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Abstract
Streams are pristine natural life-thriving water sources for people living in the mountainous proximity of NE India, where 
water scarcity is a common occurrence in most villages and towns. In the last few decades, factors like coal mining had 
drastically reduced the usability of stream water in the region; as such, an attempt has been made to assess the spatiotemporal 
variation of stream water chemistry affected by acid mine drainage (AMD) at Jaintia Hills, Meghalaya. The water variables 
were subjected to a multivariate statistical technique of principal component analysis (PCA) to understand their condition 
at each sampling point while comprehensive pollution index (CPI) and water quality index (WQI) was incorporated to 
assess the quality status. Maximum WQI was recorded in S4 (541.14) during summer, while minimum value was estimated 
in winter at S1 (14.65). Throughout the seasons, the WQI revealed “Good” quality in S1 (unimpacted stream), while the 
impacted streams (S2, S3, and S4) exhibited a “Very poor” to “Water unsuitable for drinking” status. Similarly, in S1, the 
CPI showed a ranged value of 0.20 to 0.37, presenting a water quality status of “Clean to Sub-Clean,” whereas, CPI of the 
impacted streams indicated “Severely polluted” status. In addition, PCA bi-plot presented higher affinity of free  CO2, Pb, 
 SO4

2−, EC, Fe, and Zn in AMD-impacted streams than in unimpacted streams. The result demonstrates the environmental 
issues induced by coal mine waste and in particular, stream water being severely affected by AMD in mining areas of Jaintia 
Hills. Thus, measures to stabilized the mine repercussions and cumulative effects on the water bodies need to be formulated 
by the government, as stream water will remain the primary water source for the tribal communities in this region.
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Introduction

The hydrology of a water body depends on its physical and 
chemical processes involving regional geology, biological 
characteristics, climate, and human activities (Fukushima 
et al. 2000). The water quality of a stream has considerable 
importance for the reason that these water resources are gen-
erally used for multiple purposes, from irrigation to daily 
domestic usage. However, pollution of water sources gener-
ated from various anthropogenic activities has drastically 

increased over the years, resulting in a shortage of potable 
water (Das et al. 2022).

Scientific studies conducted by workers, such as Equee-
nuddin et al. (2010), Chaulya et al. (2011), Singh et al. 
(2012), Nigam et al. (2015), and Kumar and Singh (2016) 
have reported the deterioration effect of coal mining activi-
ties on water quality. Various organic and inorganic wastes 
are produced during coal excavation and water pollution 
caused by the disposal of wastewater is one of several envi-
ronmental issues associated with mining. Since mining 
accelerates heavy metal accumulation in the terrestrial and 
aquatic interface, mine spoils rich in heavy metals released 
from mining sites have often obscured the natural load-
ing of metals to stream water and sediments (Wilson et al. 
2005). Moreover, mining activities around the world have 
left many rivers and streams contaminated with toxic met-
als (Gurrieri 1998). Acid mine drainage (AMD) is formed 
when pyritic minerals from overburdened mine spoils 
are exposed to atmospheric, hydrological, or biological 
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weathering (oxygen, water and chemoautotrophic bacteria) 
which later gets oxidized, resulting in sulfuric acid forma-
tion. In the long run, AMD can influence the dissolution of 
metal ions, elevate sulfate contents, cause high acidity, and 
increase electrical conductivity (Sahoo and Sahu 2020). In 
addition, mining exerts a notable influence on energy and 
matter cycles of the natural environment, so it is important 
to analyze the dispersion and distribution of toxic elements 
and other environmental variables when their concentrations 
are beyond their natural biochemical background (Oliveira 
et al. 2002).

