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Abstract: Continuous groundwater quality monitoring is crucial for ensuring safe drinking and
irrigation by mitigating risks from geochemical contaminants through appropriate treatment methods.
Therefore, the primary objective of this study was to assess the suitability of groundwater collected
from Lucknow, India, for both drinking and irrigation. Forty samples were collected from different
sites within the study area to evaluate groundwater quality. Various parameters such as pH, turbidity,
total dissolved solids (TDS), chlorides (Cl−), total alkalinity, total hardness, sulphate (SO2−

4 ), nitrate
(NO−3 ), fluorides (F−), iron (Fe), arsenic (As), magnesium (Mg2+), and calcium (Ca2+) were analyzed.
The weighted arithmetic water quality index (WAWQI), a vital rating system representing overall
water quality, was employed to classify the water into different categories, such as very good,
good, moderate, poor, and unfit for drinking. This classification is invaluable for public awareness
and decision-making to make informed decisions regarding effective management, treatment, and
sustainable societal development on a broader scale. A correlation matrix was generated and analyzed
to observe correlations between the various parameters. Additionally, spatial distribution maps for
the analyzed parameters and WQI were prepared using the inverse distance weighted (IDW) method.
The study found that WQI values in the area ranged from 2.64 to 168.68, indicating good water
quality in most places except for the Kukrail region, where the water quality is unfit for drinking
purposes. The water quality map shows that 86% of the area falls under the very good category,
14.63% under good to moderate quality, and 0.37% is categorized as unfit for drinking. Consequently,
the findings suggest that the groundwater in the studied area is safe and suitable for drinking and
irrigation purposes.

Keywords: groundwater contamination; arsenic; nitrate; water quality index; geographical
information system

1. Introduction

For the past decade, the world economic forum has identified the degradation of
freshwater resources as one of the top ten most critical global risks. Failing to tackle
this immense challenge could result in severe repercussions for numerous sustainable
development goals (SDGs) [1]. More than 40% of water bodies assessed in 89 countries
were severely polluted [2]. In India, 80% of the water resources are classified as degraded,
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and the Ganges River has been listed as the most polluted river in the world. The Citarum
River in Indonesia is the world’s second most polluted river, heavily impacted by human
settlements. Similarly, due to rapid industrialization, China’s Yellow River holds the
unenviable rank of the third dirtiest river [3]. Unfortunately, water quality data collection
remains infrequent in many countries, leaving over 3 billion people at risk with unknown
health of their freshwater ecosystems [4]. Conservation of the environment and protecting
the water quality is one of the essential responsibilities of all peoples around the globe [5].
Urbanization worldwide is causing severe problems for water quality, arriving from various
sources and being gathered in vast bodies of water [6]. Water plays a very significant role in
the regulation of climate as well as in providing shape to the land. It is among those natural
resources that have a crucial impact on entire ecosystems. The need for groundwater has
increased several times due to rapid urbanization and industrialization, increasing strain
on water resources, especially groundwater. The degraded quality of groundwater also
endangers the health of humans and has incurred significant costs to cure the different
types of waterborne diseases. The swift urbanization, industrialization, and agricultural
development rate have also caused groundwater pollution in various regions of the country
due to over-exploitation and pollution of groundwater resources. This results in adverse
environmental impacts that affect the long-term sustainability of groundwater resources. A
vast portion of the population of India depends on groundwater for drinking [7]. Human
activities, including excessive exploitation and improper waste disposal from domestic,
agricultural, and industrial sources, severely impact groundwater reservoirs’ availability
and quality (Figure 1) [8–10].
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As a result, human health is at risk due to cultivation practices in general, particularly
those involving excessive fertilizer usage, unhygienic conditions, and the discharge of
wastewater into groundwater [11]. Groundwater quality varies due to seasonal changes,
depth, subsurface environment, and leached dissolved salts [9,12]. According to the World
Health Organization, nearly 80% of human diseases are transmitted through water [13].
It becomes very troublesome to restore the water quality if groundwater is polluted once.
Therefore, it becomes crucial to regularly monitor groundwater quality and find means and
ways to prevent pollution. Groundwater quality has been analyzed for different chemical,
physical, and biological properties [14]. The groundwater quality data are crucial for
treating and assessing analytical determination values and indicating a water resource’s
quality. Classifying groundwater becomes much more feasible based on the principles of
WQIs [15–20]. Water quality indices (WQIs) are mathematical tools employed to classify
water quality [21,22]. They are crucial in summarizing and simplifying various analytical
determination values, indicating a water resource’s quality [23,24]. The issues of water
quality and quantity are directly interconnected with socio-economic development.

Aggregation functions and sub-indicator development are the main building blocks
for water quality indicators. A WQI represents the overall condition of water under various
requirements of the environment.

Groundwater quality assessment and monitoring have been routinely performed using
geographic information system (GIS) techniques complemented by IDW interpolation
methods. These are powerful tools for investigating and analyzing spatial information
about water resources that have been developed in recent years [18,25–29]. It is a time-
efficient and economically viable method to show the associations, sources, and trends of
groundwater pollution by transforming massive datasets to produce a variety of projections
and spatial distribution maps. GIS technology was used in this work for spatial analysis of
different groundwater parameters.

