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The insight of this study focuses on extracting significant controlling factors contributing to the deviations of groundwater chemistry in suburban district of western Uttar Pradesh. Q-HCA based grouping of
the sampling sites categorized major ions chemistry into moderately mineralized clusters (Cluster 1, 2)
and highly enriched clusters with exceeding mean levels for the majority of parameters (Cluster 3, 4).
Spatial conformity showed that groundwater quality in the southwest, northwest, and northern regions
were predominantly inCuenced. Clusters’ graphical characterization illustrated controlling mechanism of
rock–water interaction (Cluster 1, 2 and 3) and shifting towards evaporative mechanisms (Cluster 4).
Coinciding results of Piper and Chadha’s plot revealed that Ca–Mg–HCO3 and mixed type of hydrochemical facies regulating with recharging water, base-exchange and reverse ion exchange processes
(Cluster 1, 2 and 3) and composition of Na+K–Cl–SO4 type of water facies (Cluster 4) induced salinization as controlling pathways. Major ionic binary plots indicated the dominance of silicate weathering
(Cluster 1 and 2) phenomenon, whereas evaporation processes and chloro-alkaline indices divulged
inCuence of salinization and the cation–anion exchange as the dominant reaction mechanism. Saturation
indices attributed the precipitation of aragonite, calcite and dolomite, whereas dissolution of anhydrite
and gypsum. Pearson’s correlation highlighted strong association among major ionic complexes and
multivariate statistical techniques such as factor component loadings and scores underlined significant
controlling factors through F1 loadings causing discharges from man-made point sources (Cluster 3 and
4); F2 and F3 showed mixed sources from peri-urban regions and natural dissolution; F4 scores naturally
aAected the processes through geogenic phenomenon and F5 aDrmed the pollution from point based
(Cuoride) pollution sources.
Keywords. Groundwater chemistry; Q-hierarchical cluster analysis (Q-HCA); hydrogeochemistry;
multivariate statistics; Ghaziabad suburban district.

1. Introduction
The gradual Cow of water passing through the
Bssures and cracks beneath the Earth’s surfaces get
restored as groundwater. Myriad of purposes of the
world eventually rely on this resource, especially,

in arid and semi-arid regions, where paucity of the
rainfall patterns and limited access to surface
water bodies are some of the real constraints (Wu
et al. 2014; Masindi and Abiye 2018). Over the past
few decades, groundwater has been utilizing in the
development of exhaustive agricultural practices
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and industrial processes followed by the unceasing
demands for potable water in domestic regimes
(Fianko et al. 2009). Such an upsurge in utilization
purposes has prompted the vulnerability of
underground freshwater resources to such an
extent that alarming scenarios of scarcity and
degrading quality accentuate over consumptive
usage of groundwater all around the world.
Geogenic niches, residence span and transitional
passage of groundwater across its host mineralogical aquifers have underlain the idea of hydrogeochemical evolution of groundwater. Multiple
speciation chemistry of the groundwater has been
introduced by the action of surplus rainfall, nature
of recharging mode and Cowing of surface water
bodies (Balaji et al. 2019). The geochemical processes such as dissolutions/depositions of minerals
like carbonates, phosphates, silicates, etc.,
cation–anion exchanges, and evaporation are some
of the naturally driven processes that inCuence the
hydrogeochemical nature of groundwater (Rajmohan and Elango 2004; Appelo and Postma 2005).
Moreover, unparalleled industrial/commercial
growth, large volumes of domestic and municipal
wastes’ inBltration, and unplanned irrigational
practices have also been driving the extreme variability within the groundwater chemistry. Therefore, discrepancies in the major ion concentrations
are the fundamental aspect that should be investigated especially based on source-induced variability of the hydrogeochemical processes and to
foresee the incorrigible usage of groundwater in
drinking, irrigational and industrial domains (Wu
et al. 2014). Furthermore, in context to hydrogeochemistry, the uncertainty of groundwater polluting loads and their qualitative approximation
studies are quite important to research. Subsequently, gaps of these anomalies in the major ions
chemistry can be bridged through demarcating the
nature of significant controlling factors that alters
the overall quality status of groundwater.
Multivariate statistical approach is one such
substantial methods that has been measuring the
variability behaviour and inCuencing factors
within the groundwater quality and hydrogeochemistry. The literatures have asserted the
applications of multivariate statistics and delineated significant controlling factors in various
hydrogeochemical studies in relation to natural
or anthropogenic contribution. Wu et al. (2014)
in Laoheba phosphorite mine, Sichuan, China
analyzed natural mineral weathering and ion
exchange in the surrounding hydrochemistry of
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the water. Armanuos et al. (2016) assessed the
groundwater quality by the multivariate statistical basis in western Nile Delta aquifer, Egypt
where prominent factors highlighted mineralization, mining and salinity due to saltwater
intrusion whereas the others originated as a
result of anthropogenic units. Similar study was
conducted by Hassen et al. (2016) in Oum
Ali–Thelepte aquifer, Central Tunisia, where
extracted factors showed the predominance of
salinity through weathering of halite and evaporite minerals with pullulated component along
with factor of magnesium sulphate. Singh et al.
(2013) assessed ground water suitability for
drinking, domestic, and agricultural usage in
Imphal West district of Manipur. The study
expounded the soil–water interactions inCuenced
by the alteration of land use as urban-agricultural reclamation of swamps and other wetlands
in the studied region and contributions from
agriculture, and natural mineralization processes
were extracted through factors. Similar reported
studies have also demonstrated the categorization of the inCuencing prime factors and processes by the integration of multivariate
statistics (Ahada and Suthar 2017; Rao et al.
2017; Selvakumar et al. 2017). The respective
Bndings of these studies have directed the means
to achieve the goal of discerning vital factors
and consequently, circumvent the degrading
anthropogenic sources and its related processes.
This approach would certainly improve as well
as preserve regional groundwater supplies and
reassure area managers to identify best implementation practices in compliance with strategic
action plans in an explicit manner.
Ghaziabad district of western Uttar Pradesh
(India) is a leading commercial, residential and
industrial township. Intense residential development projects and agrarian practices in peri-urban
parts of the region are largely depending upon
groundwater resources for their water consumption needs. Many past studies have reported the
quality of groundwater and attempted to assess
the implications for drinking, domestic and irrigation purposes (Singh et al. 2012; Kumari et al.
2014; Tyagi and Sarma 2018). Chabukdhara et al.
(2017) investigated the groundwater quality
through multivariate and estimated potential
health risk in peri-urban and urban-industrial
clusters of Ghaziabad district. The results highlighted that prolonged exposure to contaminated
groundwater posed potential health risks to the
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children and pollution of the groundwater quality
was credited higher in urban areas in comparison
to peri-urban regions. However, some studies have
only discussed the hydrochemical regime (Singh
et al. 2014) and geochemical characterization of
the groundwater within this region (Tyagi and
Sarma 2020). So far, no work has been reported
the application of multivariate techniques that
propounds significant controlling factors either
got inCuenced by natural or anthropogenic sources. Therefore, this study was envisioned with the
following objectives: (1) Spatial assessment of
major ions chemistry of groundwater based on
Q-hierarchical cluster analysis (Q-HCA); (2)
Cluster-based graphical characterization of
hydrogeochemical types and processes; (3)
Understanding the processes through binary plots
such as weathering, evaporation, ion-exchange,
and geochemical modelling; and (4) Statistically
expounding significant controlling factors by
multivariate technique (correlation and factor
analyses).

2. Physiography and geology of the study
area
The geographical extent of Suburban Ghaziabad
district lies in between longitudes 77 120 –77 420 E
and latitudes 28 360 –28 550 N, sharing its locational
advantages being in vicinity to National Capital
Territory (NCT) of Delhi. The topography of the
region is residing in a monotonous Cat plain and
elevation is in 221–212 m above sea levels. By
population, it is the third-largest district of Uttar
Pradesh state (Census 2011). Surface water networks in the study area are occupied by Hindon
River that courses from north to south and traversed through the middle of the city joining River
Yamuna about 35 km south of Ghaziabad. The
contemporary urban sprawling of Ghaziabad can
be marked on both sides of the Hindon River. The
district is centered to Ganga–Yamuna Doab where
rivers like Ganga deBnes the eastern part; the
Yamuna marks western part with joining tributaries such as rainfed Hindon River and Kali Nadi.
Physiographically, the district establishes in three
plains, viz., older alluvial plain, older Coodplain
and active Coodplain (CGWB 2009) (Bgure 1a).
The geographical settings of an upland and
interCuve parts between major drainage of
Yamuna–Hindon and Hindon–Ganga of the district
have been constituted by older alluvium of
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Indo-Gangetic plains. In the northeast region,
Upper Ganga canal is catering the irrigational and
drinking water purposes.
The lower proterozoic age exhibits of quartzite
and phyllite in the geological arrangements.
These rigid and compact quartzites are vast,
thickly bedded and jointed in nature, intercalated
with cracked beds of phyllite and slates. These
rock arrangements are concealed with quartneary
sediments found uncovered in isolated residual,
structural hills and pediments. Sandy soil and
fertile loamy soil is predominantly found and
carries beds of sand, clay, reh, and kanker (calcareous nodules) as subsiding under Indo-Gangetic alluvium plains (Singh et al. 2014). Lithology
of the area is largely occupied with oxidized siltclay with presence of kanker and micaceous sand
(Bgure 1b). The water table depth of groundwater, for both pre- and post-monsoon seasons,
ranged between 0 and 21 mbgl and seasonal mean
depth level is recorded at 6.9 (pre-monsoon) and
5.9 mbgl (post-monsoon) at the hydrograph stations across the district (UPGWD 2017) in
Bgure 2. Groundwater Cow direction is from
northwest to southeast following major drainage
patterns directing a gentle groundwater gradient
in the southern side of the district. The sub-humid to subtropical climate is ranging with temperature between 42 (max) and 4.5 C (min).
Southwest monsoon (June–September) is the
prevailing monsoon with normal annual precipitation of 750.3 mm within the region (Yadav
et al. 2017).
Over the past decade, Ghaziabad has been witnessing several developmental hotspots of residential, commercial and industrial sectors. Erstwhile,
these setups had eventually got relocated from
urban core of NCT of Delhi to the fringes of this
satellite town. In the context of suburban relocation drives, various marginal inhabitants also got
displaced in search of employment. The entire
region is currently catering innumerable small to
huge polluting industries and more than 70% of the
huge industries deals in food, rubber, plastic and
petroleum, chemicals and chemical products, metal
products, machinery tools, and electric and transport equipments (Tyagi and Sarma 2020). In
addition to this, rapid pace of land use development, irrigational activities are still prevalent in
peri-urban locations and several agro-landscapes
have been transitioning into huge residential
apartments and complexes (Mehta and Karpouzoglou 2015).