In the tribal dominant state of Meghalaya, NE India, 
coal mining is primarily controlled by private ventures or 
communities, and it is the most exploited fossil fuel in the 
Jaintia Hills. In recent decades, environmental issues trig-
gered by coal mining activities started to surface through 
indications, such as the rapid loss of forest cover, reduction 
in crop productivity, poor soil and water quality, and impair-
ment of local population health. However, no major studies 
were undertaken in the currently studied locations inspite of 
mining effects being observed in the vicinity for years. Thus, 
a thorough seasonal assessment was needed in either one of 
the environmental qualities to be cognizant of the locality 
pollution case. Among the natural resources, stream water is 
profoundly one of the most important but vulnerable assets 
of nature in the mountainous region, as they serve as a com-
modity for daily household usage and in aiding the economic 
sectors of the tribal inhabitants. Moreover, streams are the 
only source of fresh water during the dry seasons and their 
utilization becomes a necessity even when streams are pol-
luted. Hence, the current research aims to assess the physical 
and chemical properties of the stream water at Jaintia Hills 
and provide a more complete logical evaluation of coal mine 
drainage problems in Meghalaya, northeast India.

Materials and methods

Study area

The Jaintia Hills district, covering an area of 3891  km2, is 
situated in the eastern part of Meghalaya and lies between 
25° 02′ N to 25° 45′ latitude and 91° 58′ E to 92° 50′ E 
longitude. The area is bounded in the north and east by the 
state of Assam, west by the East Khasi Hills, and south by 
Bangladesh. Coal and limestone mining had been the two 
major non-renewable natural and economic resources of 
Meghalaya for generations; other employment activities 
include stone quarries, pine plantations, agriculture, orchard 
farming, and tourist recreational spots. Though many areas 
of NE India are yet to be explored for their natural resources, 
the minerals and fossil fuels of Meghalaya have been exten-
sively explored. To study the impact of coal mining on water 

quality in the area, three AMD-impacted streams and one 
anthropogenically unimpacted stream was selected (Fig. 1). 
The characteristic features of the sampling streams are 
described and presented in Table 1.

Water sampling and analysis

Water sampling was carried out at all selected sites in the 
first week of every month from April 2021 to March 2022, 
covering the seasons of spring, summer, autumn, and winter. 
In total, 240 surface water samples (60 samples for each sea-
son) were collected in 1L polyethylene bottles, kept in an ice 
box and brought to the laboratory for further analysis. In situ 
parameters like pH, dissolved oxygen (DO), electrical con-
ductivity (EC), and turbidity were recorded using the Deluxe 
water analysis Kit (Model-191E). Standard procedures of 
Trivedy and Goel (1986) and APHA (2005) were followed to 
analyze the parameters Calcium  (Ca2+), free  CO2, chloride 
 (Cl−), nitrate  (NO3−), phosphate  (PO4

2−), sulfate  (SO4
2−), 

and silica  (SiO2). The heavy metals iron (Fe), lead (Pb), 
zinc (Zn), and manganese (Mn) were determined using a 
Perkin Elmer Atomic Absorption Spectrophotometer (Per-
kin Elmer, Analyst 700). Water current (WC) in different 
streams was measured by a digital flow rate meter (Water 
Sparks, DFM01).

Statistical analyses

The variations recorded for the water parameters in different 
sites and seasons were analyzed statistically using one-way 
analysis of variance (ANOVA) followed by Duncan’s mul-
tiple range test (DMRT) (p < 0.05), employing the software 

Fig. 1  Study area map with sampling locations at Jaintia Hills
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SPSS version 21. Principal component analysis (PCA) 
was performed by the statistical package RStudio Version 
1.3.1093 to determine the minimum data set (MDS) and 
evaluate site-specific physicochemical affinity of the streams 
at varying seasons.

Weighted water quality index (WQI) was estimated fol-
lowing Tyagi et al. (2014) using the given expression:

where qi = quality rating scale; Ci = concentration of ith 
parameter and Si = standard value of i.th parameter (Yisa 
and Jimoh 2010)

The relative weight was enumerated as follows:

Water quality was then evaluated by the following:

water quality rating and grading based on com-
puted WQI result: < 50 = excellent; 50–100 = good 
water; 101–200 = poor water; 201–300 = very poor 
water, > 300 = water unsuitable for drinking.