This study’s primary objective is to assess the suitability of groundwater for drinking
purposes using geographic information systems (GISs) and a WQI. The physicochemical
properties of forty groundwater samples from tube wells and hand pumps were analyzed
and compared to international standards set by BIS and WHO, employing the WQI for
drinking and domestic purposes. The WQI, initially introduced by Horton in 1965 [30],
involves a weighted arithmetic calculation. Several researchers [31–36] have proposed
different WQI models based on rating and weighing various water quality parameters
using the weighted arithmetic method. The WQI is a distinct numerical rating that reflects
the overall water quality condition, indicating categories like very good, good, moderate,
poor, and unfit for drinking at a specific time and location based on different water quality
parameters. Its values vary between 0 and 100. The WQI is, therefore, a crucial tool for
comparing and managing groundwater quality in any distinct region [37]. It also assists
in selecting economically viable and appropriate treatment processes to address issues
associated with quality. It demonstrates the information on water quality to legislative
decision-makers and the public, to help make strict policies and execute programs related
to water quality [16,18,20,38].

This paper aims: (a) to investigate and interpret the groundwater quality in the study
area and (b) to evaluate its suitability for drinking and irrigation purposes in the region.

2. Study Area

Lucknow city is the capital of Uttar Pradesh; it lies between 26◦30′ and 27◦10′ N
latitude and 80◦32′ and 81◦12′ E longitude, and it has an area of approximately 2528 km2

(Figure 2). The Gomati River flows through the center of the city. She is a principal
tributary of the Ganga River, which is a significant source of water for domestic, as well as
irrigation purposes. There are much higher population densities in the cities of the Ganga
Plain compared to central India, as they are employed in large-scale agriculture practices.
Lucknow, the capital city, has an approximate population of about 4,589,838 [39]. It enjoys
a sub-tropical climate with three definite seasons, viz. monsoon, winter, and summer, and
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a mean yearly rainfall of about 676 mm. There is a maximum temperature of about 45 ◦C
in May, which decreases to 5 ◦C in January. The city has a flat alluvial plain within the
central Ganga Plain that generally slopes towards the southeast. Sharda Canal is the central
canal utilized for domestic and irrigation and various other uses in the region, although
groundwater has been widely utilized for drinking, irrigation, and other purposes. It has
been noticed that approximately 77% of irrigated areas are cultivated using groundwater
resources [40–43].
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Geological and hydrogeological set-up reveals that the study area comprises mainly
flat alluvial plains where elevations vary from 102 to 130 m over sea level, sloping towards
the southeast, and is a part of the central Ganga Plain. Groundwater is mainly found within
loose alluvial sediments and pore spaces under a semi-confined and phreatic state [44–48].

The Quaternary sedimentary deposits in this region are divided into new alluvial
deposits and old alluvial deposits; the ancient deposits of alluvial consist mainly of clay, silt,
and sand without kankar (small pebbles), and the new alluvial deposits are comprised of
clay, silt, and sand having fine to coarse grains. The presence of thick Quaternary sediments
in the plain of central Ganga forms a multi-layered system of aquifer in the region, which is
the best aquifer from a hydrogeological point of view, and due to this, there is the existence
of groundwater in the area. Since the plain of Ganga has unconsolidated alluvial sediments,
potential aquifers and groundwater availability in these alluvial belts are regulated by the
proportions of clay and sand layers and their relative thickness. The sand layer forms the
most significant aquifer, and the aquifer’s potential increases as sorting increases. Hand
pumps are the primary tool for water extraction in this zone, particularly utilized for
drinking [48–51].

3. Materials and Methods

Forty groundwater samples have been collected from forty distinctive regional stations
following standard methods as recommended by [32,52]. Samples were collected from
tube wells, hand pumps, and boreholes, representing both deep and shallow aquifers, to
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reflect the groundwater chemistry in the study area accurately. Sampling stations were
uniformly distributed throughout the entire study area. One-liter capacity bottles made of
high-density polyethylene (HDPE) were sterilized using aseptic techniques to prevent any
potential contamination and subsequent alterations to the groundwater’s characteristics.
The samples were stored in a portable ice box and transported to a state-level water
analysis laboratory, U.P. Jal Nigam, Lucknow, for physio-chemical analysis. In the chemical
laboratory, the samples were stored at 4–5 ◦C. The thirteen groundwater quality parameters
of all forty samples were analyzed using standard methods [32,52]. Unstable parameters,
namely pH and turbidity, were determined using a pH-meter and turbidity-meter. The
gravimetric method was employed to determine TDS. The analysis involved volumetric
titrations to measure chloride, total alkalinity, and total hardness. Sulphate levels were
assessed via the turbidimetric method, while nitrate and fluoride concentrations were
measured using UV screening and ion-selective electrode methods, respectively. Iron,
arsenic, magnesium, and calcium were analyzed utilizing the ICP-MS technique (Table 1).
The study carefully considered the data quality assurance and quality control (QA/QC)
procedures. Half of the sample volume, 500 mL, was meticulously separated and examined
in the laboratory as part of the QA/QC mechanisms to ensure reliable results.

Table 1. Details of analyzed physio-chemical parameters, methods of analysis, and instruments used.