169

Page 4 of 29

J. Earth Syst. Sci. (2021)130:169

Figure 1. (a–b) Location map of the study area with geomorphology and lithology in the suburban district of Uttar Pradesh.

3. Methodology
3.1 Preliminary acquisition of dataset
and experimentation techniques involved
For exploring major ions chemistry in the groundwater, 26 sampling stations were identiBed
homogenously across the district (Bgure 1). Samples
were fetched from India Mark II and local handpumps in May 2018 (dry season) and stored in prewashed acid (conc. HNO3) treated polyethylene
bottles (1 liter) to avoid any further risk of contamination. Samples were then transported to the

laboratory and preserved below 4 C until analysis
was performed. All the samples were subjected to
analysis for the physico-chemical parameters to test
the predominance of major ions chemistry by the
standard procedure (APHA 2005). The reagent
standards of the chemicals were of analytical grade.
Quality assurance of the chemical analysis and precision within the results were ensured by taking
experiments’ triplicate readings and average values
were reported. The ion balance error percentage
(IBE %) was calculated to verify the reliability of the
major ions analysis of the respective samples as:
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Figure 2. Water level depth (in mbgl) of dry season of 2018.

Table 1. Methodology adopted for data acquisition, analytical methods and instrumentation.
Items/parameters

Dataset

Ghaziabad district boundaries and alluvial
plains and lithology
Geographical coordinates
Piper plot
Chadha’s plot; binary ionic plots
Geochemical modelling (saturation indices)
Multivariate statistical techniques
Spatial interpolation

Survey of India (SOI) topographical maps nos.
H43X1/X5/X6/X9/X10; Geological Survey of India (GSI)
GARMIN etrex-12 channel Global Positioning System
GW˙Chart; Winston (2000)
Microsoft Excel Software 2010
PHREEQC v.3.4.0
IBM SPSS Statistics v.21
Inverse distance weightage (IDW) in Spatial Analyst
of ArcGIS 10.1

Analytical methods/instrumentations adopted
pH and electrical conductivity (EC)
Total dissolved solids (TDS)
Total hardness (TH), Calcium (Ca2+) and Magnesium (Mg2+)
Sodium (Na+) and Potassium (K+)
Bicarbonate (HCO3)
Chloride (Cl)
Sulfate (SO42)
Nitrate (NO3)
Fluoride (F)

IBE ð%Þ ¼ ðsum of cations  sum of anionsÞ=
ðsum of cations þ sum of anionsÞ  100;
ð1Þ
where all cations and anions were expressed in
meq/L and threshold range of IBE was within
±10% (G€
uler et al. 2002; Wu et al. 2014) given
in table 2. Furthermore, data acquisition and
analytical methods/instrumentation for parametric analysis, techniques adopted for classiBcation of
the hydrogeochemical dataset, and multivariate
statistical computations were outlined in table 1.

Eutech PCS tester 35
Gravimetric method (oven dried)
EDTA titrimetric analysis
Atomic absorption spectrophotometer (AAS)
(Agilent 280 FS AA)
Acid (HCl) titration
Argentometric titrimetric method
Turbidity spectrophotometric method
UV spectrophotometric method
SPADNS spectrophotometric method

3.2 Multivariate statistical and dataset
treatment methods
IdentiBcation and extraction of the pollution
sources, particularly from natural and anthropogenic units that persuade freshwater systems,
can be easily demarcated by multivariate statistics.
It is one of the concurrent methods that, while
considering multifaceted variability, the presence
of skewness in the form of large-scale outliers can
be monitored simultaneously (Rizvi et al. 2015).
Principal component/factor analysis (PCA/FA)
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and HCA have been widely preferred, especially for
solving hydrogeochemical problems and identifying
significant contributing factors in major ions processes of the underlying aquifer (Hossain et al.
2013; Nagaraju et al. 2014; Wu et al. 2014; Balaji
et al. 2019). Both the techniques have been meaningfully determining spatial and temporal variability, deducing hydrogeochemical insights and
computing problems more systematically due to
their unparalleled advantages over conventional
graphical methods (Ashley and Lloyd 1978).
HCA is a data grouping technique that clusters
sites or variables into common features. The spatial similarities among the sampling points (observations) are highlighted by Q-mode CA,
whereas grouping of the parameters based on their
similarity/dissimilarity with each other is attributed by R-mode CA (Banoeng-Yakubo et al. 2009).
In the present work, Q-mode HCA was employed
over sampling stations assuming that similar traits
of the water samples originate from a common
source and held in an identical hydrogeochemical
process within the region. Z-score based standardization was opted to prevent the misinterpretation
that usually arises due to multidimensionality of
the variables. Ward’s method using squared
Euclidean distance for building similarity/dissimilarity linkages in the form of dendrogram grouped
the non-normal dataset and promptly detects the
possible outliers (Masindi and Abiye 2018). The
definite groupings of the observations in the form
of clusters were further demonstrated to elucidate
active driving forces behind the major controlling
mechanisms in groundwater chemistry using
Schoeller diagram, Piper Plots, Chadha’s plot,
major ionic binary plots, base-exchange indices and
geochemical modelling.
Prior statistical investigation of major ions
chemical datasets was observed to be heavily
skewed and most of the variables were log-transformed to reduce the reasonable eAects of a
skewed dataset and normalized the distribution
for factor analysis (FA) (JolliAe 2011). Normalization of the physico-chemical dataset was then
aDrmed by the Kolmogorov–Smirnov (KS) test
for further parametric assessment. Strength of
inter-relationships of the monitored major ions
variables were also studied by Pearson’s correlation matrix at two significance levels, i.e., p \
0.05 or p \ 0.01.
FA is a data transformation method that
emphasizes on a simple structure and inter-parametric relationships in the multivariate dataset
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(Cloutier et al. 2008). Not only it facilitates in
yielding control measures for the chemical composition of groundwater, but also estimate the spatial
similarity of the studied components (Matalas
and Reiher 1967). The suitability of the datasets
for performing FA was veriBed by Kaiser–
Meyer–Olkin (KMO) and Barlett’s test of
sphericity. The sampling adequacy of variables
with common variance was checked with KMO
value [0.6 (0.61 in this study) acclaimed the
dataset for performing PCA. Barlett’s test of
sphericity speciBes that the correlation matrix is an
identity matrix, i.e., variables are distinct and
proves favourable dataset for PCA in order to
extract factor components. Significance level of p\
0.05 (0.00 in this study) indicated a significant
relationship among variables and therefore, can be
clustered together. Principal components with
Eigen values C1 are usually substantial and recollect at least one significant variable in hydrogeochemistry dataset of groundwater (Cattell 1966).
Higher level of extraction was checked at value
[0.7 of each of the variables’ extraction communalities. Varimax rotation with Kaiser (1959) normalization ampliBes the component loading of each
variable on one of the components, whilst minimizes the loading on all other components (G€
uler
et al. 2002).

