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Abstract: The present study was carried out near an industrial area with a high-density urban
population and large-scale agricultural activities. These anthropogenic activities lead to groundwater
pollution and depletion of the water table. This study attempted to classify pollution sources
and hydrochemical facies that help to ensure the suitability of water for agriculture and drinking.
Irrigation suitability indexes, water quality index (WQI), principal component analysis (PCA), and
hierarchical cluster analysis (HCA) were applied to twenty-six groundwater samples that were
analysed during May 2018 for major cations and anion concentrations. The results revealed that
the mechanism of groundwater chemistry has been controlled by the evaporation process with the
dominance of hydrochemical facies viz., Ca-Mg-HCOj3 Na-K-Cl-504, Ca-Mg-Cl, and Na-K-HCOs.
The mean dominant concentration for cations is in the order of Ca?* > Na* > Mg?* > K* while
anions are HCO3~ > SO, ~ > Cl~ > NO3~ > CO;32~ > F~. Irrigation suitability indexes indicated
that groundwater in the study area is high in saline and low to medium alkali hazards due to
industrial activities. The PCA and HCA also recognized that most of the variations are elucidated
by anthropogenic processes, predominantly due to excessive population, industrial emissions, and
agricultural activities. Further, the WQI of the study area suggested that 15% of the samples were
unsuitable, 69% poor, and the remaining 16% only suitable for drinking purposes. The present article
helps to understand the suitability and hydrochemical processes of groundwater for irrigation and
drinking, which will help policymakers in water supply planning and management.

Keywords: groundwater quality monitoring; water quality index; statistical analysis; contamination;
hydrochemistry

1. Introduction

Water resources are distributed inequitably in India over time and space. Groundwater
has played a significant role in agriculture and household use in arid or semiarid regions,
where surface water is scarce and of poor quality. Nevertheless, groundwater has become
severely polluted as a result of increased industrialization and urbanization [1-3]. More
than two-thirds of India’s cities depend on groundwater as their primary source of drinking
water, and water shortages occur when groundwater is contaminated [4]. Prompt action
is needed to conserve and secure groundwater, particularly in arid or semiarid locations
where groundwater is polluted, scarce, and of poor quality [5]. In addition, contaminated
groundwater has been connected to many diseases that harm human health in several parts
of India and other developing nations.

Although groundwater quality has become a significant aspect influencing human
beings’ lives and agricultural growth, monitoring its quality is essential for sustainable
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groundwater development [6]. Natural processes and human activity contribute to ground-
water quality in general. However, it is widely accepted that the latter classification, which
includes uncontrolled urbanization, and industrial and agricultural operations, has more
considerable variations in groundwater quality than natural phenomena [7,8]. Freshwater
quality is frequently deteriorated by activities such as corrosion or incrustation of tube
well screens, inorganic fertilizers, microscopic species, parasites, pesticides, herbicides,
hydrocarbons, trace metals, and other harmful synthetic products [9]. According to a WHO
report, most emerging countries are being discharged more than 65% of their untreated
industrial effluent into the nearest water bodies, which has become a major source of
pollution of surface water resources that has led to groundwater contamination [10,11].

There is no adequate drainage or sewerage infrastructure in the Aligarh area and,
hence, wastewater effluents into the streams [12]. Therefore, contaminated water enters
the many water bodies that constitute the Ganga and Yamuna River systems. The an-
thropogenic practices are the major source of water contamination that has a negative
influence on the quality and quantity of groundwater. Groundwater contamination in
Aligarh city and the surrounding area is strongly influenced by industrial operations, such
as tanning leather, textiles, lock production, and foundries, which have a large population
density. Further, as the stream obtains sewage disposal from point source pollution, such
as textile industries, four mills, small-scale industries, and congested populated areas, the
rising pollution load discharged into the stream was carried out to the water reservoir and
ultimately resulted in deterioration of groundwater in an aquatic system. Household and
untreated industrial discharges into the Yamuna and Ganga rivers may be responsible for
the high concentration values of electrical conductivity, TDS, alkalinity, and salt in the rivers.
Previous studies have included several initial and shallow assessments of groundwater
quality in the city, which do not identify the actual causal variables that govern water
quality, or random sampling [13-15].

However, other techniques that include remote sensing, hydrochemistry, and sta-
tistical analysis are useful methods for determining contamination sources. In addition,
groundwater hydro-geochemical characteristics are investigated quickly and effectively
using clustering analysis, which has been utilized extensively worldwide. Cluster analysis
techniques have used principal component analysis and hierarchical cluster analysis to
define the clusters of groundwater samples and determine the chemistry of groundwa-
ter [16]. Moreover, the water quality index (WQI) allows for the accurate classification
of groundwater quality into several ranks based on groundwater quality standards. For
the WQI calculation, groundwater in India is categorized into five ranks based on the
Quality Standards for Groundwater of India. Geospatial technology makes it easy to
understand groundwater hydrochemistry, which is critical to determining areas where
groundwater is vital for domestic and agricultural purposes [17]. An assessment of water
quality provides detailed information on the subsurface geological conditions in which
water quality is observed [18]. It has been recognized that groundwater is influenced by
its hydro-geological conditions, seasonal fluctuations, and human activities; nevertheless,
there are few investigations on these aspects of groundwater hydro-geochemistry have
been carried out [15,19-21], Hierarchical clustering methods and factor analysis have been
applied by many researchers on seasonal hydrochemical data to understand the source
and dynamics of hydrochemical processes [22-26]. The present study attempted to identify
irrigation suitability using the Sodium Adsorption Ratio (SAR), Residual Sodium Carbon-
ate (RSC), Kelly Ratio (KR), Potential Salinity (PS), Permeability Index (PI), and Sodium
Percent (SP). Further, hydrochemical facies, groundwater quality, and pollution sources
were evaluated using a Piper trilinear, Durov chart diagram, Gibbs’s ratio, water quality
index (WQI), and multivariate statistical techniques.
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2. Materials and Methods
2.1. Study Area