Comprehensive pollution index (CPI) is used to catego-
rize the status of seasonal water quality (Zhao et al. 2012) 
and the following equation was formulated as follows:

 where n is the number of parameters, Si is the standard per-
missible limit for the ith water quality parameter, and Mi is 
the monitored value for each water quality parameter.

The proposed guidelines of various governments for 
a general discharge of an environmental pollutant were 
taken into consideration  to determine the standard per-
missible limit for each parameter (CPCB 2011; BIS 
2012; WHO 2012). Accordingly, CPI graded the water 
quality as, CPI ≤ 0.20 = clean; 0.21–0.40 = sub-clean; 

qi =
(

Ci∕Si
)

× 100

wi = 1∕Si

WQI =
∑

qiwi∕
∑

wi

CPI =
1

n

∑n

i=1
Mi∕Si

0.41–1.00 = slightly polluted; 1.01–2.0 = moderately pol-
luted, and ≥ 2.01 = severely polluted.

WQI employs aggregation techniques to convert large 
amounts of water quality data into a single value or index. 
The quality model has been used globally to evaluate water 
quality (surface water and groundwater) using local water 
quality criteria. It has become a popular tool due to its gen-
eralized structure and ease of use, since its development in 
the 1960s (Etim et al. 2012). Some issues with the WQI 
model include the fact that it is typically developed based 
on site-specific guidelines for a specific region, and thus not 
generic. In contrast, if inappropriate weightings are used, 
i.e., a parameter is given more importance than it deserves, it 
can have a negative impact on model evaluation (Md. Uddin 
et al. 2021).

Results and discussion

Result

Physical and chemical water properties of the streams

The spatiotemporal variation of the stream water vari-
ables with DMRT (p < 0.05) among the sites are pre-
sented in Table 2. pH ranged from 2.89 to 4.05 in coal 
mine–impacted streams, with both the minimum and maxi-
mum value in S2 during spring and summer, whereas in 
the unimpacted stream, it varies from 6.05 (summer) to 
7.51 (autumn). Analysis of variance showed significant 
variations in pH between sites during spring, summer, and 
autumn at p < 0.001. As recorded in winter, a significant 
difference was observed between S1 and the entire AMD-
impacted stream, but such validation was not assessed 
between groups of S2, S3, and S4. EC showed higher values 
in mine-impacted streams and ranged from 190 µS/cm in S4 
(summer) to 1092 µS/cm in S3 (spring), while in the unim-
pacted stream, the value varies from 30 µS/cm (summer) 
to 203.33 μS/cm (autumn). In S1, DO was high and ranged 

Table 1  Characteristic features of the sampling streams and their coordinates

Sampling point Stream code Characteristics of the streams and catchment area Coordinates

Stream 1 S1 Unimpacted stream: located in Ummulong, not affected by coal mining or any anthropogenic 
activities; depth: 10–100 cm, width: 2–5 m; disturbance limited only to environmental factors 
like wind, erosion, atmospheric temperature and weather

25° 31′ 21′′ N
92° 08′ 15′′ E

Stream 2 S2 AMD-impacted stream: located in Wapung, abandoned coal mine for 7 years; depth: 5–15 cm, 
width: 2–5 m; human settlement and farming

25° 24′ 30′′ N
92° 18′ 56′′E

Stream 3 S3 AMD-impacted stream: located in Dkhiah, receives acid mine water through seepage from huge 
coal storage; depth: 10–20 cm, width: 4–5 m; human settlement, domestic waste disposal area 
and roads

25° 23′ 16′′ N
92° 19′ 28′′ E

Stream 4 S4 AMD-impacted stream: located in Ladrymbai, receives waste from active coal mines; depth: 
4–12 cm, width: 2–6 m; stone quarries and roads