4. Results and discussion
4.1 Spatial assessment of major ions chemistry
of groundwater based on Q-HCA
The data values of major ions chemistry of the
groundwater based on Q-HCA along with the
adjacent land use types of the sampling locations
are listed in table 2. As a measure of spatial
similarity, Q-HCA was applied to assort the raw
data of chemical variables and got clustered into
four groups as shown in the dendrogram
(Bgure 3). The grouping of Cluster 1 (sites 2, 4–6,
9, 11, 12, 14–16, 19, 20, 23) were located in the
peri-urban areas (residential–agricultural sites) in
the proximity of low density regions; whereas
Cluster 2 (sites 7, 10, 13, 17, 18, 21, 22, 24)
belonged to both urban and peri-urban areas.
However, groupings under Cluster 3 (sites 1, 3, 8,
26) and Cluster 4 (site 25) were primarily located
in urban regions, mostly falling in the vicinity of
densely populated residential and industrial
pockets of southern parts of the districts

7.42
7.1
7.5
7.4
7.2
7.4
7.6
7.6
7.4
7.6
7.6
7.5
7.4
7.2
7.19
7.3
7.4
7.2
7.1
6.9
6.9
7.2
7.5
7.05
7.1
6.9
7
7.2
7.2

C1
2
4
5
6
9
11
12
14
15
16
19
20
23
C2
7
10
13
17
18
21
22
24
C3
1
3
8
26
C4

461.62
688
503
539
467
487
309
380
476
384
346
506
493
423
648.4
595
673
683
660
510
828
730
508
1017
1172
991
882
1023
2050

EC

285.62
370
350
394
303
330
201
210
250
227
210
297
290
281
372.9
316
395
378
380
289
489
439
297
713.5
810
760
530
754
1446

TDS
401.2
440
300
316
368
376
420
308
400
528
340
508
448
464
368
440
348
308
388
256
296
392
516
611
500
700
800
444
836

TH
57.57
67.33
33.67
46.49
64.13
54.51
68.94
38.48
70.54
76.57
49.7
69.78
58.94
49.32
48.22
44.3
40.08
46.49
54.51
48.48
41.68
48.1
62.14
68.84
80.16
25.65
105.81
63.75
112.22

Ca2+
56.20
66.37
52.7
42.8
50.75
58.56
60.51
51.73
54.66
56.13
52.7
49.3
67.34
67.1
59.9
66.13
60.51
46.85
61.49
59.04
46.85
66.37
71.98
100.65
63.2
155.18
130.78
53.44
135.66

Mg2+
90.50
110.99
117.43
140.38
76.36
60.14
86.65
78.67
63.28
88.68
53.42
132.84
76.27
91.45
133.98
107.08
193.73
129.13
116.83
44.86
152.05
200.96
127.18
178.33
163.86
241.72
109.61
198.13
576.87

Na+
15.07
15.93
11.68
14.31
14.44
14.75
21.14
12.74
17.75
13.33
13.68
12.16
15.66
18.36
20.03
19.87
18.59
20.75
19.63
13.16
18.74
21.54
27.98
22.24
40.74
21.72
13
13.51
26.29

K+
462.75
427
475.8
500.2
439.2
439.2
475.8
366
536.8
536.8
378.2
523.4
451.4
466
573.88
561.2
756.4
536.8
536.8
461.2
558.8
658.8
521
548.75
375.2
768.6
561.2
490
292.8

HCO3–
32.06
92.39
41.11
22.41
11.93
32.07
23.14
24.28
24.29
21.19
21.65
30.28
32.76
39.32
47.05
35.96
30.13
58.86
73.85
32.07
58.28
28.64
58.59
67.81
40.65
7.004
94.57
129.02
102.81

SO42–
0.97
0.653
1.474
1.048
0.877
0.683
0.998
1.447
0.907
1.192
1.044
0.771
0.414
1.044
1.03
0.793
0.714
0.687
0.763
0.695
1.128
2.207
1.249
0.59
0.463
0.307
0.774
0.831
0.717

F–
7.91
0
7.56
19.55
10.8
2.38
5.47
4.08
14.34
4.44
10.83
0
11.25
12.09
19.02
26.83
7.87
17.55
26.94
19.23
12.37
21.47
19.92
17.08
4.27
1.68
28.03
34.35
0

NO3–
70.38
92.3
42.6
42.6
163.3
35.5
142
63.9
49.7
42.6
35.5
68.4
71
65.5
80.20
7.1
7.1
120.7
85.2
48.4
148.5
142
82.6
267.99
257
475.7
213
126.27
1278

Cl–
0.06
0.06
0.05
0.05
0.06
0.05
0.05
0.06
0.06
0.05
0.05
0.06
0.06
0.06
0.05
0.05
0.06
0.02
0.05
0.05
0.05
0.06
0.07
0.06
0.06
0.05
0.07
0.06
0.05

PO43–
6.30
9.74
6.36
9.21
–5.17
8.16
1.20
8.03
1.07
8.88
9.26
9.87
8.51
8.16
2.50
9.37
8.51
–5.46
0.56
–1.92
–6.44
3.91
10.00
4.63
9.56
–2.12
8.95
5.30
–0.58

IBE %

HPR+Industry
HPR
Residential
HPR+Industrial
Industrial

Agriculture
Res+Agri
HPR
Res+Agri
Agriculture
Industrial
HPR
Residential

Res+Agri
Res+Agri
Agriculture
Res+Agri
Res+Agri
Agriculture
Res+Industrial
Agriculture
Res+Agri
Res+Agri
Agriculture
Agriculture
Res+Agri

Land use

All the parameters are in mg/L units except pH (on the scale), EC in lS/cm, TH in mg/L as CaCO3; Bold: mean cluster’s value; HPR: Highly Populated Residential area;
Res+Agri: Residential and Agricultural land use type.

25 (n=1)

(n=4)

(n=8)

(n=13)

pH

Site no. (n=26)

Table 2. Major ions concentrations of groundwater samples and HCA based clusters.
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Figure 3. Dendrogram of HCA of sampling locations using
Ward’s method with squared Euclidean distance.
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(Bgure 4). Out of these four agglomerates, Cluster 4
was found dissimilar to the groups and with each
other, representing a significant anomaly that might
be due to the presence of exceeding values of
majority of the parameters found at this particular
location (site 25) nearest to an industrial area
(table 2). Such an anomaly would facilitate in
understanding the acute inCuencing factors that
promote hydrogeochemical variability in that region
with respect to land-use domain. The major ions
chemistry of the clusters were designated by mean
values as averaging of the multi-datasets of water
quality conveniently identiBes crucial factors that
seize hydrogeochemical processes and seasonal
eAects can become diminutive (Masindi and Abiye
2018). Moreover, insights were drawn from spatial
assessment mapping of major ions concentrations in
the study area with respect to clustered outputs
(Bgure 5a–n). Also, the existing nature of major ions
chemistry was equated with the past studies within
this region (table 3).

Figure 4. Spatial distribution of the clusters in Ghaziabad district of Uttar Pradesh, India.
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Figure 5. (a–n) Spatial mapping of major ions chemistry of groundwater based on Q-HCA clusters.

4.1.1 Field parameters of groundwater
(pH, TDS, EC)
pH of the groundwater divulges important insights
in geochemical equilibrium or solubility measures
(Hem 1991). pH marked slight alkalinity for most
of the samples in all the clusters. However, pH of
sampling sites from Cluster 1 (site 2), Cluster 2
(sites 17, 18, 21), and Cluster 3 (sites 1, 3, 8) were

showing relatively lower pH (pH B 7.1) in the
southern, northeastern and western parts of the
district (Bgure 5a). The agricultural runoA,
releasing eAluents and wastewater from residential
and industrial domains, brick kilns that are located
nearby to these sites might have deCected the lower
pH values (table 2). Similar results of pH in
industrial areas were attributed by Kumari et al.
(2014) and past studies in this region evidently
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Figure 5. (Continued.)

showed that overall pH of the groundwater is
primarily alkaline in nature (table 3).
EC and TDS are significant parameters that
provide direct indication towards inCuencing nature of the hydrogeochemical processes within the
groundwater regime. Signalling of the inorganic
pollution of water is usually attributed by the
gradual deposition of salts for the prolonged years

(Chatterjee et al. 2010). EC and TDS mean values
were found in lower concentrations for Cluster 1
(461.62 lS/cm and 285.62 mg/L) and Cluster 2
(648.4 lS/cm and 372.9 mg/L), respectively
(table 2). These clusters have recorded concentrations establishing lower and moderate mineralized
groupings where irrigational dilution of the water
constituents might have associated with constant
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Figure 5. (Continued.)