Parameters Abbreviation Method Adopted Instrument Used

pH pH Electrometric method pH meter

Turbidity Turb Nephelometric method Turbidity meter

Total dissolved solids TDS Gravimetric method Electronic balance, hot air, oven

Chloride Cl− Titrimetric method –

Total alkalinity T-Alk Titrimetric method –

Total hardness T-Hard Titrimetric method –

Sulphate SO2−
4 Turbidimetric method Spectrophotometer

Nitrate NO−3 UV screening method Spectrophotometer

Fluoride F− Ion selective electrode method Ion meter

Iron Fe ICP-MS ICP-MS

Arsenic As ICP-MS ICP-MS

Magnesium Mg2+ ICP-MS ICP-MS

Calcium Ca2+ ICP-MS ICP-MS

Spatial distribution maps were generated using the inverse distance weighted (IDW)
interpolation tool, an efficient technique to show the spatial interpolation of groundwater
quality parameters [53,54]. Different zones of groundwater quality parameters were de-
picted on spatial distribution maps, specifically the desirable/permissible and acceptable
ranges for drinking purposes based on BIS (2012, 2015) and WHO (2017). Statistical eval-
uation of the analyzed groundwater quality parameters was established, as depicted in
Table 2. A correlation matrix was also created, as shown in Table 3.
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Table 2. Statistical analysis of analyzed physio-chemical parameters of groundwater quality in the
study area.

Parameters Unit Standards of Drinking Water Statistical Analysis of Observed Values

BIS
(2012, 2015) WHO (2017) Min. Max. Mean SD (σ) Relative

Weight (Wi)

pH (On Scale) 6.5–8.5 7–8 7.32 8.25 7.69 0.19 0.001123

Turbidity (NTU *) 1.00–5.00 – 1.2 19.04 2.40 2.96 0.001909

TDS
(

mgL−1
)

500–2000 600–1000 300 1090 539.15 160.26 0.000019

Cl−
(

mgL−1
)

250–1000 250 14.68 112 50.94 30.74 0.000038

Total alkalinity
(

mgL−1
)

200–600 – 170 490 320.25 66.95 0.000047

Total hardness
(

mgL−1
)

200–600 200 190 495 316.62 74.87 0.000031(
SO2−

4

) (
mgL−1

)
200–400 250 2 160 26.58 31.66 0.000047(

NO−3
) (

mgL−1
)

45 50 0.43 100 23.26 27.01 0.000212

(F−)
(

mgL−1
)

1–1.5 1.5 0.15 1.15 0.45 0.24 0.009547

(Fe)
(

mgL−1
)

0.3–1.0 0.3 0.01 0.5 0.05 0.09 0.031825

(As)
(

mgL−1
)

0.01–0.05 – 0.0002 0.017 0.0012 0.0026 0.954752

(Mg2+)
(

mgL−1
)

30–100 – 17.9 122.79 48.39 26.11 0.000318

(Ca2+)
(

mgL−1
)

75–200 100–300 8.1 75 20.30 11.77 0.000127

Note(s): * NTU indicates nephelometric turbidity unit.

Table 3. Correlation matrix of groundwater quality parameters.

PH Turbidity TDS Cl−
Total

Alkalinity
Total

Hardness SO2−
4 NO−3 F− Fe As Mg2+ Ca2+

PH 1

Turbidity 0.63 1

TDS −0.23 0.02 1

Cl− 0.59 0.92 0.15 1

Total
alkalinity −0.64 –0.61 0.54 −0.61 1

Total
hardness −0.19 0.16 0.35 −0.02 0.19 1

SO2−
4 0.68 0.83 0.16 0.94 −0.67 −0.09 1

NO−3 –0.22 0.35 0.62 0.5 0.01 0.42 0.41 1

F− 0.5 0.62 –0.37 0.56 −0.66 −0.22 0.55 −0.01 1

Fe 0.21 0.57 −0.18 0.58 −0.58 0.05 0.48 0.22 0.47 1

As 0.6 0.88 −0.17 0.9 −0.82 −0.11 0.88 0.29 0.58 0.6 1

Mg2+ −0.56 −0.51 0.41 −0.64 0.74 0.7 −0.66 0.05 −0.62 −0.45 −0.76 1

Ca2+ 0.69 0.9 −0.14 0.88 −0.8 0.08 0.88 0.32 0.74 0.61 0.89 −0.61 1

3.1. Ground Water Quality Parameters
3.1.1. Hydrogen Ion Concentration (pH)

The pH varied between 7.32 (minimum) to 8.25 (maximum) in this study in Figure 3,
which is within the acceptable range and indicates the alkalinity of groundwater (the ideal
pH range for drinking purposes is 6.5–8.5).



Water 2023, 15, 3048 7 of 26Water 2023, 15, x FOR PEER REVIEW 7 of 27 
 

 

 

Figure 3. Spatial distribution of pH across the study region. 

3.1.2. Turbidity 

The relative clarity of any liquid is measured by turbidity. It measures the proportion 

of light dispersed by substances in the water when the water sample is illuminated. Ex-

cessive turbidity in water is not pleasing and can be a health hazard. If the causes of high 

turbidity are not addressed, the regrowth of waterborne pathogens can be accelerated, 

leading to waterborne diseases [55]. The permissible limits for turbidity are 1 to 5 NTU, 

respectively, as per IS:10500-2012. In the current study, turbidity varied between 1.2 to 

19.04 NTU, which exceeds the permissible range, as shown in Figure 4. 

 

Figure 4. Spatial distribution of turbidity across the study region. 

Figure 3. Spatial distribution of pH across the study region.