The research area lies between the latitude 27°08’ N and longitude 78°08’ E with a
population of around 36.7 lakh and a land area of 4023 sq. km. Aligarh is situated in Uttar
Pradesh Central Ganga Plain. Aligarh district is a plain tenderly slanting from north to
south. Aligarh area is situated in a Shallow fluvial depression between the two noteworthy
streams, the Ganga and Yamuna. The zone falls under a tropical monsoon atmosphere
where maximum rainfall occurs during the storm (June-Sept.). Yearly rainfall measures
around 708.7 mm, and the maximum temperature stays around 42 °C, in May. In the winter
season, the temperature ranges from around 10 °C to 21 °C. The bedrock formation is
experienced at a depth of 340 m below ground level (m bgl). Alluvial sediments overlie the
Vindhyan formation in an unconformable way. The thickness of the rock bed ranges from
287 to 380 m. Older alluvium possesses the upland of the region, while the newer alluvium
involves the swamp region along with the courses of Ganga, Yamuna, and their tributaries,
such as Kali streams [27]. In the area, a large pile of alluvial deposits with varying grades
of sand, clay, and silt existed. The lithological information indicated that a variety of fine to
medium sand, calcareous gravels, and clay are common in the area. The depth range of the
most potential aquifer is about 0.0-122.0 m.b.g 1. in the study area.

2.2. Sample Collection and Preparation

Twenty-six water samples were collected from the shallow aquifer in various parts
of the Aligarh district during May 2018 and this district is densely populated and more
prone to groundwater contamination. Sample number 7 was taken from just the outskirts
of the study area; number 3 was taken from the food processing factories area, and the
rest of the samples were collected from an open area distributed across the study area
(Figure 1). The physicochemical investigation was conducted in May 2018, to be precise, to
comprehend the chemical variations of groundwater. Before taking the samples, the storage
water in the borewell casing was removed by the initial water withdrawal for 8-10 min
from the borehole. Then, the sample was stored in polyethylene containers of one liter at
4 °C, prewashed with 1IN-HCI and double-distilled water. The groundwater samples were
analyzed using standard procedures [28].
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Figure 1. The map of the study area with sample locations in Aligarh.

The EC and pH were estimated by a pre-calibrated conductivity meter and portable
pH meters in the field immediately after tapping water samples using the Hanna wa-
ter quality meter. Furthermore, TDS values were determined from the EC meter by the
conversion factor from 0.55 to 0.75, depending on the relative concentration of ions [29].
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An EDTA (Ethylenediamineteracetate) titrimetric approach was used to assess calcium
and magnesium concentrations, utilizing ammonium purported as a predictor for the
measurement of Ca*? composition alone and “Eriochrome Black T” as an indicator for
Ca*? and Mg?*. The hardness was calculated by the concentration of calcium and magne-
sium. Sodium and potassium concentrations were measured using digital flame emission
photometry. Further, sulfate, nitrate, and fluoride were analyzed using a double beam
UV-visible spectrophotometer (model-SHIMADZU CORP. 07410, SERIAL NO. A114549).
Standard silver nitrate titration (0.01N) was used to estimate the chloride (Cl™) ion concen-
tration, with 1 mL of potassium chromate (5%) acting as an indicator. The carbonate (CO3")
and bicarbonate (HCO3~) were determined using a volumetric approach, such as (0.01N
H)S0y4). The variation of cation and anion concentrations in the study area was plotted
using ArcGIS 10.3 software. Furthermore, groundwater quality maps were prepared using
inverse distance weight (IDW) interpolation in a GIS environment to show the spatial
distribution for various physio-chemical parameters. The groundwater quality has been
compared with the drinking water standards of the Bureau of Indian Standards [30] and
the world health organization [11].

Sodium Adsorption Ratio (SAR), Percentage Sodium (Na%), Permeability Index (PI),
Potential Salinity (PS), Kelly Ratio (KR), and Residual Sodium Carbonate (RSC) methods
were used to determine the irrigation suitability of groundwater in this study, and their
formulas are shown in Table 1. Further, the various hydro-geochemical characteristics of
groundwater for drinking and irrigation suitability were recognized using Piper trilinear
diagrams, Wilcox plot, and USSL (United States Salinity Laboratory), as well as Gibbs ratios
(CA-Tand CA-II), which have been used for the investigation of sources of groundwater
parameters. The Piper diagram, Durov, Gibbs, and other diagrams were plotted using
Aquachem 9.0 software to demonstrate the pattern of major ions.

Table 1. Different approaches to the assessment of hydrochemical parameters.

Index (References) Classification Range Formula

Excellent <10
. . . Good 10-18 Ca2+ +Mg2+

Sodium Adsorption Ratio (SAR) [31] Doubtful 18-26 SAR = Na* /( vV . )
Unsuitable >26
Excellent <20
Good 20-40 .