underneath recharging in the peri-urban areas. In
comparison, mean values of EC and TDS in Cluster
3 (1017 lS/cm and 713.5 mg/L) and Cluster 4
(2050 lS/cm and 1446 mg/L) were found in
exceeding concentrations and ascribed as highly
mineralized clusters in northwestern and southwestern parts (Bgure 5b, c) that might have got
discharged from the major Sahibabad industrial
estate located in the southwestern part of the district. Also, higher evaporative functions (in drier
months) that have concentrated the salt deposition
with illicit and abundant mineralization (Subba
Rao 2018) that eventually aggravates the amount
of dissolved ions in the groundwater (Rina et al.
2013). These higher enrichments of the dissolved
salts get discharged into the groundwater allied to
the nearby inhabitation of densely residential and
industrial areas (Kumari et al. 2014). As observed
in the past studies, the results were in the accordance with the higher trends of EC and TDS
(table 3).
Hardness of the groundwater is constituted by
the dissolution/deposition of major ions and formation of salt complexes acquired from underlain
regime of geological processes. According to Sawyer and McCarty (1967), hardness [300 mg/L as
CaCO3 depicts very hard water category and was
attributed tendency of about 92% of the total
groundwater samples. Cluster 1 and 2 were found
with mean values of hardness with 401.2 and 368
mg/L as CaCO3 under lower density urban and
peri-urban zones. However, surpassing mean values
of TH were found in Cluster 3 and 4 with 611 and
836 mg/L as CaCO3, respectively (table 2) asserted
the releasing eAects of highly mineralized water
and indicative of domestic wastewaters and

industrial eAluent discharges from nearby populated urban land use settlements in northwestern
and southwestern parts (Bgure 5d). Also, the
results from the previous studies have established
the fact that groundwater within the region is of
hardened category (table 3).
4.1.2 Groundwater major cations
The salt complexes of divalent cations (Ca2+ and
Mg2+) drive the hardness of water, and subsequent
addition of these cations is governed by contiguity
with the geological characteristics, i.e., prolonged
leaching via dissolution of limestone, dolomites,
gypsum, and anhydrite in the groundwater (Garrels 1976; Thomson et al. 1999). Moreover, sewer
and industrial wastes are some of the anthropogenic sources of these alkaline earth metals
(Subrahmanyam and Yadaiah 2001). The mean
values of cations in Cluster 1 (Ca2+: 57.57 mg/L;
Mg2+: 56.20 mg/L) and Cluster 2 (Ca2+: 48.22 mg/
L; Mg2+: 59.9 mg/L) recorded in lower proportions
(table 2). This suggested that subsequent weathering, dissolution, leaching from the soil and alluvium lithology entailing sand, silt, clay and
granules form of CaCO3 (Kankar) might be the
reason behind the occurrence of these cations in the
peri-urban regions. However, profusion of these
cations in Cluster 3 (Ca2+: 68.84 mg/L; Mg2+:
100.65 mg/L) and Cluster 4 (Ca2+: 83.6 mg/L;
Mg2+: 112.22 mg/L) were encountered in southwestern and northern parts (Bgure 5e and f) and
attributable to the inCuence arising from anthropogenic forces such as industrial and residential
proximity at corresponding sites of densely populated urban areas. Kumari et al. (2014) also

Ghaziabad district

PRM, May
(2010);
n=22
PRM, May
(2017);
n=26
PRM,
(May
2018);
n=26

August
(2010);
n=15
PRM, May
(2011);
n=250
PRM,
May;
n=30

Season
(year); no.
of samples
Ca2+

Mg2+

7.28 665.62 422.92

7.50 1044

643.85

771

7.4

920

1452

7.09 2270

1803.4 1198.8

440

309.23

335

–

406.6

58.53

68.25

–

67.24

33.97

–

K+

HCO3

368.1

136.10

160.45

–

264.1

370

18.13 503.64

17.91 363.08

–

87.48 –

9.8

442.20 129.99 394.00

Na+

158.50 120.50 1033.41

36.9

75.4

TH

7.3

TDS
13.19

EC

7.74 2167.6 1434.33 307.87 138.27

pH

F

0.5

–

0.82

44.89 0.92

52.99 –

38.2

–

100.6

152.94 0.35

SO42

12.43

–

25.2

–

5.9

2.94

NO3

150.25

123.76

327

–

275.4

451.77

Cl

0.05

–

–

–

0.03

0.002

PO43

Tyagi and
Sarma
(2020)
This study

Chabukdhara
et al. (2017)

Kumari et al.
(2014)

Singh et al.
(2014)

Singh et al.
(2012)

Reference
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Ghaziabad district

Bulandshahar road
industrial area and
Meerut road industrial
area
Peri-urban and urbanindustrial clusters

In the village of
LutfullapurNawada,
Loni
Region of Indo-Gangetic
plain

Study location in
Ghaziabad district

Table 3. Past study analysis of major ions concentrations of groundwater within the Ghaziabad district.
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reported similar traits of these cations in higher
concentrations (table 3).
Na+ is an essential element that constitutes 53–69%
of the total cations in majority of the natural waters
found in the earth’s crust. Silicate weathering and
dissolution, major ion exchange processes, and gradual
discharges from domestic and irrigation practices seem
to regulate excess loads of Na+ in the groundwater
chemistry (Singh et al. 2014; Krishna Kumar et al.
2015). Conversely, K+ is stipulated in very lower
concentrations in water compared to other cations and
derived from combined natural and mixed (point and
non-point) sources, for instance, carbonate and silicate
weathering of rocks, leaching of soil salts, eAluents
discharged by domestic and industrial sewages, and
proliBc use of fertilizers in agricultural activities may
raise the level of K+ (Jammel and Hussain 2003;
Ravish et al. 2020). The mean values of alkali metals,
i.e., Na+ and K+ in the respective clusters were
observed in the increasing order as followed: Cluster 1
(Na+: 90.50 mg/L; K+: 15.07 mg/L), Cluster 2 (Na+:
133.98 mg/L; K+: 20.03 mg/L), Cluster 3 (Na+: 178.33
mg/L; K+: 22.24 mg/L), and Cluster 4 (Na+: 576.87
mg/L; K+: 26.29 mg/L) (table 2). Therefore, the lowlevel of these cations in the peri-urban (northern and
central) parts conBrmed the recharging of the
groundwater for Cluster 1 and 2 and their predominance in southwestern parts for Cluster 3 and 4 conBrmed the occurrence from residential and industrial
point sources (Bgure 5g and h).

4.1.3 Groundwater major anions
The transitional forms of dissolved carbonates
(CO32) gradually acquire bicarbonate (HCO3) as
one of the abundant anions in the groundwater
when inter-mixing of recharged waters takes place
in the underlying aquifers (Singh et al. 2014).
HCO3 was found comparatively higher in Cluster 1
(sites 14, 15); Cluster 2 (sites 7, 10, 13, 17, 21, 22)
and Cluster 3 (sites 3, 8) with mean value of 462.75,
573.88 and 548.75 mg/L, respectively, (table 2)
particularly in northern parts of peri-urban regions,
and northwestern and southern parts of populated
urban regions (Bgure 5i). This might be assumed to
be larger in concentrations incidentally due to
released CO2 from atmospheric and soil’s decomposed organic matter (Subba 2002), subsequent
leaching from carbonate or silicate salts (Ravish
et al. 2020), heavy runoA conditions arising from
cultivating Belds, and from urbanized wastewater
intrusion. Contrastingly, lowest value of HCO3
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was observed at Cluster 4 (292.8 mg/L). The past
studies evidently supported the bicarbonate type of
groundwater chemistry within the region (table 3).
SO42 naturally gets assimilated from minerals
like Barite (BeSO4), Epsomite (MgSO4.7H2O),
Gypsum (CaSO4.2H2O), and Anhydrite (CaSO4)
(Greenwood and Earnshaw 1984). The mean values
of SO42 at Cluster 1 and 2 were comparatively
lower in accordance with Cluster 3 and 4 (table 2).
The presence of reh soils (saline soils) that consists
of mixture of NaSO4 traces of Ca and Mg salts in
the plains of studied region might be responsible for
SO42 incidences (Ansari 1985). Several anthropogenic routes such as deposition from the atmosphere, fossil fuel and industrial discharges, sulfatebearing fertilizers and bacterial oxidation of sulfur
compounds could also be the prominent source of
SO42 (Papatheodorou et al. 2006; Samantara et al.
2015). Thus, it clearly highlighted the illicit eAluent runoA from nearest industrial units of Sahibabad with populated residential areas and
responsible for its increased content particularly in
southwestern parts (Bgure 5j). Similar values were
attributed by Singh et al. (2012) in the village of
Lutfullapur Nawada, Loni, and Singh et al. (2014)
in the region of Indo-Gangetic plain (table 3).
The requirement of F is prescribed in trace
amounts for the development of teeth and bones;
however, exposure in traversed values, i.e., F [
1.5 mg/L cause Cuorosis (WHO 2011). F found
within the permissible limits in all the clusters,
however, exceeding values were found in Cluster 1
(at sites 4, 12) which might have released and got
stored from the F emission as hydrogen Cuoride
(HF2) in the surrounding soil from nearest brick
kilns activities (Uooj and Ahmad 2017). From
Cluster 2 (site 22), the release of F might be allied
with Meerut road and Bulandshahr road industrial
area within the district (table 2 and Bgure 5k).
Similar results were corroborated by the previous
studies and reported the permissible limits of F
within the region (table 3).
Fertilizers usage, animal and manure farming,
atmospheric deposition, industrial and municipal
discharges from septic tanks, are some of the key
sources of NO3 found in groundwater (Liu et al.
2005). The concentration of NO3 was considerably
higher in Cluster 2 (sites 7, 13, 17, 18, 22, 24) and
Cluster 3 (sites 8, 26) with the mean value of 19.02
and 17.08 mg/L, respectively where prominence of
NO3 releases were corroborated with proximity to
agricultural sites and populated residential areas
(table 2). This might have occurred due to fertilizer
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usage in crops cultivation like wheat, paddy, sugarcane, etc., in agricultural patches notably in
northern peri-urban parts and domestic sewer/
wastewater discharges in southern parts (Bgure 5l).
In relation to past studies, varied concentrations of
NO3 were reported and suggested the prominent
pollution of NO3 primarily from anthropogenic
sources such as fertilizers and domestic sewage
discharges (Chabukdhara et al. 2017) (table 3).
Cl ions into the subsurface water generally derive
from non-lithological sources like domestic waste
waters, inCows from septic tanks and sewage eAluents,
irrigational return Cows, and use of chemical fertilizers
(Hem 1991; Todd and Mays 2005; Subba Rao 2010;
Samantara et al. 2015). The lower mean values of Cl
ions were found in Clusters 1 and 2, whereas maximum
mean values were observed in Cluster 4 (site 25) and 3
(site 3) (table 2). Subsequent mixing of seepages from
nearest industrial Sahibabad area could be the
imposing factor for elevating Cl levels (Bgure 5m).
Similar higher levels of Cl were reported in the past
studies (Singh et al. 2012, 2014; Chabukdhara et al.
2017). PO43 is particularly found in soil constituents
and also used in fertilizers as NPK constituents.
However, its considerable mean values were present in
all the clusters within the region and thus, soil leaching
processes might have contributed the phosphate ions
presence (table 2 and Bgure 5n). Also, few studies have
reported the levels of PO43 (table 3).
Q-HCA based clustering has eAectively created
absolute clusters of the sampling sites. Spatial mapping of EC, TDS, hardness, major cations and anions
were found in relatively lower concentrations for the
sites of Cluster 1 and 2, categorized as low or moderately mineralized groupings due to the environs of
lower densities of urban and peri-urban areas in
northern, northeastern and central regions. However,
prominence of these constituents particularly for the
sites of Cluster 3 and 4 were categorized as highly
mineralized groupings caused by the main eAects of
heavy eAluents that got released from highly populated residential colonies and industrial setups in the
urban fringes of the southern and southwestern
regions.