3.1.2. Turbidity

The relative clarity of any liquid is measured by turbidity. It measures the proportion of
light dispersed by substances in the water when the water sample is illuminated. Excessive
turbidity in water is not pleasing and can be a health hazard. If the causes of high turbidity
are not addressed, the regrowth of waterborne pathogens can be accelerated, leading to
waterborne diseases [55]. The permissible limits for turbidity are 1 to 5 NTU, respectively,
as per IS:10500-2012. In the current study, turbidity varied between 1.2 to 19.04 NTU, which
exceeds the permissible range, as shown in Figure 4.
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3.1.3. Total Dissolved Solids (TDS)

In this study, TDS varied from 300 to 1090 mgL−1 (TDS for safe water by BIS is <500 mgL−1).
The primary sources of TDS are cultivation practices, leaching of soil, urban runoff, and sources
of point pollution that discharge through industry or sewage treatment plants [53,56].

3.1.4. Chloride (Cl−)

Chloride concentration ranged from 14.68 to 112 mgL−1, within the permissible range
(250 mgL−1). High chloride content in groundwater is harmful to the health of human
beings [57].

3.1.5. Total Alkalinity

The acceptable range for alkalinity in drinking water is up to 200 mgL−1, above which
water tastes bitter [58]. Alkalinity ranged from 170 to 490 mgL−1 in this study, which is
within acceptable limits (600 mgL−1).

3.1.6. Total Hardness

In this study, the hardness in water ranged from 190 to 495 mgL−1, which is within
the acceptable range (600 mgL−1). Heart diseases and kidney stones can be caused due to
high concentrations of hardness in groundwater [59].

3.1.7. Sulphate (SO2−
4 )

Sulphate concentration varied from 2 to 160 mgL−1 in the current work, within the
acceptable range of 200 mgL−1 [60].

3.1.8. Nitrate (NO−3 )

Nitrate is a naturally existing ion and is an integral part of the nitrogen cycle. How-
ever, nitrate in groundwater is troublesome because it can cause Methemoglobinemia in
children under six months [60–62]. Generally, high nitrogen concentration beyond the
permissible range of 45 mgL−1 [57] poses a health hazard [63]. In the present study, nitrate
concentrations range from 0.43 to 100 mgL−1, exceeding the permissible range. High
nitrate concentrations in drinking water increase health risks in pregnant women and
newborns [64].

3.1.9. Fluoride (F−)

Fluoride is a common constituent of groundwater. Natural sources are connected to
various types of rocks and volcanic activity. Agricultural (use of phosphatic fertilizers) and
industrial (clays used in ceramic industries or burning of coals) activities also contribute
to high fluoride concentrations in groundwater [65]. It is among the lightest halogens and
the most reactive elements [66]. It is usually found as a trace quantity or a significant ion
in high concentration [67]. Fluoride is present in groundwater mainly through the interac-
tion of fluoride-bearing minerals and host rocks with groundwater. This study’s fluoride
concentration varied from 0.15 to 1.15 mgL−1, within the acceptable limit (1–1.5 mgL−1).

3.1.10. Iron (Fe)

The most frequent source of iron in groundwater is the weathering of iron-containing
mineral rocks. Iron exists naturally in the aquifers in the Fe2+ state, but the concentration
of iron rises after its dissolution in groundwater. It is soluble in this form and does not
typically cause any health hazard, but when the Fe2+ state is oxidized to the Fe3+ state,
insoluble hydroxides are formed in groundwater due to its contact with atmospheric
oxygen [68]. Therefore, compared with surface water, there are higher iron concentrations
in the groundwater. The iron content varied from 0.01 to 0.5 mgL−1, within the acceptable
range of 1.0 mgL−1 [60–62].
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3.1.11. Arsenic (As)

Arsenic content in the studied area’s water fluctuated between 0.0002 to 0.017 mgL−1,
within the permissible limit of 0.01 to 0.05 mgL−1. Arsenic concentration can be significantly
elevated in groundwater with sulfide mineral deposits and volcanic rock deposits. Arsenic
also enters the atmosphere through natural biomethylation and reduces to arsine at low
temperatures. Long-term ingestion of arsenic-contaminated water can cause skin lesions,
hard patches on the palms and soles of the feet (hyperkeratosis), diabetes, pulmonary
disease, and cardiovascular disease [2].

3.1.12. Magnesium (Mg2+)

Magnesium concentration is a significant parameter that affects the hardness of water.
Magnesium concentration varied between 17.9 to 122.79 mgL−1, more than the acceptable
range (100 mgL−1).

3.1.13. Calcium (Ca2+)

Calcium is introduced into the aquifer system through the leaching of calcium-containing
minerals. Calcium concentration varied from 8.1 to 75 mgL−1, within the permissible limits
(200 mgL−1).

3.2. Water Quality Index (WQI)

This study utilized all thirteen parameters to calculate the WQI. The WQI was deter-
mined based on drinking water quality standards set by the Indian Council for Medical
Research [63], the Bureau of Standards of India (BIS), and the World Health Organiza-
tion [55]. The weighted arithmetic index method [64] was employed to calculate the WQI
for water, involving the following successive steps.

3.2.1. Weightage Factor (W i)

The parameters’ weights (w i) were allocated based on their importance in ensuring
water quality. The weightage factor was determined in the following manner.

Wi = wi/∑n
i=1 wi

where Wi indicates relative weight, wi indicates the weight of every parameter, and n
indicates the number of parameters.