25° 22′ 27′′ N
92° 23′ 56′′ E
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from 6.73 mg/l in winter to 9.73 mg/l during autumn, 
which covers the post-monsoon period. DO showed a sig-
nificant difference between sites in spring and autumn at 
F = 5.401; p = 0.02 and F = 8.23; p = 0.008, respectively. 
Turbidity, which measures the cloudiness or haziness of a 
fluid caused by individual particles (suspended solids), was 
higher in AMD streams (2.21–22.39 NTU) as compared to 
unimpacted stream (1.13–3.19 NTU). A significant differ-
ence at p < 0.001 between sites was recorded for spring and 
winter. The maximum  SiO2 content was obtained during 
spring in S4 (24.99 mg/l) while the minimum was detected 
in S1 during winter (1.55 mg/l). Throughout the season, S1 
presented a statistical difference at p < 0.05 level for S2, 
S3, and S4. Free  CO2 ranged from 6.6 to 8.33 mg/l in the 
unimpacted stream and 20.30 to 117.33 mg/l in impacted 
streams. Maximum free  CO2 was recorded in S4 (active 
mining–impacted stream) during winter followed by S3 
(autumn) located near the coal storage area. A significant 
statistical difference (p < 0.05) in free  CO2 was observed 
between sites at all seasons. Comparatively, higher 
 Cl− concentration was detected in the impacted streams 
with both the minimum (35.45 mg/l) and maximum value 
(222.43 mg/l) in S4 during spring and winter. A significant 
temporal and spatial variation of  Cl− at p < 0.05 between 
sites was observed at all seasons except in spring. Highest 
 Ca2+ content was obtained during winter in S4 (17.86 mg/l) 
and lowest during autumn in S2 (2.80 mg/l).  Ca2+ values 
was significantly different between sites during spring and 
summer at F = 11.56; p = 0.003 and F = 4.65; p = 0.037, 
respectively. Maximum and minimum  SO4

2− were noted 
during spring in S2 (182.20 mg/l) and S1 (4.17 mg/l), 
while a statistically significant difference (p < 0.05) was 
observed in all the sampling sites at varying seasons. 
 NO−

3 content, in general, was low and showed site vari-
ation with a significant value of p < 0.001. Highest  NO−

3 
content was recorded in S2 during autumn (1.33 mg/l) and 
the lowest during winter at S1 (0.08 mg/l). In S1, maxi-
mum  PO4

2− was obtained during spring (2.41 mg/l) and 
minimum in summer (0.05 mg/l). AMD-affected streams 
also showed a similar trend where  PO4

2− concentration var-
ies from 0.01 to 1.89 mg/l, while a significant difference 
between sites during spring (F = 440.61; p < 0.001), sum-
mer (F = 27.31; p < 0.001), and autumn (F = 512; p < 0.001) 
was noted. Analogous to the other physicochemical water 
parameters, spatial variation was also noted in the seasonal 
concentration of the metals. Fe was significantly differ-
ent at p < 0.05 between sites in all seasons and its value 
ranges from 0.19 to 22.63 mg/l with the lowest estimated 
value recorded in S1 and the highest in S4. Pb concen-
tration in the AMD-impacted stream varies from 0.01 
to 0.80 mg/l with the minimum in S1 and maximum in 
S3. Analysis of variance showed a significant difference 

between sites for spring (F = 4.84; p = 0.033), summer 
(F = 13.94; p = 0.002), autumn (F = 34.17; p < 0.001), and 
winter (F = 50.67; p < 0.001). In general, SI showed low 
Zn content in all the seasons (0.02 to 0.034 mg/l) while in 
AMD-affected streams, it varied from 0.37 to 1.44 mg/l. 
The four sampling sites showed a significant difference 
throughout the seasons at F = 84.22; p < 0.001 for spring, 
F = 244.87; p < 0.001 for summer, F = 12.96; p = 0.002 for 
autumn, and F = 46.82; p < 0.001 for winter. Similarly, Mn 
also presented a significant difference at p < 0.05 between 
sites in all the studied seasons, with the maximum amount 
recorded from S3 during winter (0.17 mg/l) and the mini-
mum from S1 in spring (0.09 mg/l) (Figs. 2, and 3).
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PCA and MDS