4.2 Cluster-based graphical characterization
of hydrogeochemical types and processes
As shown in Schoeller diagram (Bgure 6), the
compositional trends of the cations chemistry in
order of their mean dominance were as follows: Na+
[ Mg2+ [ Ca2+ [ K+ whereas mean abundance of
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the anions was followed in the order of: HCO3 [
Cl [ SO42[ NO3 [ F [ PO43 and trend was
also similar with the past studies (table 2). However, for Cluster 4 (site 25), the order of anions was
Cl [ HCO3 [ SO42 and suggested that the
eAluents’ percolation and seepages from residential
and industrial lands would definitely causing the
variations within the hydrogeochemical processes
within the groundwater regime.
4.2.1 Controlling mechanism
of hydrogeochemistry
Gibbs (1970) explicates the controlling mechanism
behind the interacting groundwater via evaporation, rock–water interaction and precipitation
(rainfall) zones in order to decipher the dominance
of these processes involved in the regulation of
hydrogeochemistry. The ionic concentrations as
cation and anion ratios were plotted against TDS
(mg/L) as:
Gibbs Anion plot I : Cl =Cl þ HCO
3;

ð2Þ

Gibbs Cation plot II : Naþ þ Kþ =Naþ þ Kþ
þ Ca2þ :

ð3Þ

In the Gibbs Anion plot I, Clusters 1, 2 and 3 were
subsidizing within the rock–water interacting zone
inducing weathering and dissolution eAects into the
groundwater (Bgure 7). However, Cluster 4 (site 25)
falling in rock–water intermediate zone, the slight
shift of sample towards evaporation–crystallization
zone might be indicative of the higher values of TDS
and Cl reported at this site ([1000 mg/L) as
discussed in earlier sections (table 2). Also, it can be
stated that wherever Cl levels were exceeding
200 mg/L, groundwater was subjected to get
inCuence from anthropogenic sources such as
irrigational return Cows, and residential–industrial
inCows (Holden 1970). A similar trend in the
rock–water interaction zone was observed in Gibbs
Cation plot II, where Cluster 3 (site 25) and Cluster 4
(site 26) again got inCuenced by the excess release of
cations, i.e., Na with respect to increase in TDS and
thus, falling close to evaporation–crystallization
zone. The rock–water transition, particularly in the
alluvial plains, is the simulating route for the
chemistry of groundwater (Raju et al. 2011).
Therefore, it can be communicated that controlling
mechanism of the groundwater chemistry were
having substantial rock–water interaction processes
in the alluvial plains.
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Figure 6. Schoeller diagram showing trends of major ion chemistry based on HCA clusters.

Figure 7. Clusters’ distribution in Gibb’s plot showing controlling mechanism of groundwater chemistry.

The significant anomaly of the sites such as
Cluster 3 (site 3) and 4 (site 25) were primarily
identiBed as a potential source of the solute constituents’ releasing from the surface input inCows
(urbanized-industrial land use) causing abundance
of Na and Cl ions at the southern parts along with
lower proportions of rainfall received in a drier
month. Such condition induces salinization or
‘evapoconcentrates’ of the solutes, thereby shifting
the chemistry to upper right of the Gibbs plot, i.e.,
close to evaporative zones (Marandi and Shand
2018).
4.2.2 Hydrogeochemical facies and processes
regulating groundwater chemistry
Piper (1953) represents the diverse form of
hydrogeochemical facies and water types through

distribution plot of major cations and anions as
predominant complexes and infers the prevalence
of hydrogeochemistry of groundwater in a more
definite manner. The overall nature of groundwater through piper trilinear diamond plot
showed that alkaline earth exceeded alkalis
(Ca2++Mg2+ [ Na++K+) and weak acid exceeded strong acids (CO3+HCO3[ SO42+Cl)
(Bgure 8). About *65% of the total corresponding
samples of Clusters 1, 2 and 3 constituted the
composition of Ca–Mg–HCO3 hydrogeochemical
facies and suggested that genesis of groundwater
chemistry was predominantly of bicarbonate
(HCO3) type, therefore groundwater were
acquiring temporary hardness (carbonate). Rest of
the samples (*30% of Cluster 1, 2 and 3) were
falling under mixed zone, i.e., no cation–anion composition was found dominant and groundwater type
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cannot be known (Todd and Mays 2005) as given
in table 4. Also, majority of the cation and anion
plot comprised of mixed type (no dominant type)
and bicarbonate type of composition in the
groundwater, respectively. Samples of Cluster 1, 2
and 3 in cation plot were under no dominant zone
(b) and proposed the mixing of water either from
cation exchange among Ca–Mg–Na or reverse ion
exchange processes (Davis and Dewiest 1966) with
simultaneous interaction with HCO3 type in anion
plot (e) taking place in the underlying aquifers.
Similar results were reported by Singh et al. (2014)
and Tyagi and Sarma (2020) in this region.
The exception of Cluster 4 (site 25) constituted
Na+K–Cl–SO4 type of hydrogeochemical composition in the central plot. This validated its case of
being a dissimilar entity among the groups and
prime possibility of falling under evaporative zone
of Gibbs Plot as excessive salinization (or mineralization) due to Na and Cl dominance in the
cation and anion plot (Bgure 7). The key factor for
its placement is either attributed from the nearest
industrial activities or encountered unless cement
pollution is present (Ravikumar et al. 2015). Similarly, slight shift of the samples from Cluster 3
towards increasing Cl levels (in anion plot) might
be due to reverse ion exchange of Na–Cl waters in
that region that was introduced from secondary
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inCuences from anthropic sources as discussed
earlier (Thin et al. 2018).
Chadha’s (1999) introduced an extension to Piper
trilinear plot that describes hydrogeochemical processes and classify natural waters in a decipherable
manner. The Chadha’s plot is constructed by plotting
concentrations of differences between alkaline earth
(Ca2++Mg2+) and alkali metals (Na++K+) on X axis
and concentrations of differences between weak acidic
anions (HCO3) and strong acidic anions (Cl+
SO42) on Y-axis, all expressed in milliequivalent
percentage (meq/L%). The four quadrants of the
rectangular model, along with eight regions designate
four water types of hydrogeochemical processes and
proportions of the constituents, respectively (Bgure 9).
Samples of Cluster 1 and 2 showed (Ca2++Mg2+)
exceeded (Na++K+) (region 1) and (CO3+HCO3)
exceeded (Cl+SO4) (region 3). Also, same samples
found dominated with (Ca2++Mg2+) over (Na++K+)
and (CO3+HCO3) exceeded over (Cl+SO4) (region
5). Only few samples (region 6) showed (Ca2++Mg2+)
over (Na++K+) and (Cl+SO4) over (CO3+HCO3).
Half of the samples belonging to Cluster 1 and 2
(*53% of the samples) comprised Ca–Mg–HCO3 type
and expressed their nature of recharging water
(quadrant I). This is usually formed when water
Cowing from surfaces passes into the groundwater,
thereby transferring dissolved CO3 in the HCO3