Percentage Sodium (Na %) [32,33] Permissible 40-60 Na% = o Mglyf TNa R X 100
Doubtful 60-80
Unsuitable >80
Suitable <75

Permeability Index (PT) [34] Permissible 25-75 PI= g 0 4100
Unsuitable >25 §

. .. Suitable <3 50
Potential Salinity (PS) [35] Unsuitable o3 PS =Cl~ + 2%
, Suitable <1 B Nat

Kelley’s Index (KI) [36] Unsuitable -1 KI = Mgt rcaT
Suitable <1.25

Residual Sodium Carbonate (RSC) [37] ~ Doubtful 12525 RSC = (HCO3 +CO3™ ) — (Ca?* + Mg?*)
Unsuitable >2.5

2.3. Water Quality Index (WQI)

The WQI, based on physical and chemical parameters, has been used to evaluate
the range of groundwater quality and pollution [2,38]. Furthermore, the WQI can help
determine overall water quality and measure the impact of individual parameters. Accord-
ing to their impact on water quality, different weightage values were assigned for these
parameters. For example, the following weightage is distributed such as 5 for TDS and
nitrate, 4 for pH, EC, sulfate, and fluoride, 3 for bicarbonate and chloride, 2 for sodium,
potassium, and calcium, total hardness, and 1 for magnesium. For each parameter, WQI
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may be calculated utilizing an equation to estimate the relative weight (Wi), sub-index (SILi),
and quality rating scale (qi).

W.

W= = (1)

LW
q; = % %100 (2)
1

n

WQI =) " Sli 4)
i=1

where W; denotes the relative weight of the ith parameters, w; indicates the weight assigned
to ith parameters, and n is the number of parameters, as shown in Equation (1). In
Equation (2), q;is the quality rating scale, S;shows the standards permissible limit for ith
parameters except for pH, and C; is the ith parameter concentration. The water quality
sub-index (Sli) determines each ith parameter to extract the WQI value using Equation (3),
and finally, (Sli) is utilized to estimate the WQI using Equation (4). The calculated WQI
values are characterized into five classes: excellent water class (WQI < 25); good water
(25-50); poor water (50-75); very poor water (75-100); and water unsuitable for drinking
(WQI > 100).

2.4. Multivariate Statistical Analysis

Human activity (irrigation and industrial effluents) is a major source of groundwater
contamination and natural processes (such as the weathering of rocks, and geological and
hydrological processes). Source distribution was evaluated and interpreted quantitatively
and independently using a multivariate statistical technique [39]. Statistical software was
used to conduct these investigations (SPSS version 21). The Pearson correlation coefficient
(r), principal component analysis (PCA), and hierarchical cluster analysis (HCA) were
utilized in this study because of their importance in groundwater-related investigations.
Factor analysis or PCA is mainly applied to determine the hidden dimension that can’t
be interpreted through indirect analysis [40]. To reduce the size of large datasets with
a minimum loss of information, the PCA method was used. SPSS software was used to
compute PCA using Varimax rotation. All factors were auto-scaled by average range to zero
and variance to 1, respectively. To investigate the interpretation of the dataset, PCA with
an eigenvalue of 1 was taken into account. The measurement of similarity among the water
quality variables was compared using Ward’s linkage approach with Euclidean distance.
To identify statistically distinct hydrochemical variables, HCA was performed, which was
based on grouping. Based on their similarities, clusters, and groupings are formed, and
this is an unsupervised pattern detection process [41]. The Pearson correlation coefficient
technique is a helpful method for identifying the relationship between numerical variables,
and it is used to analyze the closeness and degree of linear correlation of dependent and
independent variables [42].

3. Results and Discussion
3.1. Groundwater Chemistry and Drinking Water Quality

Descriptive statistics of the concentration of pH, EC, TDS, hardness, and main ions
in groundwater comprising maximum, minimum, and average values for each variable
along with standards deviations evaluated and compared with standards of drinking water
suitability guidelines approved by BIS (BIS, 2012) and WHO [11]. Furthermore, the weight
and relative weight of each parameter are also described, as shown in Table 2. The spatial
distribution of concentration of different parameter is shown in Figure 2.
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Table 2. Descriptive statistics of water quality parameters in groundwater.
Parameters . . Std. WHO Weight Relative
(mg/L) Minimum  Maximum  Mean Deviation BIS (2012) @011) (wi)g Weight (W)
pH 6.7 9.5 8.35 0.70 6.5-8.5 7.5 4 0.09
EC 200 2300 836.92 4419 1500 1500 - -
(KS/cm)
TDS 313 2554 933 485.9 500 500 5 0.11
TH 59 324 139.37 64.38 200 600 - -
Ca 212 601.2 181.66 117.20 75 200 3 0.07
Mg 5.2 93.1 34.56 22.49 30 30 3 0.07
Na 21 343 167 94.01 200 200 4 0.09
K 7 83 23 16.29 200 200 4 0.09
HCO;3 351 1281 705 261.96 - 244 1 0.02
COs 0 104 17 30.26 - - - -
SOy 79.1 731.7 340.99 183.50 200 200 5 0.11
NO3 2.6 105.7 26.34 20.97 45 45 5 0.11
Cl 34 503 191 106.63 250 250 5 0.11
F 0.04 1.89 0.49 0.51 1.0 15 5 0.11

78°0'E
L

In the research area, the pH was found the ranges from 6.7 to 9.5, with an average of
8.3, indicating that the few samples were alkaline due to high concentration. Further, a
pH of more than 8.5 was found in 11 groundwater samples because of human activities.
Groundwater samples have shown total hardness ranges from 59 to 324 mg/L with an
average of 139.37 mg/L. In determining the suitability of water samples for household and
crop irrigation, hardness was a crucial component, and only three groundwater samples
were accepted within the acceptable limit, and the rest of the samples were below the
permissible. The hardness values of water are classified as soft, hard, moderately hard, and
very hard [43]. There is a specified limit of 500 mg/L the maximum hardness that can be
used in drinking water and hardness greater than 1000 mg/L is allowable for landscape
irrigation. In the groundwater, the EC concentrations ranged between 200 to 2300 uS/cm,
with a mean value of 836.92 uS/cm. EC is specifically correlated with the ionic levels found
in water, and larger values correspond to higher salinity and total dissolved concentration.
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Figure 2. Spatial distribution of different physiochemical parameter (a) pH (b) Electrical Conduc-
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(i) Bicarbonate (j) Chloride (k) Suphate (1) Nitrate (m) Fluoride in the study area.