3.2.2. Calculation of Sub-Index (Qi)/Quality Rating

The calculation of the sub-index is as follows:

(Sub− index) Qi = (Ve −Vi)/(Vs −Vi)× 100

where Ve indicates an estimated value for the ith parameter, Vi indicates an ideal value for
the ith parameter, Vs indicates a standard permissible value for the ith parameter, and Qi
indicates the quality rating for the ith water quality parameter.

3.2.3. Calculation of WQI

To calculate WQI, first there is a calculation of the sub-index for every parameter with
the use of the following formula:

SIi = wi × qi

where SIi indicates the sub-index of its parameter, qi indicates the sub-rating based on the
concentration of ith, and n represents the numbers of the parameter.

Each value of the sub-index of each groundwater sample was added to calculate the
overall WQI [34,66,67].

WQI = ∑ SIi

Calculated values of WQI were classified into five different categories: very good,
good, poor, very poor, and unfit for drinking, as depicted in Table 4.
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Table 4. Groundwater quality as per WQI range.

WQI Category

0–34 Very good

35–44 Good

45–54 Moderate

55–64 Poor

>65 Unfit for drinking

4. Result
4.1. Correlations Matrix and Statistical Assessment

Groundwater quality parameters were assessed for the tabulation of the correlation
matrix and general statistical analysis, as given in Tables 2 and 3. A correlation matrix
of thirteen different parameters was created with the help of MS Excel 2017. Among the
thirteen parameters, pH positively correlates with turbidity, chloride, sulphate, and calcium.
Turbidity is significantly correlated with chloride, fluoride, and arsenic. Chloride has a
positive correlation with sulphate, fluoride, and calcium. Sulphate positively correlates
with arsenic and calcium, and alkalinity negatively correlates with hardness, fluoride, and
arsenic. Fluoride is negatively correlated with arsenic.

Among the maximum quality parameters, there is a positive correlation with each
other. Higher concentrations of Fe and As can trigger the presence of other heavy metals
such as Pb, Cd, and Cr. As they are much more critical and crucial heavy metals, they
require careful monitoring for the future groundwater quality of the region. The presence
of Fe, (SO2−

4 ), and
(
NO−3

)
can lead to the existence of cadmium [69].

4.2. Spatial Distribution Pattern

The spatial distribution pattern was generated from groundwater quality parameters,
as depicted in Figures 3–15. The spatial distribution map of pH shows that the north-central
part has alkaline water, as illustrated in Figure 3. Therefore, an alkali pH is more advanta-
geous for forming fluoride solutions [70–72]. Turbidity exceeds the permissible range in
the east-central part, making it unfit for drinking. The alkalinity is most significant in the
central patches and eventually decreases outward, as shown in Figure 7. It is clear from the
spatial distribution pattern of total hardness that there is moderately hard groundwater in
the study area, especially in the central region. Sulphate lies inside the acceptable range
in the region and is a crucial quality parameter. The spatial distribution map of chloride
reveals that the distribution of chloride is low in the area (Figure 6). Fluoride distribution is
highest in the north-central part of the region. Its concentration is within the acceptable
range (Figure 10). Several factors contribute to fluoride concentration in groundwater; in
particular pH, temperature, absence or presence of complexed or precipitated colloids and
ions, the solubility of fluoride-containing minerals (apatite and biotite), the aquifer anion
exchange capacity, the size and type of formations that the groundwater passes through,
and the time of contact that the water persists in association with these formations are the
leading causes of formation of fluoride in groundwater [73]. The extensive use of nitrogen
fertilizers like urea, ammonium nitrate, ammonium sulphate, dry ammonium phosphate,
NPK, and NP complex [74] have led to an increase in nitrate levels in both surface water and
groundwater over the past five decades. Since soils do not absorb nitrates, they are leached
into surface water bodies and groundwater. Elevated nitrate levels in drinking water can
result in a severe blood disorder known as ‘blue baby syndrome’ or Methemoglobinemia,
particularly affecting infants under six months old. Moreover, there is a potential link
between excessive nitrate consumption and the synthesis of carcinogenic nitrosamines in
the human body [75]. The nitrate concentration exceeds the acceptable range in the central
region, which may affect human health (Figure 10). Further, ammonification of animal
waste and plant and animal remains in soil produces ammonia that endures nitrification.
Unlined septic tanks and unplanned sewage systems may cause high nitrate concentrations
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in the region, contaminating the phreatic aquifers [76–78]. There is a requirement for regu-
lar monitoring to evaluate the effects of nitrate on the health of humans. The concentration
of heavy metals does not have any notable existence in the region (Figures 12 and 13). The
study shows that there is varying concentration of iron throughout the study area, but its
concentration is within the acceptable limit. Once (Fe2+ ) is converted into the ( Fe3+) state,
it becomes harmful and causes health hazards. This situation can be avoided by increasing
groundwater levels in the affected areas through groundwater recharge (Figure 12). The
concentration of arsenic falls within the permissible range, as indicated in Figure 13. The
study area displays fluctuating but acceptable calcium concentration levels, as depicted in
Figure 15. Additionally, the magnesium concentration in the north-central region slightly
surpasses the permissible range (Figure 14).
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4.3. Water Quality Index

Using Arc-GIS 10.8, WQI maps were created based on selected quality parameters
illustrating various quality classes at each hydro station, including very good, good, mod-
erate, poor, and unsuitable for drinking (Tables 4 and 5, Figure 16). The WQI map reveals
that 86% of the area exhibits very good groundwater quality, 14.63% falls under the good
to moderate quality range (35–45), and only 0.37% is considered unsuitable for drinking
(Figure 16). Overall, the groundwater quality in most of the study region is very good,
making it suitable for drinking and irrigation (Figures 17 and 18).
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Table 5. Water quality index and its category for all hydro stations of the study area.

