the hydrogeology of the study area, the Barakar formation covers the
majority of it and is made up of sandstone with varying grain sizes, shale layers, and
coal seams in addition to soil cover. The below strata are made up primarily of compact
sandstone with secondary porosity.

2.2. Water Sampling and Analysis

To obtain a preliminary understanding of the water quality in the Mahan River com-
mand area, a sample survey was conducted. The survey aimed to represent the hadrochem-
ical conditions of the study area. A total of 50 water samples were collected during the
pre-monsoon season, while 48 samples were collected during the post-monsoon season
from various locations within the study area (Supplementary Materials). Using a portable
GPS, the wells’ locations were marked with latitudes and longitudes. Prior to taking water
samples, stagnant water was removed by pumping water from bore wells for around 30 min.
After the collection of samples, digital meters were used to measure onsite characteristics,
including pH and electrical conductivity (EC). Water was collected in 1 L polyethene bottles
for the rest of the analysis. To ensure the removal of contaminants, both the bottles and caps
underwent a thorough cleaning process, which involved rinsing them three times with the
sample water. Additionally, the samples were filtered using 0.45 m Millipore filter paper
prior to being added to the container. In order to prevent ion precipitation, nitric acid was
used to acidify the samples intended for cation analysis. Titrimetry was used to measure
Ca®* and Mg2+ using regular EDTA. Utilizing a Flame Photometer (Jenway clinical flame
photometer—PFP7 model), Na* and K* were measured. Titration was used to measure the
concentrations of CO32~ and HCO; . Sulfate was determined using a spectrophotometer
(Optima 2100 DV ICP-OES spectrophotometer from PerkinElmer) and CI” by using the
common AgNO;j titration method. The colorimetric approach was used to measure nitrate.
All of the results were compared to the drinking water quality standards set by the World
Health Organization (WHO) and the Bureau of Indian Standards (BIS). The accuracy of
the chemical analysis of each underground water sample was tested by computing the
ionic balance error between the total concentration of cations (Ca%*, Mg2+, Na*, and K%)
and the total concentration of anions (COgZ’, HCO5;—,Cl7,NO3;—, and 8042’) before the
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interpretation of the chemical data was started. The ionic-balance-error value was found to
be below the desired threshold of 5% [22].

For stable isotope data, field campaigns were conducted in the pre-monsoon season to
gather a total of 50 samples. Thorough sampling was performed to include all potential
sources, and it included 13 samples from dug wells, 12 samples from tube wells, 13 samples
from rivers, and 12 samples from mines. A Dual-Inlet Isotope Ratio Mass Spectrometer was
used to analyze the '80 and 8D isotope ratios of water samples (GV Instruments, U.K).
The CO;-H,O equilibration method was utilized for the 5180 analyses [23]. In contrast,
for Hy-H;O, equilibration was conducted in the presence of a platinum catalyst (marketed
as Hokko beads). Each analysis employed 400uL water samples for the measurements of
5180 and $D. Using a triple-point calibration equation, the analyses were calibrated using
the international standards Vienna-standard mean ocean water (V-SMOW), Greenland Ice
Sheet Project (GISP), and Standard Light Antarctic Precipitation (SLAP). The analytical
accuracy is within 0.1 and 1 for '80 and 8§D measurements, respectively, based on 10-point
repeated measurements of each sample to determine the overall precision. The isotopic
ratios of the water samples, such as 180/160 or D/H, were computed in relation to
V-SMOW and are represented in terms of parts per million (%o).

R sample and RV-SMOW are the isotopic ratios of the sample and of the V-SMOW,
respectively. The detailed methodology is shown in the flowchart in Figure 2.

Collection of
water sample

v

Data Input

!

Digitization of data
using ArcGIS

l

Database creation

v v
Spatial database Attribute database
Preparation of Physico-chemical
location map parameters
I
¢ v ¥
Spatial isotope Calculation of Calculation of
analysis 8130, 8D WQI Collin’s ratio
and d-excess

l - Preparation of
Assessing spatial distribution
groundwater recharge
mechanism and water
characterization

Interpretation of
results

Figure 2. Flowchart depicting the methodology.