The TDS values varied between 313 mg/L to 2554 mg/L with an average of 933 mg/L,
and the TDS results revealed three samples below the 500 mg/L except for a high value in
Shaktinagar (2554 mg/L), and other samples showed a moderate range. In addition, TDS
is the total of carbonates, potassium, calcium, chlorides, sodium, bi-carbonates, phosphate,
magnesium, and other particles. The dominance of groundwater samples is found in
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the higher amount of TDS from 1500 mg/L which indicates the water is not suitable for
drinking purposes; however, the TDS results were classified as slightly saline to moderately
saline water type. Further, if the concentration of TDS lies above the prescribed limit given
by the standards described above, it can cause gastrointestinal problems in the human body.
Agricultural waste and industrial seepages, as well as channel water with sediments, may
all contribute to excessive TDS concentrations in the water body. Further, the country’s
rocks are also the most significant cause of rising groundwater-dissolved solids.

The concentrations of cations such as Na*, K¥, Mg2+, and > Ca*? was ranged from 21
to 343 mg/L with an average of 167 mg/L, 7 to 83 mg/L with an average of 23 mg/L, 5.2
to 93.1 mg/L mg/L with an average of 34.56 mg/L and 21.2 to 601.2 mg/L mg/L with
an average of 181.66 mg/L, respectively. Based on the results, the samples of Bhojpura,
Upper Fort, and Railway Road showed a high concentration of sodium in groundwater.
The calcium values were intolerable in the groundwater samples of Khair Road, Ashok
Nagar, Mahavirgan, Railway Road, and Ramnagar colony. The magnesium concentrations
in groundwater showed an extremely high range of samples in Sarai Sultani, Ashok Nagar,
Shaktinagar, and Rasalganj. On the other hand, chloride is one of the most common
inorganic anions in groundwater, and its concentrations in the study area were found
between 34.56 and 502.68 mg /L with an average of 191.59 mg/L. Some samples contributed
high concentrations in the groundwater, such as Bhojpura, Nai Basti, and other areas
because of poor sanitary conditions, industrial effluents, chemical fertilizers, irrigation
return flow, and industrial effluents in the area. There were seven samples from the study
region that exceeded the permissible limit and maximum acceptable limit of chloride value
(250 mg/L), according to WHO, and these samples were unsuitable for drinking purposes,
while the rest of the samples were within the permissible limits for drinking. The fluoride
values in groundwater samples were observed from 0.04 to 1.89 mg/L with an average of
0.49 mg/L and the 2 samples showed a value above 1.50 mg/L.

The bicarbonate concentration has been found in the range of 351 to 1281 mg/L
with an average of 705 mg/L. The high concentration of HCO3™ compared to chloride
concentration in groundwater is due to high anthropogenic loads, mostly from domestic
sewag. The sulfate concentration was found to range from 79.1 to 731.7 mg/L with an
average value of 340.99 mg/L, which is a significant and pervasive environmental concern
due to industrial contamination. The 19 samples showed sulfate concentrations that were
more than the permissible limits prescribed by the BIS.

The concentration of nitrates was observed between 2.6 to 105.7 mg/L with an av-
erage of 26.72 mg/L falls below the recommended WHO limit of 45 mg/L. In the Shakti
Nagar area, the value of nitrate was exceptionally high 105.7 mg/L because of irriga-
tion applications. Generally, the concentration of NO3;~ in groundwater does not exceed
10 mg/L, which implies anthropogenic contamination, mainly due to poor sanitation
and the widespread use of greater fertilizers for increased crop productivity [44]. How-
ever, the concentration of NO3 ™~ can cause cyanosis in infants, and it additionally influ-
ences the cardiovascular and sensory systems and creates gastric cancer in adults [45].
The order of cations was showed Na* > K* > Mg?* > Ca*? and anions were ordered as
HCO;_ >S04%~ >Cl~ >NO3~ >F~, respectively. Plotting significant ions in the Piper
trilinear diagram helps to understand the hydrochemical evolution of groundwater in the
research area (Figure 3). There are only two samples in the lower right triangle with Mg?*
contributions that exceed 50% of the total anion load, and the remainder of the samples
have no dominating type, which indicates mixed water.
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Figure 3. Piper trilinear diagram showing different hydrochemical facies in groundwater.

3.2. Hydro-Geochemical Facies

The term hydro-chemical facies refers to the volume of the chemical composition
of groundwater changes based on factors such as solution kinetics, rock weathering,
rock—water interaction, and pollution sources [46]. Piper [47] proposed a method for
comparing and classifying water types based on their ionic composition by laying out
the chemical information on a trilinear diagram (Figure 3). Furthermore, Durov’s [48]
diagram and trilinear diagram were also used to understand the hydrochemical facies
of groundwater.

Lithology, groundwater flow velocity and quality, geochemical reaction type, salt solubil-
ity, and human activities all influence the concentrations of dissolved ions in groundwater sam-
ples. The dominant water types showed the order of combined Ca-Mg-Cl > Ca-Cl > Ca-HCO;.
The piper plot showed the cations and anions to identify the major types of facies, such
that Ca-Mg-HCO3; and Na-K-C1-SOy types of facies dominated, while mixed Ca-Mg-Cl and
Na-K-HCOg, as shown in Figure 3. The source of surface water pollutants, including solid
and liquid waste evacuated into the adjacent land and channel, household wastes, septic
system toxic waste, and irrigation return flow, are mixed with existing water before the
ion exchange process is carried out, indicating the mixing of high salinity water. On the
other hand, Ca-HCOj3; and Ca-Cl water types indicated mineral dissolution, water-rock
interaction, and the recharge of freshwater.

