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Abstract

Groundwater quality variation due to consequent changes in the standard of living of a community is of great unease owing to
the fact that the groundwater is regarded as one of the significant water supply sources available. For the sustainable use of water
resources and water quality management, monitoring and assessment of water quality acts a catalyst for an appropriate judgment
on the water quality. In this study, groundwater samples were collected from Lingayas Institute of Management and Technology
(LIMAT), Vijayawada campus and Mudirajupalem, Krishna district, Andhra Pradesh, India for monitoring and assessing the
water quality for alkalinity, total dissolved solids (TDS), pH, acidity and total hardness (TH) using standard methods. Very high
values of pH and TDS were obtained in the groundwater collected from Mudirajupalem, which is within the vicinity of
agricultural fields. Added to this, Student’s t test analysis of TDS values signposted a noteworthy P value (<0.001) for which the
mean difference was substantial statistically. The groundwater collected from Mudirajupalem further affirmed that the water is
unfit for drinking, which is evident from water quality index (WQI) values. This study emphasizes on implementing various
locale specific rainwater garnering schemes, which is one of the solution for augmenting the groundwater recharge and
maintaining the groundwater balance.
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1. Introduction

In the recent times, it has become an unprecedented fact that in the entire world, groundwater resources are being utilized as a
major viable source of water for various applications (Li et al., 2020; Batarseh et al., 2021; Chen et al., 2022; Fuentes-Rivas et al.,
2023). As per the statistics available in the literature, 65% of global demand of drinking water is met by groundwater, whereas it is
43% for irrigation (Adimalla and Qian, 2021). The water resources, both surface and groundwater are facing irreversible issues
owing to uncontrollable population, uncontrollable pollution, increase in industrialization and urbanization and unsustainable
agricultural practices, ultimately making it as a global issue resulting in water unfit for human consumption (Khatri and Tyagi,
2015; Khatri et al., 2017; Rawtani et al., 2017).
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In the recent years, groundwater depletion has become an alarming and burning issue due to hasty progress, ever-increasing
population, changes in the agricultural practices and the mounting waste disposal issues (Ibrahim et al., 2023). Further, the entire
world is encountering groundwater quality challenges, more specifically developing countries, due to extensive use of
agrochemicals, inappropriate industrial waste disposal practices, rapid urbanization; saltwater intrusion owing to abnormal climate
changes and landfill leachate issues (UN World Water Development Report, 2022). Thus, it is inevitable that periodic monitoring
of groundwater resources is very much need of the hour for retaining the quality of water for its safe and justifiable consumption.
Sustainable development goals (SDGs) were formulated by the United Nations wherein, the SDG 6 is treated as a significant pillar
to ensure the sanitation and sustainable water management for all by 2030 (Uddin et al., 2023a). Globally, the increasing level of
groundwater depletion is further making it difficult to outreach the SDGs (Mohammed et al., 2024). Research addressing the areas
of groundwater laid down a very strong path for the progress, which ultimately lead to employing various techniques for
monitoring the groundwater quality. The water quality index (WQI), which was developed in the early 1970s, contributes an
indication of the health of the water quality and can be employed as a platform to keep track and analyze the changes in the water
quality over time (Brown et al., 1972). The WQI is viably deliberated as one of the most applicable method, which converts huge
data into a numerical score and reveals the water quality for various applications (Uddin et al., 2022a; Uddin et al., 2022b; Uddin
et al., 2022c¢; Eid et al., 2023; Uddin et al., 2023b; Uddin et al., 2023c¢). Therefore, it is crystal clear that groundwater acts as a
focal part of global drinking water resources, ultimately making it very crucial to constantly monitor and manage the groundwater
quality to meet SDGs (Sajib et al., 2023). Also, monitoring groundwater quality levels is very vital for public water requirements
apart from reaching out to development activities (Subba Rao et al., 2024).