2.3. Drinking Water Quality Index (WQI)

The WQI is an essential tool for interpreting the overall state of water quality in a
straightforward and comprehensible way. The potability of the various water sources
was analyzed using the weighted arithmetic quality method (WQI) [24]. The WQI for
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each of the water samples that were taken was evaluated. The twelve most important
water quality indicators—pH, TDS, EC, Ca?*, Mg?*, Na*, K*, NO; ~, C1~, SO42~, HCO3
and F~—that are typically used in groundwater analysis were chosen. For each of the
groundwater’s physicochemical properties, a weight (w;) between 1 and 5 was assigned in
this procedure [25]. The selection was based on its relative importance to the overall quality
of drinking water [24]. After assigning the relative weight (W;) (Table 2) for each parameter
and computing the corresponding quality rating scale(q;), the WQI can be examined:

)

where 7 is the number of parameters. Using the following equation, the quality rating (qi)

scale was calculated:
qi = (C;/S;) x100 )

where S; represents the standard value recommended by the World Health Organization
(WHO) in 2022 for that specific parameter. C; denotes the concentration of each parameter
in the respective water sample, while Sli represents the sub-index:

SIi = Wi X qi (3)

assessed for each parameter.
WQI = S 4)

Table 2. Statistics for the physicochemical properties of the water samples and their impacts on health

and taste.
Desirable Limit Assigned Relative | t
S. No. Parameters BIS WHO Weight (wi) Weight (Wi) mpac
1. pH 6.5-8.5 6.5-9.2 4 0.083 Health /taste concern
2. EC 1400 2000 5 0.104 Health concern
3. TDS 500 600 5 0.104 Health /taste concern
4. Ca?t 75 100 3 0.0625 Health concern
5. Mg2+ 30 50 3 0.0625 Health concern
6. Na*t 200 200 5 0.104 Health/taste concern
7. K* 10 - 2 0.0417 Health concern
8. HCO3™ 200 200 1 0.0208 Health concern
9. F~ 12 15 5 0.104 Health concern
10. Cl- 250 250 5 0.104 Health/taste concern
11. NO3~ 45 50 5 0.104 Health concern
12. SO4%~ 400 500 5 0.104 Health/taste concern

Note: All values in mg/L except pH and EC(uS/cm).

Based on calculated WQI values, the water samples in the study area were divided
into five different status groups: a WQI value of 0-25 is considered “excellent”, 26-50 is
considered “good”, 51-75 is considered “poor”, 76-100 is considered “very poor”, and a
WOQI value above 100 is considered “unfit”.

3. Results
3.1. Drinking Water Quality Index (WQI)

A water quality index (WQI) analysis offers reliable information on the suitability
of drinking water and is widely utilized as a fast yet efficient method. The pre-monsoon
and post-monsoon WQI values were found to range from 13.18 to 251.69 and 26.13 to
156.65, respectively. This suggests that the mining activities in the area have a significant
impact on the water quality. Also, these findings indicate that 28% of the samples were
excellent and 44% were good for the pre-monsoon season, while 50% were good and 35%
were poor samples for the post-monsoon season. Water from 53.85% and 76.92%of the
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mine-affected area was found “unsuitable” during the pre- and post-monsoon seasons,
respectively. As per WQI values (Supplementary Materials), sample no. 47 from the pre-
monsoon season and 14 and 46 from the post-monsoon season are very poor in respect
of drinking purposes because of the presence of mine water discharge points in these
particular locations. The presence of discharge points in certain locations has led to the
contamination of water and has resulted in poor water quality. The spatial distribution of
WQI was drawn using the IDW feature of Arc Map 10.3 (Figure 3), which indicates that the
western part has poor water quality, which can be attributed to coal mining activities in
the region. Coal mining involves the extraction of coal from underground mines, which
requires the pumping of large volumes of groundwater to facilitate mining operations. This
leads to the discharge of large volumes of mine water into the environment, which can
contain a range of contaminants, including heavy metals and other chemicals.