The Gibbs diagram [49] is typically used to evaluate the relations between water
composition and its associated aquifer characteristics, such as precipitation dominance
(chemistry of precipitated water), rock-water interaction, and evaporation dominance
(evaporation rates) for groundwater chemistry. Furthermore, the Gibbs diagram is also
used to investigate the sources of dissolved mineral content in groundwater [49]. This
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study showed that a majority of the samples, regardless of formation, fell into evaporation
dominance due to causes of surface pollution sources and semi-arid environmental climate
conditions. Moreover, primarily, a high use of fertilizers, irrigation return flow, domestic
discharges, and industrial outflows may also be the associated factors that ultimately lead
to increased salinity with C1~ and Na* because of the evaporation process. Groundwater
samples in Aligarh show that hydrochemistry was dominated by the evaporation process
based on Gibbs ratios I and II of the study areas (Table 3), ranging from 0.08 to 0.71, with
an average of 0.32 and 0.09 to 0.96 of 0.48, respectively, as discussed in Figure 4. The few
samples falling outside the plot were caused by different sources related to anthropogenic
activities, which may explain the similar samples.

Table 3. Different index values for irrigation purposes in the study region.

;Zmple Locations CAI) CA(I) Na% SAR GibbsIl GibbsI KR PI PS RSC
s1 Delhi gate 085 266 4422 297 046 0.24 072 6354 317 484
2 Kanwariganj 519 534 4045 152 053 0.49 059 8291 576 246
s3 Talaspur 119 272 5565 408  0.65 0.33 120 7482 355  2.66
sS4 Shahjamal 300 455 7810 849  0.83 0.44 334 9532 525 338
S5 Bhojpura 1315 1351 8403 1121  0.86 0.71 477 9771 1421 299
S6 Sarai Sultani 692 745 4738 400 055 0.47 085 6082 825  —1.79
s7 Khair Road 743 751 851 037 0.9 0.43 007 3091 770  —226
S8 Gonda Road 653 694 4252 310  0.44 0.41 069 6062 782  1.06
) Gudiya Bagh 224 360 4602 339 054 0.30 082 6468 414 251
510 Ashok Nagar 123 294 3920 259 045 0.22 056 5594 342  0.86
S11 Shaktinagar 619 632 1077 049 014 0.44 009 2718 661  —585
512 Rasalganj 016 259 7485 885 096 0.40 288 8735 394 107
513 Upper Fort 793 874 6609 730  0.78 0.37 183 8244 976 819
S14 Dubey ka Padao 349 480 4637 311 054 0.27 067 6101 541 521
515 Sasni gate 523 627 4119 370 046 037 067 5331 688  —3.64
516 Madar gate 830 882 5645 480  0.62 0.52 123 7262 940 111
S17 Mahavirganij 487 585 2893 219 036 0.30 035 4095 619  -278
518 Railway road 018 348 4872 524 052 0.16 092 6264 408 478
519 Exibition ground 171 393 4397 406 053 0.17 075  60.82 441 598
520 ITI road 090 178 1075 060  0.13 0.14 011 3030 197  —067
s21 Ramnagar 431 521 1470 137 018 0.25 016 2285 556  —21.39
$22 Sarai rahman 001 246 3403 262 039 0.17 048 4930 280  —1.20
$23 Nai basti 751 799 2920 205 037 0.41 038 4515 827  —2.30
24 Quarsi ~106 175 2049 165 027 0.10 025 3475 199  —462
$25 SS nagar 275 081 2441 123 031 0.08 026 4404 102  —021
526 Dhoerra 053 135 6472 301 074 0.12 168 13865 151  10.84

The Durov diagram illustrates several geochemical processes that may have an impact
on water origin and is used to demonstrate the data, as shown in Figure 5. Table 3 of water
categorization and geochemical processes reveals the groundwater samples that generally
occurred in two zones (2) and (5). Whereas Ca and HCOj ions predominate in zone (2)
with an expected association with dolomite, a critical exchange is assumed if Mg is present.
However, if Na is present, a critical exchange is presumed. In addition, simple dissolution
or mixing occurs in water in this zone (5), with no dominant anion or cation.
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Figure 4. Gibbs diagram showed the dominant process.
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Figure 5. Durov diagram plotted for groundwater samples.
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Chloro-alkaline indices (CA-I and CA-II), also known as the Base Exchange index,
validate the exchange of ions among groundwater and the environment by residence or
travel, as expressed in Equations (5) and (6). It is essential to understand the origins of
groundwater by examining the interactions between groundwater and aquifer minerals.
Using the hydro-geochemical data, the present study determined the hydro-geochemical
activities in the aquifer system. During the residence time or transport process of water,
ion exchange reactions between the exchanger of aquifer materials (typically clay minerals)
and the groundwater are expected to alter the concentration of pre-existing dissolved solids
derived from one or more solute acquisition processes (prominent among them being rock
weathering). Reverse cation and anion exchange processes (chloro-alkaline disequilibrium)
and direct cation exchange (Base Exchange) are indicated by CAI-I and CAI-II having
positive and negative values, respectively.

CA(I) =Cl~ -(Na* + K*)/Cl~ ®)

CA(II) =C1~ -(Na* + K*)/(S04>~ + HCO3~ +CO3%~ +NO3 ) (6)

In the study area, the value of CAI-I varies from —2.75 to 13.15, with a mean value
of 3.62 whereas CAI-II ranges from 0.81 to 13.51 with a mean of 4.98, which signifies that
both CAI-I and CAI-II are positive in the maximum number of samples and indicate an
exchange of Na* and K* ions from the water with Mg?* and Ca®* of the soil/rocks in
maximum water samples. However, in some samples, CAI-I was negative, revealing the
exchange of Mg?* and Ca?* of the water with Na* and K* of the rocks (Table 3).