Hydro-Station Sample Code Source of Sample Value of WQI Category

Kadam Rasool T1 Tube well 10.39 Very good

Triveni Nagar T2 Tube well 10.51 Very good

Madiyawa T3 Tube well 39.21 Good

Faizullahganj T4 Tube well 10.35 Very good

Motijheel T5 Tube well 10.34 Very good

Rajajipuram T6 Tube well 13.16 Very good

Balaganj T7 Tube well 10.44 Very good

Mawaiya T8 Tube well 10.52 Very good

Daliganj T9 Tube well 10.24 Very good

Aishbagh H1 Hand pump 11.85 Very good

High Court H2 Hand pump 8.89 Very good

Dubagga H3 Hand pump 5.05 Very good

Hanskhera H4 Hand pump 6.86 Very good

Sikandarpur H5 Hand pump 5.72 Very good

Amausi Airport H6 Hand pump 6.68 Very good

Pariwartan Chowk W1 Borehole 5.53 Very good

Alamnagar W2 Borehole 7.50 Very good

South City W3 Borehole 5.79 Very good

KMCL University W4 Borehole 7.37 Very good

Husainabad W5 Borehole 8.45 Very good

HAL W6 Borehole 6.67 Very good

Polytechnic W7 Borehole 7.36 Very good

Sikandarbagh W8 Borehole 3.63 Very good

Lalkuan W9 Borehole 7.50 Very good

Devpur Para W10 Borehole 10.73 Very good

Alambagh W11 Borehole 7.73 Very good

Khurram Nagar W12 Borehole 8.31 Very good

Kukrail W13 Borehole 168.68 Unfit for drinking

Naka W14 Borehole 6.62 Very good

Nishatganj W15 Borehole 8.49 Very good

Indira Nagar W16 Borehole 7.83 Very good

Naharia W17 Borehole 10.34 Very good

Lalbagh W18 Borehole 6.81 Very good

Jankipuram W19 Borehole 21.38 Very good

Charbagh W20 Borehole 10.34 Very good

Vrindawan W21 Borehole 10.89 Very good

Chinhat W22 Borehole 2.64 Very good

1090 Chauraha W23 Borehole 11.13 Very good

RSAC W24 Borehole 10.46 Very good

Manak Nagar W25 Borehole 10.57 Very good
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5. Discussion

The pH level of water gauges its acid–base balance. Water can be either alkaline,
neutral, or acidic based on its pH value. Water with extremely high or low pH levels is
unsafe to drink and unsuitable for specific uses. The World Health Organization (WHO)
suggests maintaining a pH between 6.5 and 8.5 [61]. Water with a pH above 10 can irritate
the eyes, skin, and mucous membranes if used by people [79]. It can also cause hair fibers
to swell and potentially result in gastrointestinal irritation. Conversely, using water with a
low pH produces similar effects and affects disinfection efficiency [80]. Verma et al. (2021)
recorded a maximum pH of 8.6 in the Lucknow district. In the current study, pH levels
ranged from 7.32 to 8.25 [81].

Turbidity indicates the cloudiness of water resulting from particles held in suspension,
like clay, silts, chemical precipitates (such as manganese and iron), and organic matter
(including plant remnants and organisms). Heightened turbidity diminishes water clarity
due to the scattering and absorption of transmitted light. There have been instances where
elevated turbidity has been linked to disease outbreaks [82]. However, a direct correlation
between eliminating turbidity and reducing pathogens has not been proven [83]. Similarly,
efforts to establish connections between the turbidity levels of drinking water and rates
of local gastrointestinal diseases have yielded mixed outcomes. Some studies suggest a
link, while others do not [82,84]. Thus, although correlations might exist in specific water
supplies, a consistent relationship remains unestablished. In Gautam Buddh Nagar, U.P.,
Banerjee et al. (2021) documented a maximum turbidity of 56 NTU [85]. In the current
study, turbidity ranged from 1.2 to 19.04 NTU, surpassing the permissible range.

Total Dissolved Solids (TDS) encompasses all dissolved mineral components and other
solids in water. TDS is an indicator of water’s suitability for diverse applications. Water
with TDS levels below 500 mgL−1 is considered suitable for drinking [60]. Elevated TDS
values can impact water’s taste, hardness, and corrosive tendencies [86]. If TDS concentra-
tion surpasses 1000 mgL−1, the water becomes unpalatable for consumption [60]. In the
Lucknow district, Verma et al. (2021) identified a peak TDS level of 805.3 mgL−1 [81]. In the
present study, TDS varied between 300 and 1090 mgL−1, exceeding the permissible range.

Chlorides represent significant inorganic anions found in natural water sources. Chlo-
ride can stem from natural origins or accumulate in groundwater through weathering,
sedimentary rock and soil leaching, agricultural practices, and domestic wastewater. El-
evated chloride levels indicate pollution from organic waste from industrial or animal
sources [87]. Nevertheless, a rise in Cl− concentration can result in detrimental effects such
as heart and kidney impairments, digestive issues, and alterations in taste and palatabil-
ity [88]. In Lucknow City, Singh et al. (2020) documented the highest chloride reading
at 122 mgL−1 [89]. Chloride levels within this study varied from 14.68 to 112 mgL−1,
remaining within the permissible range (250 mgL−1).