Pre-monsoon

23°24'0"N
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z
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83°0'0"E 83°10'0"E 83°00°E 83100°E

Figure 3. WQI status map of study area for the pre- and post-monsoon seasons.

These contaminants can have adverse effects on water quality, leading to a decline in
WQI values. The comparison of pre- and post-monsoon water quality index (WQI) values
reveals a substantial disparity in water quality between the mining and non-mining areas.
The western portion of the study area exhibits poor water quality, primarily attributed to
the discharge of mine water originating from the coal mines located in that region.

On the other hand, the northeastern and southeastern parts of the study area have
better water quality, which may be due to the absence of significant mining activities in
those regions. The spatial distribution of WQI highlights the importance of the proper
management of mining activities to minimize the impact on water quality in the region.

3.2. Collin’s Ratio

Collin’s ratio (CR) is estimated by applying the following formula (Equation (5)),
where ions are in meq/L:
CR = Cl~ /CO52~+HCO;~ (5)

If the CR value is less than or equal to 1, it indicates that the water is suitable for
drinking. However, if the CR value falls between 1 and 3, it suggests that the water is
contaminated with saline water. Water with a CR value above 6 is considered harmful to
health [26]. The concentration of Collin’s ratio in water varied from 0.001 to 4.490 meq/L
and 0.038 to 2.336 meq/L for the pre- and post-monsoon seasons, respectively. The study
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shows that a significant proportion of water samples in the Mahan River catchment area
meet the safe limit for drinking purposes. Specifically, 56% of the samples from the pre-
monsoon season and 40% of the samples from the post-monsoon season were categorized
as safe for drinking (Supplementary Materials). However, the study also identified one
sample from the mining area during the pre-monsoon season that was found to be injurious
to health. This highlights the potential risks associated with mining activities for water
quality (Figure 4).

Pre-monsoon
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Figure 4. Spatial distribution of Collin’s ratio for the pre- and post-monsoon seasons.

Furthermore, the study also shows that some parts of the mining areas, during both
the pre- and post-monsoon seasons, have good-quality water. This is due to several factors,
including the proper management of mining activities, the effective treatment of mine
water before discharge, or the absence of mining activities in some parts of the region.
However, these areas may be limited in extent, and the overall impact of mining activities
on water quality remains a significant concern.

3.3. Stable Isotope Systematics

The isotopic compositions of various water sources, like tube well, dug well, river
water, and mine water samples, are listed in Table 3 (Supplementary Materials). The
5180 values of dug well samples range from (—6.73%o) to (—2.38%.), and 8D values range
from (—49.34%0) to (—32.27%o). The average values of 5180 and 6D in dug well water
samples are (—5.57%0) and (—41.35%), respectively. The !0 and §D compositions for
tube well samples range from (—6.97%o) to (—5.90%0), with a mean of (—6.51%.), and from
(—51.79%0) to (—43.89%0), with a mean of (—46.72%o), respectively. The 580 and §D values
for river water vary between (—4.98%0) and (5.13%.), with an average of —0.81%., and
from —47.15 %o to —10.21%o0, with an average of —16.88, respectively. In the case of the
mine water samples, 580 and §D ratios range from —5.87 %0 to —1.21%0 and —47.13%. to
—23.60 %o, with mean values of —4.39 %0 and —36.76 %o, respectively. A statistical summary
of stable isotope ratios §D and §'80, along with a d-excess, is shown in the box plot
(Figure 5). The Local Meteoric Water Line (LMWL) (6D=7.95x 5180+9) [27] and the Global
Meteoric Water Line (GMWL) (§D=8 x §'80+10) [28] are plotted in Figure 6.
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Table 3. Summary statistics for 5D, 5180, and d-excess values for the various water samples of the

study area.
Dug Well Tube Well River Water Mine Water
880 o s80 o d-Excess s§%0 o d-Excess 8180 o d-Excess
%) 8D (%o) d-Excess %) 8D (%o) o) %) 8D (%o) o) %) 8D (%o) o)
Min. —6.73 —49.34 —7.36 —6.97 —51.79 —2.32 —4.98 —47.15 —19.20 —5.87 —47.13 —13.93
Max. —2.38 —32.27 7.74 —5.90 —43.89 7.08 0.06 —10.21 -1.11 -1.21 —23.60 5.73
Average —5.57 —41.35 3.21 —6.51 —46.72 5.40 —0.81 —16.88 —10.44 —4.39 —36.76 —-1.67
DUG WELL TUBE WELL RIVER WATER MINE WATER
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Figure 5. Box plot showing variations in isotope ratios for different water samples.