The scatter plot (Figure 6a) of Ca®* versus Na* shows that most samples below the 1:1
line indicate the ion exchange process, which increases the calcium ions in the groundwater.
However, a few samples had an excess of sodium ions, which indicates an anthropogenic
source. The ratio (Table 3) of Na*/Cl~ varies from 0.12 to 3.72 with a mean value of
1.64; about 73% of the sample has the value of Na*/Cl~ >1, which indicates no halite’s
source and release of Na ions from saline soil, weathering, or might be an anthropogenic
source, and the remaining sample have Na*/Cl~ < 1 suggesting that the ion exchange
process (Figure 6b). The ratio (Figure 6¢) of HCO3~ /Tz" > 1 is 93% of the sample, and
the scatter plot between HCO3~ versus Tz + falls above the 1:1 line, which signifies that
the influence of anthropogenic sources acting in the study as a secondary source after
the evaporation process acts as a primary source of ions in the groundwater. The plot
(Figure 6d) of Ca?* + Mg?* versus HCO3~ + SO4?~ shows that most of the sample is over
HCO; ™+ SO42~ ions than Ca?* +Mg?* signifies ion exchange process, while sample below
the 1:1 line indicates reverse ion exchange process.

3.3. Groundwater Suitability for Irrigation

Large amounts of dissolved salts in irrigation water can modify osmotic pressures in
the root zone, which in turn affect crops chemically and physically, resulting in a decrease
in yields and hindering the growth of plants. Successful irrigation projects are not only
dependent on the irrigation water supply to the land, and thus target regulating the
dissolved substances and alkali of the soil. SAR is used for the management of sodium-
affected soils and is an indicator of the suitability of water for agricultural purposes. In the
study area, the value of SAR ranges from 0.37 to 11.21, with an average value of 3.62. Most
samples in the study area were excellent for irrigation, as shown in Table 3. Consequently,
the strategies of the United States Salinity Laboratory (USSL) and Wilcox diagrams were
used to characterize and comprehend groundwater properties because the suitability of
agriculture varies based on the mineralization of water and its influence on plants and soil.
The relationship between SAR and EC is shown in the USSL diagram (Figure 7).
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However, C351 type plots have shown 10 samples, indicating the increasing salinity
and low sodium hazard. Further, C251 plots were observed in 9 samples indicating
moderate salinity and low sodium hazard, and C1S1 obtained 2 samples showing low
salinity and sodium hazard. In addition, C4S1 revealed one sample that exhibited very
high salinity and low sodium hazard, and these types of groundwater can be used for
irrigation, provided the salinity is preserved under control. Moreover, C352 was found
in 3 samples showing high salinity and moderate sodium hazard, as well as one sample
representing the high salinity and sodium hazard in C3S3. An elevated amount of sodium
and salinity is severe for irrigation because sodium is a detrimental substance and greatly
influences soil conditions [50]. Water with a high concentration of salts can change the
osmotic pressure in the roots, reducing the quantities of water that plants can absorb and
thus slow their growth [51]. Furthermore, the quality of water is affected by the existence
of black cotton soil and kankar in rocky areas. Up to 12 m down, there is a recognizable
lack of quality in the highly weathered zone.



Pollutants 2022, 2

500

Sodium Hazard (SAR)

C1

250 C2 750 c3 2250 C4
30 —
20 s4
]
10 -
S3
\- B \
i) s2
=
‘ ||
C b r s1
0 ! T T T T ] F T T
100 1000

Salinity Hazard (Cond)

B Default

Sodium (Alkali) hazard:
S1: Low

S2: Medium

S3: High

S4: Very high

Salinity hazard:
C1: Low

C2: Medium
C3: High

C4: Very high

Figure 7. US salinity classification of groundwater for irrigation in the study area.

suitable, and the rest of the samples can be used for irrigation.

The percent sodium (Na%) method introduced by Richards (1954) and L.V Wilcox
(1958) was used to describe and comprehend the major chemical characteristics of ground-
water, as its suitability for irrigation is dependent on water mineralization and its impact on
plants and soil. Excess sodium in water produces unfortunate impacts from changing soil
properties. When sodium-rich irrigation water is used, the clay particles absorb Na* in the
soil and remove the Mg?* and Ca®* ions from the lattice. Furthermore, this substitution of
Na* for Ca?* and Mg?* in soil from water can influence permeability and decrease internal
drainage within the soil [52]. As a result, air and water movement are restricted in wet
conditions, and such soils become hard when dry. The chemical quality of groundwater
samples was studied from plots of EC plotted against the percentage of Na on the Wilcox
diagram (Figure 8). The Wilcox diagram illustrates that 2 groundwater samples were not
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The permeability index (PI) was proposed by Doneen (1964) and is a significant
characteristic of groundwater regarding soil for agricultural improvement. Class I water is
suitable for irrigation, and soil demonstrates 100 percent of the most extreme permeability.
Water classified as class II is ideal for agriculture and contains 75% of the maximum
permeability of the soil, whereas water classified as class Il is unacceptable for irrigation
and contains only 25% of the maximum permeability. According to the PI, sixteen samples
are of good quality for irrigation and will not affect soil permeability. Moreover, nine water
samples are suitable for irrigation, whereas one is not, as illustrated in Figure 9.

Potential salinity was computed as the total chloride and sulfate concentrations. This
clarified that dissolvable salts do not affect the quality of water for irrigation. The low
dissolvability salts precipitate in the soil and combine with the highly soluble salts in
subsequent irrigations, increasing soil salinity. Salinity potential ranges from 1.02 to
14.21 meqL~! with an average of 5.50 meqL~!. Three classifications of salinity were
established for groundwater samples (Table 3). It concludes that the potential salinity of
the groundwater in the examined area is nearly excessive, rendering the water unsuitable
for irrigation. The study region’s high potential salinity value was due to the high sulfate
and chloride content produced from an anthropogenic source.
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Figure 9. Doneen classification of irrigation water quality based on PI.