PCA was performed with 16 active environmental variables, 
240 surface water samples, obtained from four streams in 
different seasons, in order to assess the relationship between 
the water quality parameters and the seasons of spring, sum-
mer, autumn, and winter. The factor loading, explained vari-
ance % and the cumulative variance % of the PCA axes are 
shown in Table 3. The PCs having an eigenvalue greater than 
or equal to one were considered for the statistical analysis 
(Fig. 4). PCA ordination plot of environmental variables, 
seasons, and sites accounts to a total variability of 81% 
where maximum variance was explained by PC1 (27%) fol-
lowed by PC2 (22%), PC3 (19%), and PC4 (13%) of the 
total inertia. The loaded principal components were used to 
identify MDS of parameters among the measured variables 
that could best represent the water attributes when it was 
run on the normalized data matrix. It is assumed that the 
variables of greater factor loading and PC with very high 
eigenvalues (> 1) (Mandal et al. 2008) accounting for at least 
5% of the variation in the dataset are those that can accu-
rately represent the system's functionality (Nabiollahi et al. 
2017). Variables with absolute values that are within 10% 
of the highest factor loading for each principal component 
under consideration are regarded as highly weighted factors 
and were thus retained for MDS (Semy et al. 2021).

In compliance with the factor loadings and score of the 
variables, the initial factor represented by PC1 depicted 

a strong positive score for Fe and  Cl−, a moderate score 
for EC, free  CO2, and Zn. In PC2, a strong positive record 
was obtained only for  SO4

2−, while free  CO2, Pb, Zn, and 
Fe manifested very weak factor loadings. The third fac-
tor (PC3) provided a seemingly strong positive specific-
ity for Mn, turbidity, and a moderate affinity for  Ca2+. 
Meanwhile, in the last factor (PC4),  PO4

2− has a categori-
cally higher positive score than the other variables, with 
minimums for turbidity and  SiO2. PCA results visualized 
using a bi-plot representing dominant individual variables, 
seasons, and sites are depicted in Fig. 5. The bi-plot was 
used to further explore the extent of environmental vari-
able pollution and for source identification. During winter, 

Table 3  Factor loadings of the component matrix representing the 16 
environmental variables

PC1 PC2 PC3 PC4

pH  − 0.73  − 0.53  − 0.21  − 0.05
EC 0.68 0.58 0.19  − 0.02
DO  − 0.31  − 0.72 0.00  − 0.51
Free  CO2 0.74 0.15 0.41  − 0.02
WC  − 0.33  − 0.24  − 0.27  − 0.61
Cl− 0.90  − 0.28  − 0.10 0.07
SO4

2− 0.20 0.82 0.25 0.24
Ca2+ 0.38  − 0.65 0.58  − 0.08
NO−

3  − 0.14  − 0.17  − 0.64 0.11
PO4

2−  − 0.29  − 0.10  − 0.17 0.87
Mn 0.01  − 0.07 0.91 0.07
Pb 0.31 0.28  − 0.05 0.72
Zn 0.74 0.15 0.41 0.29
Fe 0.88 0.33  − 0.05 0.12
Turb 0.10  − 0.03 0.96 0.02
SiO2 0.12  − 0.11  − 0.11 0.00
Eigen value 4.31 3.53 3.10 2.09
Variability % 0.27 0.22 0.19 0.13
Cumulative % 0.27 0.49 0.68 0.81
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S1 has high affinity with DO, S3 with  Ca2+ and turbid-
ity, S4 with turbidity and Mn. In spring, S3 formed the 
main site for  SO4

2− content, while S2 and S4 with  SiO2. 
In autumn, observation points out that S1 is inclusive to 
pH, S3 to  PO4

2− while S2 and S4 to  NO−
3.