The GMWL plots parallel to the LMWL in the current study; however, the LMWL is
used as a reference to reflect local precipitation, which is offset slightly below the GMWL,
as shown in Figure 6. Local factors, such as the moisture sources and evaporation modes,
which result from changes in the climate and geographic features, caused the LMWL to
differ slightly from the GMWL [29].

The majority of the water samples, as seen in Figure 6, do not plot on the LMWL
trend line but rather deviate to the right side. The deviation of some of the water samples
to the right of the LMWL suggests the influence of evaporation. This is in line with the
findings showing that evaporation can cause the isotopic composition of water to shift to
the right of the LMWL [30,31]. This is because the lighter isotopes preferentially evaporate,
leaving the remaining water enriched in the heavier isotopes. Furthermore, a study on the
stable isotopes of groundwater in a coal mining area in China showed that the systematic
enrichment of heavy isotopes in mine water was due to mixing and evaporation [32]. The
authors explained that seepages from various aquifers, both confined and unconfined, were
collected in a sump, and water with low isotopic ratios was subjected to evaporation. This
led to the enrichment of the remaining water with heavier isotopes due to non-equilibrium
isotopic fractionation or kinetic evaporation at low humidity.



Sustainability 2023, 15, 11041

10 of 16

The findings suggest that meteoric water is the main source of groundwater in the
study area. Some water samples located near the Local Meteoric Water Line (LMWL) exhibit
minimal to no isotopic alterations. The systematic enrichment of heavy isotopes observed in
the mine water samples is likely attributed to mixing processes and evaporation. As water
seepages from different aquifers, including both confined and unconfined aquifers, and
accumulate in a sump, water with lower isotopic ratios undergoes a transformation into the
vapor phase through evaporation. Subsequently, a non-equilibrium isotopic fractionation
or kinetic evaporation process occurs at low humidity, resulting in the enrichment of the
remaining water with heavier isotopes. The enrichment of heavy isotopes in river water
may be caused by analogous mechanisms, mostly as a result of the river’s greater surface
area being subjected to evaporation. The analysis reveals a significant correlation between
the river water and the mine water samples, providing evidence of a connection between
the river water and the coal-bearing aquifer formations, specifically the Barakar sandstone.
The deviation of tube well water samples from the other group of water samples is due
to a number of reasons. Tube wells are generally located in areas where the geology and
hydrology are different from those of other water sources, such as dug wells, river water,
and mine water. The tube wells in the study area may be tapping into a different aquifer or
groundwater system, resulting in a different isotopic composition compared to the other
water sources.
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Figure 6. Isotopic co-variation analysis of 80 and §D for water sources in the study area.

Also, wells in the study area are influenced by anthropogenic activities such as ir-
rigation or contamination from nearby sources, which affects the isotopic composition
of the water. Studies have shown that agricultural practices, such as irrigation, can alter
the isotopic composition of groundwater due to changes in the hydrological cycle and
evapotranspiration [33]. Similarly, anthropogenic contamination can result in significant
isotopic shifts in groundwater due to the addition of isotopically distinct contaminants
(e.g., fertilizers, pesticides, or wastewater) [34].

In addition, the tube well water is influenced by local meteorological factors, such as
the amount and timing of precipitation, temperature, and humidity. These factors have the
potential to influence the isotopic composition of precipitation, which in turn can impact
the isotopic composition of groundwater. For example, seasonal changes in precipitation
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patterns can lead to variations in the isotopic composition of groundwater [35]. Temperature
and humidity can also affect the degree of evaporation and isotopic fractionation, leading
to changes in the isotopic composition of groundwater [36].