Hence, in line with the development of groundwater and its continuous analysis, in this study, groundwater samples were
collected from Lingayas Institute of Management and Technology (LIMAT), Vijayawada campus and Mudirajupalem, Krishna
district, Andhra Pradesh, India for a period of 35 days for monitoring and assessing the groundwater quality for alkalinity, total
dissolved solids (TDS), pH, acidity and total hardness (TH) using standard methods, as there is a remarkable gap in the data on
groundwater quality in the selected study area. This study resulted in producing basic database of the groundwater quality and the
prevailing status. This study is probably first of its kind addressed by an academic institution in the selected study area mainly
highlighting the gravity of the groundwater quality with respect to WQI, which could directly benefit the society, as water is a
priceless naturally gifted resource. It aids in deciphering the groundwater chemistry in the selected study area for its suitability for
various purposes. Additionally, the results reported in this study may further pave a strong base for constructive research and dwell
into application of appropriate locale specific treatment techniques to improve the quality of water for human consumption and
meet future water needs.

2. Materials and methods

2.1 Study area
Groundwater samples were collected from LIMAT, Vijayawada campus and Mudirajupalem, Krishna district, Andhra Pradesh,
India. The LIMAT campus is located in Maadalavarigudem, which is surrounded by Penamaluru Mandal and Kankipadu Mandal
towards South, Agiripalli Mandal towards North and Unguturu Mandal towards East. Mudirajupalem village is located in
Gannavaram mandal, Krishna district, Andhra Pradesh, India. The satellite images of the LIMAT campus and Mudirajupalem area
are shown in Figure 1.
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Figure 1. The study area satellite images of, a.) LIMAT, Vijayawada Campus and b.) Mudirajupalem, Krishna district.

2.3 Methodology

Keeping the time frame and limited resources available into view point, groundwater monitoring was carried out by collecting the
samples for a period of 35 days (March to April, 2024) from the study area and the collected samples were analyzed for alkalinity,
TDS, pH, acidity and TH using standard methods described in American Public Health Association (APHA) (APHA, 2005) as
these parameters are common for water analysis. The pH values in the collected samples were verified using scientific pH papers
(S. D. Fine-chem Ltd, Mumbai, India), whereas the TDS values in the samples were determined by a Generic Digital LCD TDS
Meter (Generic, TDS-3, India). Acidity, TH and alkalinity values in the collected samples were quantified by titration methods
available in APHA standard methods. Quality of the groundwater was gauged considering the water quality standards prescribed
by Bureau of Indian Standards (BIS) (BIS, 2012) and World health organization (WHO). A method described by Brown et al.
(1972) was applied to determine the WQI of the samples to inspect the aptness of the quality of groundwater for various
applications. A statistical analysis tool, Students 7 test is employed to figure out the parameters for which the mean difference is
statistically considerable.

3. Results and discussion

Among the water resources available, groundwater is regarded as a vital water resource, which dominates half of the India’s urban
water use and it may still further rise owing to rapid urbanization. Because of the dynamic nature of the groundwater, analysis and
groundwater quality reports are prone to change from region to region. In view of this, it is essential to collect appropriate
information on the quality of groundwater through monitoring, which improves understanding the groundwater quality issues, its
sources, causes for it, and finding reasonable and resilient solutions for water quality issues.

The alkalinity of any aquatic system is computed as acid neutralizing capability (Murangan and Prabaharan, 2012). Variation of
the alkalinity values in the study area samples during the monitoring period is shown in Figure 2. It was observed that a range of
460-850 mg/L alkalinity was obtained in the Mudirajupalem samples, whereas a range between 550-750 mg/L of alkalinity was
obtained in the LIMAT campus samples. As per the literature, the anions, such as SO,*, CI', etc., and cations, such as Ca®", Mg*"
and, alkaline metals contribute to alkalinity in the naturally existing water (Prasanth et al., 2012).
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Figure 2. Variation of the alkalinity values in the study area samples during the monitoring period.
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The alkalinity results obtained in the samples collected from two sources specify that the alkalinity is outside the range of

permissible limit, which is in line with the BIS standards. Similar results were reported by Khatri et al. (2020). Further, it can be
supposed that the water should undergo treatment process if it is intended for human consumption, as such; it is directly applicable
for daily use. Excess amount of alkalinity can be eliminated from water by employing water softening processes.
Variation of the acidity values in the study area samples during the monitoring period is shown in Figure 3. A range of 45-525
mg/L acidity was obtained in the LIMAT campus samples, whereas for the Mudirajupalem samples, acidity was in the range of 45-
480 mg/L (Fig. 3). The acidic quality persists in the groundwater; conditional to the aquifer carrying the groundwater is
encompassed with carbonate rocks. Water with acidic quality is not in itself harmful to health; however, the concern of acidity in
drinking water even with mild acidic nature may lead to dissolving of lead or copper metals that may be present in plumbing
pipes. Owing to this fact, the standards formulated to standardize the water quality determined that a pH in the range of 6.5 and 8.5
should be maintained in the water to eliminate the buildup of scale deposits from water or dissolved contaminants concentration
from acidic waters (American GroundWater Trust, 2003).
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Figure 3. Variation of the acidity values in the study area samples during the monitoring period.