In PC1,  Cl− an anion salt found in natural water bodies 
including runoffs from sewage and domestic discharge was 
recognized for MDS. In PC2,  SO4

2− one of the primary 
parameters responsible for the deterioration of water qual-
ity in the coal mine–impacted region (James et al. 2000) 
was selected. From PC3, turbidity, a crucial variable for 
easily identifying the potability of drinking water was 
chosen, while in PC4,  PO4

2− a nutrient water parameter 
that is mostly derived from inorganic fertilizers used in 
agricultural and farm waste was selected for MDS.

WQI and CPI

WQI of the streams showed significant site variation, depict-
ing the impacts of different coal mine landuse patterns on 
the stream water quality status at varying seasons. As pre-
sented in Fig. 2, maximum WQI in autumn was acquired 
at S4 (414.76) with the minimum at S1 (83.80); similarly, 
the WQI of winter was lowest in S1 (14.65) followed by S2 
(287.02), S3 (331.24), and S4 (340.75). Spring recorded the 
lowest WQI value in S1 (34.87) followed by S2 (226.83), 
S3 (250.88), and S4 (297.04). Comparatively, higher WQI 
was detected during summer in all the sampling points with 
a value of 98.23 (S1), 412.71 (S2), 473.44 (S3), and 541.14 
(S4). The examined WQI points out that during spring, S1 
exhibited “Good water” quality while the AMD-impacted 
stream of S2, S3, and S4 showed “Very poor water” status. 
Summer presented “Good water” in S1 and “Water unsuit-
able for drinking” in the samples of S2, S3, and S4. Cor-
respondingly, during autumn season, a “Good water” status 
was observed in the unimpacted stream of S1 but such a 
result was not validated in S2, S3, and S4 as the WQI was 
rated ‘Very poor.” Similarly, in spring, S1 presented “Excel-
lent water” quality while S2, S3, and S4 were categorized as 
having “Very poor” to “Water unsuitable for drinking” sta-
tus. As presented in Fig. 3, variation in the CPI water quality 
value at different streams and seasons were observed. The 
maximum CPI during spring was detected in S3 (4.14), fol-
lowed by S2 (3.85), S4 (2.36), and S1 (0.20). In summer, the 
highest CPI value of 2.92 was procured in S3 and lowest in 
S1 (0.35). Similarly, during autumn (0.37) and winter (0.30), 
the minimum CPI was estimated in S1, while the maximum 
was recorded at S4 (6.57) and S2 (3.79), respectively. Cor-
responding to the WQI status, the CPI also showed “Clean 
to sub-clean” water quality status in S1 while the impacted 
streams recorded “Severe pollution.”

Discussion

Physicochemical variables of the stream water

Stream water properties often depict the health of the envi-
ronment and its disturbance by external pressure can be 
investigated by analyzing the changing water variables. As 
evident from the study, a trend of water acidity induced by 
AMD drainages on impacted streams attributed to pyrite 
waste and other toxic heavy metals from coal mines is 
reported in recent years by Semy and Singh (2021) in NE 
India. Significant temporal and spatial variations of EC at 
p < 0.05 were observed between sites at each season, which 
could have arisen due to fluctuation of inorganic dissolved 
solids such as  Ca2+,  Cl−,  NO−