Figure 8. Clusters’ hydrochemical water type facies in Piper trilinear plot.
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form carrying along with geochemically mobile Ca ions
(Ravikumar et al. 2017). Therefore, groundwater from
this region might have acquired recharging water from
lithological dissolution and additional inCows from
nearest irrigational water (Ravikumar et al. 2015).
Remaining 26% of the total samples from Cluster 1 and
2 constituted Na–HCO3 type and formed through base
ion exchange reactions (quadrant IV). This occurs
when interaction of Ca–HCO3 type of fresh water
takes place with Na–Cl (mixed seawater or mineralized water) introduced by anthropogenic source
(Ravikumar et al. 2017). A similar result of Chadha’s
plot was accredited with the HCO3 dominant Ca–Mg
type of hydrochemical facies (Singh et al. 2014).
Interestingly, samples from Cluster 2 (sites 10, 13, 21,
22) were found in the no-dominant zone (mixed type)
in the trilinear plot and therefore, divulged their
occurrence from base ion exchange water (i.e.,
Na–HCO3 type of groundwater) in Chadha’s plot.
Samples of Cluster 3 and 4 (region 2) showed
(Na++K+) exceeded (Ca2++Mg2+) and (Cl+SO4)
exceeded (CO3+HCO3) (region 4) and implied
(Na++K+) and (Cl+SO4) exceeded over (Ca2++
Mg2+) and (CO3+HCO3) (region 7). Also,
Cluster 3 (site 8) predominantly inCuenced by the
reverse ion exchange and slight mixing of
Ca–Mg–HCO3 with soluble forms of Cl causing
Ca–Mg–Cl complexes (quadrant II). The plotting
of Cluster 3 (sites 1, 3, 26) and Cluster 4 (25)
(quadrant III) has conBrmed the inCuence from
pollutants and extreme levels of dissolved matter
released from nearest land use activities (dense
populated urban area) that evidently promote
salinization of the groundwater quality. The

placement of these respective clusters in Chadha’s
plot was observed in proper congruence with the
trilinear plot (table 4).

4.3 Major ionic binary plots
In addition to anthropic inCuences, it is important
to note the variability and contribution of geogenic
processes in the overall hydrogeochemistry. The
discrepancies among the chemical ionic species are
used to implicate the main inCuencing mechanism
prevailing within the groundwater hydrogeochemistry in the host territory (Gu€ler et al. 2002; Elango
and Kannan 2007). The underlying parent material
is occupied by the oxidized silt–sand and clay
fractions
acquired
from
quartzite–phyllite
arrangements and thus, are also expected to control the primary processes. Thus, major ionic plots
can be used to predict the chemical weathering,
evaporation or ion-exchange phenomenon with
respect to inter-ionic relations (binary plots) that
are invariably regulating processes in the alluvial
plains of the studied region.

4.3.1 Silicate weathering
Silicate weathering is one of the prime processes
governing the divergence within the major ionic
chemistry of groundwater (Mackenzie and Garrells
1965). Na+ and K+ are the most abundant constituent anion released into the groundwater either
from silicate minerals weathering or by the end

Figure 9. Chadha’s plot representing groundwater hydrogeochemical water type facies and processes.
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products as clay materials (Sajil Kumar and James
2016; Li et al. 2018). The major ionic binary (scatter)
plot of Ca2++Mg2+ vs. Na++K+ explains the contribution of silicate weathering (Bgure 10a). Samples
from Cluster 1 and 2 were residing below and close to
the equiline (1:1). This conBrmed that source of Na+
and K+ ions were silicate weathering processes and
being regulated by the addition of recharge water (as
discussed in the Chadha’s plot). However, Cluster 3
(sites 3, 8) above the equiline showed their lesser
prominence towards silicate weathering and might be
regulated by the base exchange or reverse ion
exchange processes. Furthermore, Cluster 4 (site 25)
in the zone of silicate weathering was mainly regulated by the excess dissolution of Na generated from
varied salinization/mineralization input inCows from
nearest land use activities as discussed earlier. The
plot of Na++K+ vs. Cl+SO42 also made it apparent as majority of the samples from Cluster 1 and 2
were placed below 1:1 equiline, indicating the dominance of Na++K+ in the groundwater that might
have originated from mineralogical soil, silicate
weathering, cation exchange process, dissolution of
rock salts and sodium-bearing minerals (Kumar et al.
2009) along with anthropic recharges and runoAs
from arable lands. Cluster 3 (sites 1, 3, 8) was placed
close to equiline 1:1 indicating that, apart from natural inCuences, releases particularly from highly
populated urbanization would be contributing factor
(Singh et al. 2014). Subsequently, excessive mineralization of saline eAluent intrusion from Cluster 4 (site
25) was indicative of pollution discharges and falling
above all the samples (Bgure 10b).
The distribution of ions in Ca2++Mg2+ vs.
HCO3+SO42 binary plot (Datta and Tyagi
1996) was applied to determine the reacting status
of ion exchange that might contribute to the
weathering processes (Bgure 10d). In this plot,
samples with an excess of HCO3+SO42 over
Ca2++Mg2+ tend to shift to the right (below
equiline 1:1) indicating silicate weathering phenomenon, whereas excess of Ca2++Mg2+ over
HCO3+SO42 tend to shift to the left (above
equiline 1:1) depicting carbonate weathering process (Fisher and Mullican 1997; Subba Rao and
Surya Rao 2010; Kanagaraj et al. 2018). Samples of
Cluster 1, 2 and 3 (site 26) were placed below 1:1
equiline suggesting that silicate weathering is the
controlling process for inducing Ca ions into the
groundwater by the action of H2CO3 due to which
subsurface water attained dissolved salts and regulating the excess of HCO3 ions in the basin as
explained in equation (4).
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Table 4. Comparison of hydrogeochemical characterization of Q-HCA based clusters on Piper and Chadha’s plot.
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Figure 10. Major ionic binary plots based on HCA Cluster. (a) Ca2++Mg2+ vs. Na++K+; (b) Na++K+ vs. Cl+SO42; (c) Na+
vs. Cl; and (d) Ca2++Mg2+ vs. HCO3+SO42. Dotted line is equiline (1:1) line.

ðCationsÞ ðSilicatesÞ þ H2 CO3
! H4 SiO4 þ HCO
3 þ Cations þ Clay: ð4Þ
The geological formations of Quaternary seidments
comprised of phyllite-quartzite/slates, which are
peculiar source for silicates in the form of
phyllosilicates or clayey facies and can be found as
sodium montmorillonite, sodium aluminosilicate or
albite aluminosilicate (Kaur et al. 2019). Clayey soils
that consist of higher Na+ concentrations are
dispersive in nature under the presence of low saline
waters (Shainberg et al. 1980). Also, if silicate
weathering is the source of Na+ cations, groundwater
within the region should have HCO3 as the dominant
anion (Rogers 1989; Li et al. 2018) which was clearly
expressed in the dominance order of the ions given in
earlier sections. Samples of Cluster 3 (sites 1, 3, 8)
and Cluster 4 (site 25) explained the prevalence
of Ca2++Mg2+ over HCO3+SO42 suggested
carbonate weathering (calcite or dolomite mineral in
this case) and contributes to the addition of Ca2+ ions
in the groundwater (Kumar et al. 2009). However,
anthropogenic pollution was the prime factor causing
the prevalence of Ca or Mg ions in response to ionexchange process (Bgure 10d).

4.3.2 Evaporation processes
Evaporation is one of the prominent natural processes, mostly occurring in arid and semi-arid
regions that intensify the levels of the ions concentration in the groundwater under shallower
water depth levels (Sajil Kumar and James 2016;
Thin et al. 2018). The increase in TDS concentrations with unchanged Na/Cl ratios predicts
evaporation or evapotranspiration phenomenon
(Jankowski and Acworth 1997).
In the binary plot of Na+ vs. Cl (Bgure 10c),
Cluster 1 and 2 fall below the equiline (1:1) and
dominance of Na+ over Cl ion concentrations
explained the cause of recharged water from

agricultural Belds, domestic releases and mainly
due to silicate weathering (Meyback 1987) from the
underground lithological systems. However, Cluster 3 (sites 1, 3, 8) and Cluster 4 (site 25) lie above
the equiline (1:1) depicting excess of Cl ions in the
groundwater and potential sources for this alteration caused by the addition of residential domestic
sewage and industrial eAluents.
According to Meyback (1987), Na/Cl ratios can
be applied in order to check the contribution of
evaporation processes in the groundwater where
Na+/Cl ratios in water [1, predicts the silicate
weathering (as provide Na+ ions) as were evidently
observed in Clusters 1 and 2 and Na+/Cl \ 1
indicated exposure of anthropogenic pollution
which was found in the case of Cluster 3 (sites 1, 3,
8) and 4 (site 25) (Srinivasamoorthy et al. 2008;
Thin et al. 2018). Similar Bndings were reported by
Kaur et al. (2019) in the alluvial plains of river
Yamuna in northern India with respect to controlling processes of hydrogeochemical characterization of groundwater.
4.3.3 Ion exchange
Ion exchange is one of the regulating processes that
have significant inCuence on the origin of hydrogeochemical features of groundwater. Schoeller
(1977) formulated the ion exchange processes
where interaction of groundwater within its conducting Cow obtains hydrogeochemical regime in
the form of chloro-alkaline indices (CAI) in meq/L
as given in the following equations (5) and (6):
CAI-I ¼ ½Cl  ðNaþ þ Kþ Þ = Cl ;

ð5Þ


CAI-II ¼ ½Cl ðNaþ þ Kþ Þ=ðSO2
4 þ HCO3

þ CO2
3 þ NO3 Þ:

ð6Þ

According to the above equations, the positive
value of indices indicates equilibrium condition
with direct base exchange reaction (reverse ion
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exchange) where Na++K+ in the groundwater gets
exchanged with Ca2++Mg2+ present in the
underlying rocks, whereas the negative value of
indices suggests indirect base exchange reaction
(cation–anion exchange) with disequilibrium
conditions. The plotting of chemical ionic forms of
the samples showed that majority of the samples
from Clusters 1, 2 and 3 having negative value
and inferring imbalanced proportions through
indirect base exchange of Ca2++Mg2+ present in
groundwater systems with Na++K+ present in
underlain lithology (Bgure 11). Thus, the dominance
of Na++K+ in the groundwater was corroborated
with graphical plots which showed that cation–anion
exchange was a conducing phenomenon in the
hydrogeochemistry of the groundwater (Schoeller
1977; Thakur et al. 2016). Samples of Cluster 3
(sites 3, 8) and Cluster 4 (site 25) with positive index
value suggested reverse ion exchange process. Also,
the indication for ion exchange in the formation of
salinization in turn, releases Na ions from clay
constituents and thereby replacing Ca2+ ions in the
groundwater and vice-versa (Thin et al. 2018) by the
following equation (7):
2Naþ þ Ca ðMgÞ-Clay


! Na-Clay þ Ca2þ Mg2þ :

ð7Þ

4.3.4 Mineral dissolution/precipitation
The geochemical modelling of the mineral phases is
widely applied for envisaging the mineral dissolution or precipitation state and predicts the mineralogical characteristics in a groundwater regime.
The mineral equilibrium was calculated by saturation indices for the mineral phase through geochemical model (PHREEQC software) by the
following equation (8):
SI ¼ log10 ðKIAP = KSP Þ;

ð8Þ

where SI is the saturation index, KIAP is the
ion activity product of a speciBc solid phase, and
KSP is the solubility product of that corresponding
solid phase. SI \ 0 represents dissolution (undersaturation), SI [ 0 depicts precipitation (oversaturation), and SI = 0 indicates equilibrium
(saturation) phase within the mineral and solution.
Summarized statistics of saturation state of
carbonate minerals was presented in table 5 and
plots of saturation index (SI) of different minerals
with respect to TDS (mg/L) were illustrated in
Bgure 12. The samples from Cluster 1 and 2 showed

positive SI mean value of minerals 0.15, 0.29 and
1.05 of aragonite (CaCO3), calcite (CaCO3) and
dolomite (CaMg(CO3)2), respectively associated to
lower range of TDS concentration (\500 mg/L)
and revealing over-saturated phase. Further,
deposition mechanism in the groundwater in drier
months of the sampling might have occurred after
the action of recharging water (Bgure 12). The
oversaturated state of these minerals might have
also originated from the occurrence of kanker
(concentrates of calcium carbonate) found in the
older alluvial geology of Indo-Gangetic plains.
However, over-saturated phase of Clusters 3 and 4
were falling in the range of moderate TDS
(500–1000 mg/L) and high TDS values (*1500
mg/L), respectively (Bgure 12a–c). Hence, accumulation of dissolved solids found in evaporative
conditions during the dry season (Hem 1991) and
the secondary contribution from anthropogenic
regions might be the inputs that are controlling the
accretion phase of these clusters.
On the contrary, minerals like anhydrite
(CaSO4) and gypsum (CaSO4.2H2O) showing
negative SI mean value –2.57 and –2.32, respectively (table 5) in all the clusters but within
similar ranges of TDS concentrations and further,
suggested that potential of groundwater to dissolve mineral complexes. In addition to this, irrigational inCow from agricultural Belds has also
added to the dissolution level of gypsum or
anhydrite.

4.4 Factors controlling significant processes
in hydrogeochemistry of groundwater
4.4.1 Correlation matrix
Correlation matrix is one of the encountered
methods for analyzing the significant statistical
relationship among multiple variables. The association among a large number of variables can
eDciently highlight interrelated complexes of primary reactions that are either significantly strong
or weak complexes formed by existing water
chemistry (Li et al. 2011). Strength of the association between two variables with r C 0.5 was
computed as positively/negatively correlated in
the Pearson’s correlation coefBcients matrix
(table 6).
A very strong positive correlation (r C 0.500;
significant at p \ 0.01) was encountered by EC
with TDS (r = 0.986); Na+ (0.911); Cl– (0.883); TH
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Figure 11. Cluster-based ion exchange processes by Schoeller (1977).

Figure 12. (a–e) Plots of saturation index (SI) of minerals with respect to TDS (mg/L).

Table 5. Statistics related to saturation index of the mineral phases.
Minerals

Aragonite

Calcite

Dolomite

Anhydrite

Gypsum

Min.
Max.
Mean
Std. dev.

–0.43
0.63
0.15
0.25

–0.29
0.77
0.29
0.25

0.2
1.78
1.05
0.41

–3.77
–1.98
–2.57
0.36

–3.54
–1.73
–2.32
0.36

(0.639); Mg2+ (0.623) and SO42– (0.582) indicative
of heavy loads of dissolved matter that registered
with high mineralization (EC) in contiguity to the
natural processes and recharges arising from
inCuences of land use activities into the groundwater. Likewise, TDS constituted a positive correlation with TH (0.646); Mg2+ (0.638); Na+
(0.915); Cl– (0.894) and SO42– (0.532) revealed
constant addition of dominant major solutes along

the Cow path of groundwater and comparable
result was also estimated by Wu et al. (2014).
Implicitly, a positive correlation of hardness (TH)
was noticed with Mg2+ (r=0.869) as compared to
Ca2+ (0.673); along with Na+ (0.603) and Cl
(0.700) significant at p \ 0.01 promoting very hard
water and dissolution from discharged constituents
such as mineral weathering inputs, residential
sewage, irrigational return Cow, and industrial
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1
–0.145
0.375
0.358
0.103

1
0.167
–0.210
0.140

1
–0.284
0.063

1
–0.079

1

seepages. Other marked association was significantly evident among ions complexes of Ca2+–Cl–,
Na+–Mg2+ and Mg2+–Cl– (p\0.01) and complexes
with weak correlation among Na+–K+, Ca2+–SO42–
and Na+–SO42– (p \ 0.05) which got derived from
ions exchange processes under the inCuence of
recharging water and deposition states of the
minerals in the groundwater. Significant positive
association of Na+–Cl– (0.912) determined the
common origin of the salinization source, i.e.,
either from the silicate weathering or from the
nearest unrestricted industrial eAluents and
domestic sewage discharges. This was also corroborated by major ions bivariate plots depicting
evaporation processes. Distantly, natural processes
of mineral weathering, rock–water interface,
recharge chemistry, dissolution/precipitation, or
evaporation were some of the factors that might
have contributed along with manmade factors in
the complexes formation of these solutes in the
groundwater.

1
–0.229
0.044
0.227
–0.249
0.000

4.4.2 Factor analysis (FA)
*Correlation is significant at the 0.05 level.
**Correlation is significant at the 0.01 level (2-tailed) r C 0.5: strong positively correlated.

1
–0.044
0.076
–0.165
–0.104
0.398*
0.024
1
0.405*
–0.046
0.431*
–0.081
–0.174
0.912**
–0.066
pH
EC
TDS
TH
Ca2+
Mg2+
Na+
K+
HCO3
SO42
F
NO3
Cl
PO43

1
–0.484*
–0.444*
–0.217
–0.028
–0.424*
–0.239
–0.228
–0.229
–0.351
0.343
–0.256
–0.287
0.053

1
0.986**
0.639**
0.492*
0.623**
0.911**
0.498**
–0.131
0.582**
–0.272
–0.058
0.883**
–0.027

1
0.646**
0.455*
0.638**
0.915**
0.483*
–0.141
0.532**
–0.277
–0.091
0.894**
–0.025

1
0.673**
0.869**
0.603**
0.292
0.022
0.365
–0.305
–0.120
0.700**
0.302

1
0.346
0.377
0.224
–0.428*
0.492*
–0.198
–0.042
0.515**
0.304

1
0.590**
0.247
0.197
0.233
–0.320
–0.111
0.706**
0.163

K+
Mg2+
Ca2+
TH
TDS
EC
pH

Table 6. Correlation matrix of the major ions in the groundwater chemistry.
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Na+