Kelly (1940) is the ratio of sodium ions to calcium and magnesium ions in meq/L
which is used to determine the hazardous effect of sodium on water quality. If irrigation
water contains a high concentration of Na*, then clay particles absorb Na* displacing Mg?*
and Ca?* ions. This exchange process can reduce the permeability of the soil and ultimately
affect internal drainage [53]. According to the Kelly ratio, less than one value is suitable for
irrigation, while those with a ratio of more than one are unsuitable. In the present study,
Kelly’s ratio varied from 0.07 to 4.77, with an average value of 1.01. Further, only 7 water
samples are unsuitable for irrigation with more than one Kelly ratio (Table 3).

Residual Sodium Carbonate (RSC) was introduced by Eaton [54] and was measured to
determine the issues associated with carbonate and bicarbonate on the quality of ground-
water used for agricultural and irrigation applications. Lloyd & Heathcote [55] developed
a classification system for agricultural water based on RSC values. The significant con-
centrations of HCO;~ and CO;2~ in groundwater demonstrate their ability to coagulate
when combined with Ca?* and Mg?* ions. High RSC values lead to high pH and contribute
to the infertility of irrigation land by deposition of sodium carbonate, as shown by the
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soil’s black color [56]. According to this classification, water samples with an RSC value of
less than 1.25 are suitable for irrigation, whereas water with an RSC value of up to 2.5 is
moderately suitable, and water with an RSC value of greater than 2.5 is unsuitable (Table 1).
RSC values ranged from —21.54 to 9.97 throughout the study region, with an average of
0.10 meqL’1 (Table 3).

3.4. Water Quality Index (WQI)

The WQI method was used in three stages and determined the water quality status in
the study area. In the initial step, every one of the 11 parameters (pH, EC, TDS, HCO;, Cl,
SOy, NO;s, F, Ca, Mg, Na, and K) was assigned a weight (w;) as per its relative significance
in the overall quality of water for drinking and domestic and irrigation purposes (Table 1).
The rating scales were fixed regarding perfect estimations of various physicochemical
parameters based on their importance. For ascertaining the WQI, the following four
equations were used. The spatial distribution map of the WQI was prepared to classify and
provide a sound explanation of water quality in the study region (Figure 10). Based on the
calculation, the WQI of the study area was calculated, and it was found that the maximum
samples exhibited poor quality in the study area. The patches of pink color found in the
western part and some minor patches near the northern region showed good quality water.
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Figure 10. Water quality index of the study area in Aligarh District.

The open area has better water quality than the closed areas due to infiltration, less
runoff, and higher microbial activity that captures contaminants [57]. The light-yellow color
patch shows the poor quality of the region, which covers the eastern part, with some small
patches found in the central and western parts. The patch covered the central part and
moved toward the northwestern region, and the second patch covered the north-eastern



Pollutants 2022, 2

504

part, denoted by a light blue color covering most of the study area. These areas were
highly affected and had very poor quality. The purple color indicates the water lying in the
category of unsuitable for drinking. Small regions of the central part and a major patch in
the northern part are classified, thus warning of bad water quality. Overall, the WQI of the
study area suggested that 15% sample was unsuitable, 69% was poor, and the remaining
was suitable for drinking purposes. The poor quality of drinking water due to the locked
food processing industry and illegal factories running in the houses in the varsity of old
Aligarh city create significant groundwater quality problems [13,58]

3.5. Multivariate Statistical Techniques

Pearson correlation analysis, PCA, and HCA were widely applied in this research on
water quality data to extract relevant information. Pearson correlation analysis between
groundwater samples was calculated and shows the results of the correlation coefficient cal-
culations (Table 4). This component demonstrates that EC has a strong positive association
with TDS. In addition, the component demonstrates that the concentrations of EC and TDS
have a strong positive association with nitrates, revealing that these ions predominantly
originate from the source of a significant number of organic fertilizers that are utilized in
agriculture [59]. Furthermore, Ca exhibits a moderately positive connection with K, and
both Ca and Mg have been demonstrated to reflect a correlation with HCO3, signifying
that these ions are primarily sourced from sources of domestic discharges and industrial
effluents [60]. As a result of the negative correlation resulting from many sources, such as
geological and human activities, several parameters have been discovered.

Table 4. The results of Pearson correlation analysis.

pH TDS TH Ca Mg Na K HCO3 CO3 S04 NO3 F
pH 1
EC 0.321
TDS 0.24 1
TH 0.262 0.169 1
Ca —0.016 —0.088 —0.057 0.177 1
Mg 0.227  0.061 0.094 0.322 0.743 ** 1
Na 0.24 0.194 0.154 0.338 —-0.117  —-0.013 1
K 0305  0.322 0.272 0.718*  —0.099 —0.034 0.327 1
HCO; —0.032 —0.143 —0.131 0.436 0.595* 0543* 0203 0.082 1
CO3 —0.297 0.034 -0.086 —-0.115 —-0.115 —-0.218 —0.28 0.055 —0.082 1
SOy 0.137 —0.148 —0.094 —0.168  0.029 0.092  0.098 0.068 0.097 —0.19 1
NO; 0135 0.723* 0.793*  —0.078 0.07 0.139 —-0.176 0.057 —0.125 —0.044 —0.215 1
Cl 0.134  0.420* 0.356 0.218 -0.15 —0.167 0383 0325 —0.229 —0.383 0.045 0.248 1
F -0.189 —-0.235 —-029 —-0.026 032 —0.267 —0.186 —0.042 —0.237 —0.008 —0.252 —0.309 —0.087 1