3,  SO4
2−, Fe, and Mg in the 

stream water at varying seasons of the year. In general, 
coal mine drainage–affected sites showed minimum DO 
compared to the affected stream in all sampling seasons, 
which indicates the degradation of water quality due to 
high organic waste and microbial activities (Debrah et al. 
2010). The runoff of coal waste into the AMD streams, fol-
lowed by the decomposition of organic matter, could have 
enhanced the rate of microbial respiration and elevated 
the free  CO2 in the impacted water bodies.  Cl− is seen as 
a common and naturally occurring element present in most 
waterways, but it may also be formed from inorganic fer-
tilizers and sewage discharge from the catchment areas. A 
high concentration of  SO4

2− in majority of the AMD stream 
water samples suggests sulfide oxidation from pyrites  (FeS2) 
or reactions involving carbonic acid weathering processes 
could have altered the water chemistry (Neogi et al. 2017). 
As recorded, the heavy metals were comparatively higher in 
AMD-affected streams compared to the unimpacted stream, 
which conforms to the work of Tiwary (2001) in NE India. 
Seasonally, the amount of heavy metals in the streams was 
higher during the summer and autumn periods, and this 
phenomenon may be explained by the increasing volume of 
the mine water discharge, which thereby concentrated the 
metals in the AMD streams. Studies have also reported that 
high levels of metals (especially Fe, Mn, Pb, and Ni) in the 
mine water during rainy seasons were attributed to leachate 
water from overburden dump materials and coal mine waste 
effluents (Mondal et al. 2013; Sun et al. 2014).

Pollution loads and stream water quality

The determined results demonstrated through the PCs indi-
cate inorganic pollution factors, including heavy metal ele-
ments, to the variability of the stream water. During sum-
mer, the environmental variables showed a higher affinity 
with the anthropogenically impacted streams. The geology 
and locations of all the coal mine-impacted streams showed 
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salient contrariety, such as active mining, mine abandoned 
for 7 years and coal storage area, which influenced the 
wastewater chemistry and its subsequent impact on the 
receiving waterways. In addition, the impacted streams 
indicate that most of the water variables that are considered 
harmful to water quality, like acidic pH, high  SO4

2−, EC, 
free  CO2, turbidity, Zn, Fe, and Pb, accumulated in greater 
concentrations compared to the freshwater stream. Some 
of the parameters, like EC, DO, free  CO2, Mn, Pb, and 
Fe in streams located in S2, S3, and S4 were beyond the 
permissible limit of drinking water recommended by BIS/
WHO. On the other hand, the unimpacted stream has no 
exposure to anthropogenic disturbances, and thus the water 
parameters were all within the standard limit of BIS/WHO 
throughout the seasons. Site-wise, the active coal mine and 
coal storage AMD stream was dominated by  Cl−, free  CO2, 
Pb,  SO4

2−, EC, Fe, and Zn compared to other variables 
due to its heavy coal waste drainage system polluting the 
streams; moreover, these variables represent contaminants 
in mining areas (Khan et al. 2013). Interestingly, the aban-
doned mine AMD stream displayed lower dominance for 
metal elements, including other parameters like  SO4

2− and 
EC. This could be due to the rejuvenating state of the 
abandoned stream, as its environment naturally restores 
the degraded gradient into its original form or develop a 
new condition over a period of time to replenish the dete-
riorated hydro-system. Through experimental work and 
visual observation, the annual water discharge, elemental 
flux, and total solute transfer from mines at each impacted 
station have played major roles in affecting its site-specific 
water chemistry. Acidity in the impacted streams is how-
ever due to the high reactivity of pyrite from coal because 
even a low fraction of sulfide minerals in coal or mine 
wastes has the potential to generate sulfuric acid and create 
significant environmental degradation (Neogi et al. 2017). 
 SiO2 was also higher in the impacted streams and this rep-
resents the rates of dissolution of the silicate minerals, 
which often developed from weathering of coal rocks and 
incongruently generate a variety of solid or dissolved sub-
stances (Sarin et al. 1989). As stated by Banks (2004), the 
considerable variation in the mine water chemistry can be 
attributed to factors such as the rate of circulation of water 
and oxygen, the neutralization potential of host rocks and 
ambient groundwater, and the mineral content of sulfides. 
Earlier work in the region conducted by Singh (2005) and 
Das and Ramanujam (2011) have reported that the rivers, 
streams, and springs of the coal mine–affected area are 
mostly characterized by low pH, high conductivity, ele-
vated concentrations of sulfates, Fe, and many toxic heavy 
metals with very low dissolved oxygen. Similarly, in the 
study, all these parameters characterized the degradation 
of water quality and coherently point out the deteriorated 
state of AMD stream water.