Alkalinity, also known as buffering capacity, signifies a water’s ability to neutralize
acid. Slightly elevated alkaline water might benefit individuals with high cholesterol,
diabetes, and hypertension. Additionally, it supports the immune system and carries
advantages like weight management and potential cancer resistance. However, prolonged
consumption of highly alkaline water could lead to adverse effects, including skin irritation,
nausea, vomiting, hand tremors, and muscle spasms, particularly around the facial extrem-
ities. It might also result in a reduction of free calcium levels within the human body [90].
In the Lucknow region, Kumar et al. (2016) observed the highest alkalinity recorded at
450 mgL−1 [91]. Alkalinity within this study ranged from 170 to 490 mgL−1, remaining
well within the acceptable limits (600 mgL−1).

Elevated hardness levels can impact various aspects, including water supply sys-
tems, excessive soap usage, and the potential for arterial calcification. These effects might
contribute to urinary concretions, kidney and bladder diseases, and gastrointestinal dis-
orders [88]. In his discussion, Sengupta explored a converse connection between water
hardness and cardiovascular ailments [92]. Kozisek’s findings indicate that hardness
concentrations exceeding allowable limits increase the risk of conditions like gallstones,
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urinary stones, kidney stones, and arthropathies within the population [93]. In Lucknow
city, Singh et al. (2020) documented the highest recorded hardness at 419 mgL−1 [89].
The present study recorded water hardness varied from 190 to 495 mgL−1, all within the
permissible range (600 mgL−1) [60].

While not inherently toxic, sulphate can produce undesirable effects when consumed
in excessive quantities. Elevated sulphate levels can induce catharsis, dehydration, and
diarrhea, occasionally altering methemoglobin and sulfhemoglobin levels within the human
body system [93,94]. High sulphate levels can also change water’s taste, rendering it
bitter, particularly if concentrations surpass 250 mgL−1. Sulphate might trigger a laxative
effect, potentially leading to dehydration and heightened risk, especially for infants. Once
sulphate levels exceed 400 mgL−1, the water becomes unsuitable for infant use (including
drinking and food preparation). In the Lucknow area, Singh et al. (2020) identified the
highest sulphate concentration recorded at 86.4 mgL−1 [89]. The current study observed
sulphate levels ranging from 2 to 160 mgL−1, all within the permissible range of 200 mgL−1.

Nitrate is a naturally occurring ion linked to the nitrogen cycle [95]. Exceeding acceptable
nitrate levels can lead to “blue baby syndrome” and thyroid disorders [96]. Nitrate ground-
water contamination is a global issue, often associated with agricultural activities. In India, 11
out of 28 states have nitrate concentrations exceeding the acceptable level of 45 mgL−1 [75].
Rajasthan, for instance, has 22% of villages with excessive nitrate contamination [97]. As per
Indian standards, the permissible nitrate level in potable water is 45 mgL−1. Verma et al.
(2021) reported a maximum nitrate level of 108 mgL−1 in Lucknow [81]. In the present study,
nitrate concentrations range from 0.43 to 100 mgL−1, exceeding the permissible range.

Fluoride is frequently present in minerals and can be leached out due to erosion by
rainwater, resulting in the pollution of ground and surface waters [98]. Multiple countries
and states, including India, China, Japan, Sri Lanka, Iran, Pakistan, Turkey, Southern Algeria,
Mexico, Korea, Ohio, Wisconsin, South Carolina, Kenya, Ghana, Norway, Canada, Ethiopia,
North Jordan, Malawi, Brazil, and Italy, have been identified with excessive fluoride levels
in their groundwater [3]. In Uttar Pradesh’s Sonbhadra district, Prof. H.K. Pandey and
co-authors studied fluoride contamination and the groundwater release mechanism in hard
rock aquifers. India is particularly affected, with an estimated 62 million people experiencing
dental, skeletal, and nonskeletal fluorosis [4]. Verma et al. (2021) reported a maximum fluoride
level of 0.9 mgL−1 in the Lucknow area [81]. The fluoride concentration in the present study
ranged from 0.15 to 1.15 mgL−1, which falls within the acceptable range of (1–1.5 mgL−1).

The body requires iron to synthesize oxygen-transport proteins, particularly hemoglobin
and myoglobin. Imbalances in iron levels, whether deficient or excessive, can adversely
affect both plants and animals [99]. Elevated iron levels in natural water sources pose
potential risks to human health and the environment. While iron overload is less frequent
than its deficiency, it can result in severe health problems such as heart and liver issues,
diabetes, cancer, and even neurodegenerative disorders [100–103]. Iron contamination
in groundwater has become a significant concern in multiple countries, including India,
Sweden, Canada, the USA, Brazil, South Africa, Kazakhstan, Iran, Russia, China, New
Zealand, Australia, and Bangladesh [2,104]. In India, Rajasthan, Orissa, and Tripura
are particularly affected, with iron levels varying from 0.01 to 0.5 mgL−1, within the
acceptable range of 1.0 mgL−1 [75]. Kumar et al. (2016) documented the highest iron
level of 1.38 mgL−1 in Lucknow [91]. In the present study, iron concentrations ranged
from 0.01 to 0.5 mgL−1, which falls within the acceptable range of 1.0 mgL−1.