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

The PCA findings encompassing the loadings, Eigenvalues, and % of total variance
have been mentioned in Table 5. PCA detects relationships and minimizes the number of
data into components that describe a percentage of the overall variation between physic-
ochemical characteristics. The five factors explained 76.66% of the variance accounted
for in the log-transformed dataset. The observed variance is mostly influenced by the
chemical characteristics loadings generally categorized as strong (>0.75), moderate (0.75
to 0.50), and weak (0.50 to 0.30). PCA 1 accounted for 24.88 of the total variances and
contained substantial strong positive loadings, including EC and TDS. These components
were estimated to be associated with evaporation and human activity sources from un-
treated wastewater. Further, the other major process is considered agricultural practices
due to the presence of moderate loadings, such as pH, TH, NO3 and Cl, in this component.
Consequently, the increasing amounts of NO3 may be produced from local sanitation, and
municipal wastes and associated with nutrient pollution due to the untreated urban setting
and adjacent agriculture methods for many years [3]. PCA 2 accounted for 19.06% of the
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total variance and revealed that the sources of Ca, Mg, and HCO3; may be attributed to
the breakdown of calcium and gypsum types of minerals. PCA 3 explains 14.34% of the
variability and is highly connected with moderate positive loading K and Na and with
other variables that have low negative loadings. It can be attributed to chemical weathering,
leaching, and dissolution of secondary salts in the pore spaces, agriculture effluents, and
the usual sinks are plants and clays [61]. PCA 4 accounted for 10.63% of the total variance
and revealed moderate positive loading of TH and CO3, as well as high negative scores,
reflecting areas essentially unaffected by the procedure. Finally, PCA 5 accounted for 7.74%
of the total variance and showed a moderate positive loading of CO3 and others were
negative, demonstrating the natural and human activities.

Table 5. The findings of Principal Component Analysis (PCA).

Parameters 1 2 3 4 5
pH 0.503 0.113 0.207 —0.234 0.020
EC 0.858 —0.320 —0.245 0.112 0.047
TDS 0.843 —0.296 —0.330 0.012 0.020
TH 0.516 0.406 0.451 0.519 —0.081
Ca 0.090 0.795 —0.393 0.016 —0.135
Mg 0.265 0.783 —0.318 —0.021 —0.178
Na 0.411 0.127 0.600 —0.157 0.075
K 0.553 0.033 0.523 0.397 0.263
HCO3 0.084 0.835 —0.003 0.185 0.053
COs —0.260 —0.211 —0.261 0.593 0.601
SOy —0.028 0.226 0.199 —0.643 0.490
NO; 0.640 —0.276 —0.625 —0.016 —0.090
Cl 0.561 —0.281 0.344 —0.260 —0.240
F —0.407 —0.302 0.294 0.318 —0.530
Eigenvalues 3.484 2.669 2.008 1.488 1.084
% Total variance 24.886 19.062 14.34 10.631 7.746
% Cumulative variance 24.886 43.948 58.288 68.92 76.666

The HCA method is used to group samples collected that emerged from distinct
monitoring stations based on their chemical composition (Figure 11). For this study, a
dendrogram graph was created using Ward’s approach for combining the 26 sampling
locations through what was identified as cluster 5, as shown in Figure 11. According to
HCA findings, cluster I (sites 11), cluster II (5 and 9), cluster III (7, 25, 23, 26, and 24), cluster
1V (3,2,20,1,4,16,12, 8, 6, 15, and 10), and cluster V (13, 17, 14, 21, 19, and 18) relate
to the very highly polluted province, the heavily polluted areas, the moderate pollution,
and the low polluted region [62]. The outcomes of the water quality analysis revealed that
most of the samples categorized as Cluster I possessed exceptionally high pH, TDS, NO3
and EC levels of other physicochemical characteristics that increased the allowable levels
for potable water and agricultural utilizes, showing high susceptibility to contamination
caused by industrial, domestic, and high population actions [63]. It was found that Cluster
II had the highest average values of TDS and NO3 which were attributed to the extreme
utilization of fertilizers and pesticides in farming, which also contributed to the enrichment
of nitrate in groundwater in particular places. Cluster III revealed moderate pollution,
which is nearly identical to Cluster II, but it is related to it at a shorter distance. Cluster
I and Cluster IV are linked to each other and indicate the naturally occurring chemicals
containing sulfate originating from industrial effluents and sulfate fertilizers. Cluster V
samples show a low pollution load in the study area from domestic effluents [64].
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Figure 11. Cluster dendrogram from HCA for all observation wells.

4. Conclusions

Groundwater quality and pollution sources were investigated using a combination of
hydrochemical characterization and multivariate statistical approaches in this study. Physical
and chemical findings revealed that groundwater is generally alkaline, moderately saline, and
extremely hard. The hydrochemical results revealed drastically increased salinity; nitrate, and
sulfate are the major contaminants threatening the drinking and irrigation water sources that
are mostly produced by anthropogenic activities, including domestic sewage and excessive
use of agricultural fertilizers. The major dominant mean concentrations for cations are
Ca** > Na* > Mg2+ > K* while anions are HCO3~ > S042~ > Cl~ > NO3;~ > CO32~ >F~.

The hydrochemical models indicated groundwater may pose a high to very high
salinity and medium alkalinity threat when used for irrigation. The mixing of saline water
induced by surface contamination with existing water and the decomposition of rock-
forming minerals are the primary factors influencing water chemistry. The PCA and HCA
results indicated that anthropogenic contaminants and the combination of natural solubil-
ity materials accounted for most of the variation. Anthropogenic stress is an important
consideration in water resource management in the Aligarh area, and the findings of this
study can help in the better management of groundwater for its quality and quantity.
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