As indicated by WQI and CPI, the stream unaffected by 
anthropogenic activities (S1) rendered good water qual-
ity that could be used for drinking and domestic purpose 
throughout the four seasons. The stream located in the aban-
doned coal mine area (S2) exhibits that the hydrochemistry 
is majorly affected during summer, followed by autumn and 
decreases with the coming of the dry winter months. Simi-
larly, the stream located in the coal storage area (S3) pre-
sented maximum deteriorated water quality during summer 
with a minimum in winter. However, the stream situated 
near the active mines (S4) recorded the worst water quality 
among the streams, with the highest value in summer fol-
lowed by autumn, winter, and spring. As observed during 
the seasonal study, periodic rainfall has a major impact on 
the water quality, as maximum rainfall in the summer and 
autumn seasons correlates to greater substandard water qual-
ity status because of surface runoffs that carry coal waste, 
forest litter, and debris into the streams. Due to this, the 
hydrochemistry is altered, which could worsen the water 
quality and reduces its usability (Paliwal et al. 2007). Coin-
ciding with the current demonstrated results, Singh et al. 
(2012) and Tiwari et al. (2016) have also reported that mine 
drainages hamper the quality of the water bodies to the 
extent where aquatic ecosystem function is impeded by the 
drastic alteration of water properties.

Conclusion

Assessment of water quality is a timely requirement amid 
emerging public health problems in the context where the 
availability of safe potable water is at risk due to various 
anthropogenic activities. The current study evaluated the 
overall suitability of drinking water from an unimpacted 
stream (S1) and AMD-impacted streams (S2, S3, and S4) 
using combined water quality parameters and demonstrated 
using the WQI and CPI. Throughout the seasons, the AMD 
stream water of Jaintia Hill was acidic with an elevated 
amount of heavy metals, while the concentrations of free 
 CO2, turbidity,  SO4

2−, and EC were also comparatively 
higher than the anthropogenically unimpacted stream. Water 
quality in S1 showed “Good” to “Excellent” quality status 
while the AMD-impacted streams rendered “Very poor qual-
ity” which can be detrimental, even fatal, for the local popu-
lation relying on the stream water. In addition, the active 
mine stream presented more affinity towards  SO4

2−, EC, 
Zn, free  CO2, and turbidity, demonstrating the deteriorating 
effects of coal mining on stream water, while unimpacted 
streams have lower affinity to the physicochemical variables 
compared to impacted streams. The present work underlines 
that the AMD streams can have contrasting impacts on the 
environment depending on site-specific land use patterns. 
Heavy metals, including chemical variables, can be removed 
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from the contaminated stream water using scientific tech-
niques like chemical precipitation, ion exchange, adsorption, 
membrane filtration, reverse osmosis, solvent extraction, and 
electrochemical treatment. However, it is neither economical 
nor convenient for a significant public water supply. There-
fore, developing a robust stream system management, regu-
lating coal mine waste, and allowing the river to regenerate 
naturally without being interfered by extreme anthropogenic 
activities would be the most reasonable, cost-effective, and 
conventional ways to treat AMD-impacted streams. Overall, 
the study provided crucial information on the nature and 
source of pollution that will impart quality ideas to the local 
population and advocate sustainable mining laws for imple-
menting management guidelines to prevent further degra-
dation of AMD-impacted streams and the environment of 
Jaintia Hills.
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