HCO3

SO42

F

NO3

Cl

PO43
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Factor analysis is applied to observe variance
among multiple inter-correlated variables and
thereby, reducing the dimensionality of the large
dataset. FA was performed on 14 parameters of
groundwater quality and analyzed the samples
altogether in order to deduce involving factors in
deriving hydrogeochemistry of the groundwater
through factor loadings and factor scores of the
parameters and groundwater samples. Significant,
orthogonal (uncorrelated) and latent variables
were extracted with Eigen values [1 as a potential
component loading factor that served as highly
inCuencing characteristics in the regional hydrogeochemistry and would preserve the originality of
the dataset. For strengthening the arguments of
chemical variables over the region that specifically
regulates groundwater major ions chemistry is
better implicit by factor scores. Factor loadings
communicate spatial similarity between variables
and single factor component, whereas factor scores
depict the similarity between observed sample
points and each factor component. Regression
based factor scores are easy to compute and
establishes intensity of the hydrogeochemical processes (Hardle and Simar 2007). For an orthogonal
solution, factor scores are uncorrelated and provide
relative impact of factors at each observation
point. The strength of the factor scores can be
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described as high positive factor scores (C1); where
areas mostly aAected by processes, negative factor
scores (\0); where areas remain unaffected by the
processes and near-zero factor scores (*0) highlight areas usually aAected by the processes (Dalton and Upchurch 1978; Subba Rao et al. 2006).
Rotated factor loadings, Eigen values, percentage of variance (%) and cumulative percentage of
variance (%) were presented in table 7. First Bve
varimax rotated factor component loadings
demonstrated 83.238% of the total variance and
were expressed as strong (C0.75), moderate
(0.75–0.50) and weak (0.50–0.30) loadings
(Bgure 13). The inCuencing strength of the factor
scores (of the processes) were spatially represented
within the district (Bgure 14a–e).
First factor (F1) component showed 36.697% of
the total variance characterized by positive loadings of the variables, viz., EC, TDS, TH, Mg2+,
Na+, K+, and Cl. The group of constituents (EC,
TDS, Na+, and Cl) with strong positive loadings
C 0.75 represented mineral enrichment. Clusterbased spatial distribution of factor scores was used
to reveal the inCuencing processes at speciBc sampling regions and therefore, a high positive F1 score
eventually regulated the processes in southwestern
parts where Cluster 3 (sites 1 and 3) and Cluster 4
(site 25) have been found prevalent under urbanland use type of the study area. Hence, illicit discharges from industrial and densely populated
residential areas can be easily connoted with the

strong groupings of parameters (EC, TDS, Na+,
and Cl) imparting salinity enrichment within
southwestern part of the district. Rest of the area
was naturally aAected by the characteristics of
hardened groundwater and was supported by
moderate and weak positive loadings of TH
(0.629), Mg2+ (0.660) and Ca2+ (0.365) variables,
respectively, that have acquired the characteristics
from mineral dissolution and silicate weathering
processes (Bgure 14a).
The second (F2) and third (F3) factors constituted 12.48% and 11.842% of the total variance,
respectively. Majority of the region within the
district was induced by near-zero factor scores
marking averagely inCuenced processes in relation
to the moderate loadings of TH and Ca2+ and
therefore imparting temporary hardness of the
groundwater within the region (Bgure 14b). Strong
loading of PO43 and positive factor score at
Cluster 2 (24) and Cluster 3 (site 8) might be
associated by the action of leaching processes due
to soil salt complexes, fertilizer (potash) usage and
nearest irrigational runoA (Subba Rao 2010).
Similarly, the highest positive loadings of NO3
(0.86) and moderate loading of SO42 (0.729) in F3
loadings indicated their occurrence primarily from
anthropogenic sources such as agricultural chemical fertilizers and manure, urban sewage and
industrial inCows (Dragon 2006) and can be correlated with highest positive factor scores at
Cluster 3 (sites 8, 26) and Cluster 2 (site 17) in the

Table 7. Rotated factor loadings, Eigen values, % variance and % cumulative variance.
Parameters
pH
EC
TDS
TH
Ca2+
Mg2+
Na+
K+
HCO3–
SO42–
F–
NO3–
Cl–
PO43–
Eigen values
% variance
% Cumulative variance

F1
0.932
0.937
0.629
0.660
0.962
0.544

F2

F3

F4

–0.509

0.334

0.661
0.566
0.470

F5

0.574

–0.921
0.729
0.942
0.860
0.935
5.138
36.697
36.697

0.840
1.747
12.481
49.178

1.658
11.842
61.019

1.621
11.576
72.595

1.490
10.643
83.238
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Figure 13. Factor component matrix presented with strong (C0.75), moderate (0.75–0.50) and weak (0.50–0.3) loading.

vicinity of dense residential complexes and agricultural Belds, respectively. Negative weak loading
of an independent parameter of pH (–0.509) was
showing insignificant contribution to the inCuencing processes of the groundwater chemistry.
Fourth factor (F4) explained the overall loading
of 11.576% of the total variance and carried moderate positive loading of Ca2+ (0.576). Contrastingly, strong negative loading of HCO3 (–0.921)
showed that groundwater chemistry in the underlying aquifers was persisted with higher residence
span which caters bicarbonate type of chemistry.
The contrast eAects in the factor loadings of Ca2+
and HCO3 ions can be asserted with the precipitation of CaCO3 based minerals (as found oversaturated by the positive SI) that depletes Ca2+
and HCO3 ions and subsequent dominance of Na+
and Cl takes place (Subba Rao 2010). According
to F4 score, majority of the area within the district
was inCuenced by the bicarbonate type of water
and therefore, mineral dissolution and cation
exchange processes were the predominant processes that stimulated groundwater major ions
chemistry (Bgure 14d). Fifth component (F5) with
10.643% of total variance explained as least inCuencing factor; however, the possible emissions of
F can be stated due to scattered units of brick
kilns, stone crushing and steel iron-based small
units within the district. Positive score of F5
potentially registered inCuencing processes at
locations where Cuoride pollution was found in
exceeding levels in the groundwater samples and
propounded that source was anthropogenic in
nature (Bgure 14e).

Factor analysis with Bve factor loadings were
correlated with spatial intensiBcation of hydrogeochemical processes highlighted by factor score.
It has concluded that F1 loadings were primarily
responsible for the significant factors and accounted for strong positive loadings of the parameters
([0.75) related to discharges from anthropogenic
units which were evidently controlled by Clusters 3
and 4 as discussed in the previous sections. F2 and
F3 loadings asserted the mixed inCuence from
positive loadings of parameters. The parameters
with strong positive loadings were released from
agricultural activities in peri-urban regions. Also,
the occurrence of hardened groundwater by geogenic settings was explained from moderate loadings. F4 loadings were registered by mineral
dissolution, enrichment of salts, and ion exchange
processes in majority of the area. The least inCuencing loading of F5 contributed the Cuoride based
emissions. Therefore, groundwater quality in the
suburban district of Ghaziabad was greatly aAected by the majority of the pollutants and has been
predominantly inCuencing from anthropogenic as
compared to geogenic sources. Lastly, the study
can be strongly presented by further correlating
the major ionic data along with litho-log and
speciBc yield and were some of the major limitation
of the study.

5. Conclusions
The following insights can be concluded out of this
study:
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Figure 14. (a–e) Spatial distribution of factor scores to identify relative impact of processes within the district.

• The raw data of major ions was grouped (QHCA) into four clusters. Cluster 1 and 2 were
found to be moderately mineralized located in
low dense urban and peri-urban regions in
central, northern and northeastern parts of the
districts. However, exceeding limits of several
parameters have contributed to excessive mineralization where Cluster 3 and 4 was located in
highly populated residential and industrial centers, particularly in southwestern and southern
parts.

• Graphical characterization highlighted the inCuencing nature of groundwater hydrogeochemistry based on HCA-clusters. The underlying
controlling mechanism revealed the dominance
of rock–water interaction and slight shift of
Cluster 4 (site 25) towards evaporation–crystallization zone. Comparable Bndings of Piper and
Chadha’s plots revealed that Cluster 1, 2 and 3
constituted Ca–Mg–HCO3 and mixed type of
hydrogeochemical facies regulating with recharging water, base-exchange and reverse ion
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exchange processes, respectively. However,
Cluster 4 has the composition of Na+K–Cl–SO4
type of water facies and salinization processes
(anthropic enrichment) was the controlling
pathways.
• The major ionic binary plots revealed that
silicate weathering is the dominant phenomenon
in Cluster 1 and 2 and Cluster 3 and 4 revealed
the contribution of salinization from anthropic
sources governed by the evaporation processes.
Similarly, ion exchange processes (chloro alkaline indices) divulged the cation–anion exchange
as the dominant reaction mechanism; however,
Clusters 3 and 4 were categorized with baseexchange and reverse ion exchange processes,
respectively. Saturation indices by geochemical
modelling attributed the precipitation (SI[0) of
aragonite, calcite and dolomite and dissolution
(SI \ 0) of anhydrite and gypsum.
• The major ion complexes were checked with
Pearson’s correlation matrix and showed significant association within the groundwater chemistry. These associations were further conBrmed
by factor loadings and spatial distribution of
factor scores based on cluster analysis. Strong
loadings of F1 consequently discharged from
adjacently located anthropogenic inputs aDrmed
from Cluster 3 and 4; whereas strong and
moderate loadings of F2 and F3, suggestive of
mixed process (natural and man-made inputs).
F4 loadings controlled by the geochemistry from
geogenic processes and least inCuencing F5
loading released Cuoride-based pollution and
were markedly observed in southwestern, northwestern and northern regions as per spatial
assessment of factor scores.
• The rationale of this study on prior Q-HCA
based clustering has expounded major ions
chemistry of groundwater that can easily identify the inCuencing nature of dissimilar groups in
comparison to similar groups. Also, potentially
demarcate the significant controlling factors
from geogenic and non-geogenic systems within
the groundwater chemistry in the investigated
region.
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