Deuterium excess (d-excess) is the difference between the isotopes of 1¥0 and D and is
computed as d-excess = 6D—8x 5180 [37]. It relies on an area’s relative humidity and the
rate at which precipitation evaporates [29,37]. The d-excess parameter serves as an index
of the evaporation rate and has been used as a diagnostic tool for assessing evaporation.
High evaporation is typically indicated by extremely negative d-excess values. Due to the
high-evaporation conditions present in the pre-monsoon season, the d-excess values are
also considerably more negative in the case of river waters in the study area (Figure 7). The
d-excess values of the study range from +9.37%o. to —19.20%.. In the case of river water,
the minimum isotopic composition (average —10.44%.) suggests a considerable influence
of evaporation during the pre-monsoon season. This can be attributed to the subtropical
climatic conditions prevalent in the study area, characterized by hot and dry summers
(Figure 8). Tube well, dug well, and mine water samples have higher d-excess (average:
+5.40 %o, +3.21 %o, —1.67 %o, respectively) values compared to the river water, which is an
indication that the samples have lower evaporation than the river water samples.
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Figure 7. Spatial distribution map of d-excess in the study area.
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Figure 8. 580 isotope and d-excess bivariate plots for dug well, tube well, river water, and mine
water samples from the Mahan catchment.

The results show that the tube well and dug well samples plot near the LMWL in the
bivariate plot, indicating a meteoric origin with weak evaporation. However, in Figure 6,
the tube well samples are found to deviate from the LMWL line. The reason for this
discrepancy is that the tube well samples may be affected by mixing with groundwater
from a different aquifer or system with a different isotopic composition. This could result
in a different overall isotopic composition for the tube well water compared to the other
sources, even though it still falls within the general meteoric water range on the bivariate
plot. Also, the tube well samples have been affected by localized evaporation or other
processes that altered their isotopic composition.

3.4. Relationship between TDS and Stable Isotopes (6180)

The relationship between the concentration of Total Dissolved Solids (TDS) and stable
environmental isotope ratios may not exhibit a direct correlation. However, a compre-
hensive analysis considering both parameters can yield valuable insights regarding the
origin of water and the primary processes governing its chemical composition. The TDS
concentration serves as a reliable indicator of aquifer dissolution, while the §'80 isotope
ratio provides information about the source and genesis of the water. Figure 9 illustrates
a moderate correlation (R?=0.441) between 580 and the TDS concentration. Moreover, it
also enables the identification of three distinct groups within the water samples. Group 1
comprises dug well, tube well, river water, and a few mine water samples exhibiting TDS
values below 500 mg/L and 5'80 ranging from —7 to 0%.. These samples show minimal
mineralization, indicating the negligible presence of dissolved solids. Group 2 encompasses
water samples with TDS values ranging from 500 to 1000 mg/L and §'80 isotope ratios
between —6%. and 0%.. This suggests that these samples have likely undergone mixing,
moderate mineralization, and partial evaporation. Finally, Group 3 consists solely of a
few mine water samples characterized by TDS values equal to or exceeding 2000 mg/L,
signifying a substantial degree of mineralization, likely influenced by evaporation.



Sustainability 2023, 15, 11041

13 of 16

3000
= Mine water
e River water
= A Dug well
2500 — v Tube well
Group-lll
2000+ — = = — — = = — — — e e e e e e e e e - = =
T
k=)
E 1500
(7}
a
[=
Group-ll
1000 + — = = = = = = = - & e — - -
]
-
n o GROUP-I
500 4+ — — = — B e e - - -
= =
ud = * % AA T =
"vv.c '. v’ ®a v “A
0 1 ¥ I 1 d 1 1 1 1
-8 -6 -4 -2 0 2 4 6
5180%o

Figure 9. Scatter plot of 530 vs. TDS showing correlations for different water samples.