Arsenic has been classified as a class I human carcinogen by the International Agency
of Research on Cancer (IARC) [105]. Prolonged oral exposure to inorganic arsenic leads
to neurological and hematological toxicity in humans [106]. Excessive exposure to arsenic
heightens the risk of ailments such as lung, kidney, and skin cancer [107]. Arsenic con-
tamination in groundwater is prevalent in Bangladesh, India (West Bengal), China, Russia,
Brazil, the USA, and Australia. In India, nitrate contamination in groundwater has been
reported with levels above 100 mgL−1, and other countries like Iran, Mexico, China, South
Africa, and Argentina have documented levels above 50–100 mgL−1 [4]. The problem of
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arsenic contamination is widespread in India, impacting around 40 million people resid-
ing in at-risk areas [2]. Singh et al. (2020) identified the highest arsenic concentration of
0.04 mgL−1 in the Lucknow area [89]. The arsenic content in the study area fluctuated
between 0.0002 to 0.017 mgL−1, within the acceptable range of 0.01 to 0.05 mgL−1.

Magnesium is vital in bone mineralization, muscle relaxation, and cellular func-
tions [108]. Inadequate magnesium intake has been connected to conditions like high
blood pressure, the accumulation of arterial plaque, soft tissue calcification, elevated
cholesterol, and arterial stiffening [109]. High magnesium levels in drinking water have
been linked to hypertension and cardiovascular issues, which can potentially be life-
threatening [110]. Verma et al. (2021) recorded the highest magnesium concentration in the
Lucknow region at 65 mgL−1 [81]. In the current study, magnesium concentrations ranged
from 17.9 to 122.79 mgL−1, exceeding the permissible range of 100 mgL−1.

Excessive calcium intake can lead to notable adverse effects such as hypercalcemia,
elevated urinary calcium levels, formation of urinary tract stones, soft tissue calcification
(particularly in the kidneys and arterial walls), and suppression of natural bone remod-
eling [111]. In the Lucknow region, Singh et al. (2020) noted the highest calcium level of
101 mgL−1 [89]. This study revealed calcium concentrations spanning 8.1 to 75 mgL−1, all
within the allowable limits (200 mgL−1).

6. Conclusions

The conclusion of the current research in the flat alluvial region of central India reveals
that groundwater quality is overall excellent in the area. The thick Quaternary sediments
form a multi-layered aquifer system, considered one of the best from a hydrogeological
perspective. This setup allows for a good flux of water, which enhances the groundwater
quality. However, unsustainable human activities, such as the use of synthetic nitrogen
fertilizers, combustion engines in vehicles, municipal effluent disposal through sludge
spreading on fields, atmospheric emissions from energy production, septic tanks, leaking
slurry or manure tanks, leaking sewage systems, accidental spills of nitrogen-rich com-
pounds, and nitrogen-rich waste disposal using sound injection techniques, are observed in
various locations and have increased groundwater nitrate concentrations, especially in the
north-central parts of the study area. Urban areas with high population densities experience
considerable water resource quality impacts, primarily due to intensified human activity,
industrialization, and agricultural practices. These factors synergistically contribute to
elevated levels of nitrates and magnesium in water content. Agricultural runoff from
nitrogen-rich fertilizers and untreated urban wastewater discharge introduce substantial
nitrate concentrations. Urbanization and land use changes result in decreased infiltration,
leading to increased surface runoff that carries nitrates into water bodies. Human activities,
vehicular emissions, industrial discharges, and improper waste disposal practices also
escalate nitrate and magnesium pollution. Consequently, the elevated levels of nitrates and
magnesium in water content underscore the pressing need for comprehensive strategies to
manage pollution and sustain urban water resources. High turbidity has been observed
in the Kukrail region, while magnesium levels have surpassed the permissible level in
some areas. The remaining areas have potable and safe groundwater, as indicated by their
lower WQI values, ensuring secure water quality for drinking and domestic purposes. The
conclusion from the analysis in this study, based on WQI, is that the groundwater in the
area is safe and suitable for drinking.

7. Recommendations

• Regular Monitoring: Establishing an ongoing groundwater quality monitoring sys-
tem is imperative for promptly identifying changes or potential sources of contamina-
tion that may emerge over time.

• Focused Investigation: A comprehensive investigation is advised to pinpoint the
precise origins of contamination in the area. This in-depth analysis will facilitate the
development of targeted solutions.
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• Treatment Implementation: Immediate measures should be taken to apply suitable
treatment techniques in the Kukrail region to bring the water quality up to acceptable
standards.

• Public Awareness: Public awareness campaigns will empower residents with knowl-
edge about their groundwater quality. Information about the overall water quality, the
areas with unfit water, and potential health risks can help residents make informed
decisions about water use.

• Localized Solutions: Since most of the area falls under very good water quality cate-
gories, it is essential to focus on localized solutions to address emerging water quality
issues. This might involve promoting best practices for agricultural and industrial
activities that could impact groundwater quality.

• Collaboration with Authorities: Close collaboration with local authorities and en-
vironmental agencies is pivotal in influencing policy formulation and regulations
concerning groundwater management.

• Regular Updates: Keep the public and local authorities informed about the progress of
groundwater quality improvements. Regular updates and transparent communication
can build trust and foster cooperation in managing this valuable resource.
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