4. Discussion

Differences in water quality between pre-monsoon and post-monsoon seasons can be
attributed to various factors, including changes in precipitation patterns and the associated
hydrological processes. During the pre-monsoon season, the Mahan River catchment area
receives a lower amount of rainfall, leading to the reduced dilution of pollutants and
contaminants in the groundwater. As a result, the water quality index (WQI) values in
the pre-monsoon season ranged from 13 to 252, indicating a wider range of water quality.
In contrast, the post-monsoon season experiences a higher volume of rainfall, which
contributes to increased surface runoff and infiltration into the aquifer. This enhanced
recharge helps in diluting the pollutants and improving the overall water quality. The WQI
values during the post-monsoon season ranged from 26 to 157, showing a narrower range
compared to the pre-monsoon season. The correlation between the data on water quality
and precipitation further supports this understanding. Higher levels of rainfall during the
post-monsoon season result in greater dilution and the flushing of pollutants, leading to
improved water quality. Conversely, the lower precipitation in the pre-monsoon season
allows for less dilution and a greater accumulation of pollutants, leading to a wider range
of water quality values.

It is important to note that other factors, such as human activities, mining operations,
and the discharge of mine effluents, also contribute to the differences in water quality
observed between the two seasons. These factors can introduce additional contaminants
and pollutants into the groundwater, exacerbating the existing water quality issues in the
core mining areas.

Understanding the variations in water quality between pre-monsoon and post-monsoon
seasons is crucial for effective water resources management and implementing preventive
measures to mitigate groundwater contamination in coal mining areas. By considering
precipitation data and its influence on dilution and recharge processes, appropriate strate-
gies can be developed to safeguard water resources and ensure sustainable access to safe
drinking water.
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5. Conclusions

Groundwater analysis in the coal mining region of the Mahan River catchment in-
volves the application of various methods and techniques to evaluate the suitability of
groundwater for drinking purposes and determine the sources of aquifer recharge. The wa-
ter quality index, Collin’s ratio, and isotopic stability (5!80, 5D) were used to demonstrate
whether water samples from the Mahan River catchment area are suitable for human use.
The WQI values were found to be between 13.18 and 251.69 pre-monsoon and between
26.13 and 156.65 post-monsoon, respectively. Based on these values, 28% of the samples
were classified as excellent drinking water and 44% were good water for the pre-monsoon
season, while 50% of samples were classified as good and 35% were poor in the post-
monsoon season. Water from 53.85% and 76.92% of mine-affected areas was found to be
“unsuitable” during pre- and post-monsoon seasons, respectively. Two sampling stations
from both seasons exhibited “unfit”-quality water for domestic purposes. The poor and
unfit groundwater quality was especially found in the core mining areas of the study area
due to several factors, such as the extensive water usage in ore processing, water pollution
resulting from the discharge of mine effluent, and seepage from tailings and waste rock
impoundments. Furthermore, it is important to note that using groundwater from these
areas as a drinking water source may pose hazards to human health. As a result, it is
essential to explore alternative drinking water resources in these regions to ensure the
provision of safe and suitable drinking water for the local population. Dugwell, tube well,
river water, and mine water samples from the catchment area were also analyzed for stable
isotope studies. The samples in the isotope bivariate plot fall to the right of the LMWL,
and the observed slopes for all the samples are smaller than that of the LMWL, indicating
that the water mainly originated from precipitation that underwent weak evaporation. The
presence of enrichment in the 5'80 ratio and negative d-excess values at certain locations
indicates the occurrence of non-equilibrium processes and mixing mechanisms. These
findings have practical implications for water resources management and groundwater
inrush prevention in coalfields and other coal mines.
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mdpi.com/article/10.3390/su151411041/s1, Table S1: WQI of different water sources for the pre and
post-monsoon seasons. Table S2: Collin’s ratio of different water sources in pre and post-monsoon
seasons. Table S3: 8D, 5180 and d-excess values for the water samples of the study area. Table
54: Physico-chemical parameters of various water sources during Pre-monsoon season. Table S5:
Physico-chemical parameters of various water sources during Post-monsoon season.
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