Variation of the pH values in the samples during the monitoring period in the study area is shown in Figure 4. Hydrogen ions
concentration present in the water is represented by pH, wherein, even minor changes in pH values imposes impact on the water
quality due to chemical reactions, therefore, pH value is detrimental to the aquatic ecosystems (Wang et al., 2002; Fakayode,
2005). From the results for the monitoring period of 35 days, it is apparent that the pH value was in the range of 8.5-10 for the
Mudirajupalem samples, whereas pH value in the range between 6.5-8.0 was obtained in the LIMAT campus samples, which is
outside the range of permissible limit in the former context in line with the BIS standards (Fig. 4). It is obvious that high pH values
were obtained in the Mudirajupalem samples, possibly due to the presence of agricultural fields within the locality of the selected
area, which is further backed by the results achieved in a study conducted by Khatri et al. (2020). The results obtained in this study
further affirm groundwater to be alkaline in nature, which could be due to the presence of different types of buffers existing in the
groundwater (Weber and Stun, 1963).
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Figure 4. Variation of the pH values in the study area samples during the monitoring period.
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Human induced developmental undertakings, climatic situations and geological formations are some of the deciding factors for
groundwater quality variation in any area, which also may influence physical and chemical parameters (Matthess, 1982;
Subramani et al., 2005). Moreover, the contact time of groundwater with a particular rock may show impact on the variation of
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groundwater chemistry. There is a scope for the effect of rock chemistry on the pH and groundwater formulation with more
contact time of groundwater with a particular rock. Further, pH of the groundwater varies with the geo-chemical formulations
happening in the bedrock. Also, the groundwater pH is bound to vary with respect to the rock composition and sediments adjacent
to path of the water percolating into the groundwater (American GroundWater Trust, 2003).

The extent to which dissolved matter present in the water is indicated by TDS, which further indicates the pollution level.
Variation of the TDS values in the study area samples during the monitoring period is shown in Figure 5. Very high values of TDS
were obtained in the Mudirajupalem samples with a range between 931-994 mg/L, whereas TDS values ranged between 199-273
mg/L in the LIMAT campus samples. In a study conducted by Kumar et al. (2024) on groundwater quality evaluation using WQI
and geospatial techniques, the TDS values ranged between 450-1820 mg/L, attributing the high values because of discarding
municipal and industrial wastes, leaks, and the penetration of water comprising of solid materials to the ground. In general,
groundwater consists of high TDS values because of the salts that leach from soil, apart from the domestic sewage that may
percolate into the groundwater, which increases the TDS values (Prasanth et al., 2012). In the present study, as per the field survey
conducted with the local public, it was informed that presence of solid materials (both dissolved and suspended) because of various
human induced activities might have resulted in high TDS values in the Mudirajupalem groundwater samples. The results reported
by Lamare and Singh (2016) further supported the present study results. The TDS value of the Mudirajupalem source is very much
beyond the allowable limits compared with the BIS standards, which emphasized that there is a need for treatment of groundwater
if it is meant for human consumption. Excess amount of TDS present in the water can be climinated by employing Reverse
osmosis (RO), deionization (DI) and distillation.
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Figure 5. Variation of the TDS values in the study area samples during the monitoring.

Generally, the occurrence of several metallic salts, such as magnesium and calcium in water induce total hardness, which
necessitates its determination for its suitability to industrial, drinking and domestic applications (Deepa et al., 2016). Variation of
the TH values in the study area samples during the monitoring period is shown in Figure 6. It was observed that a range between
20-246 mg/L was obtained in the Mudirajupalem samples, whereas the LIMAT campus samples showed TH values in the range of
0-230 mg/L.
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Figure 6. Variation of the TH values in the study area samples during the monitoring period.
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The results reported by Uddin et al. (2023a) and Kumar et al. (2024) showed that TH values were in the range between 210 to
490 mg/L and 252-1049 mg/L, respectively, which is matching with the current study results, the difference is maybe due to
geological formulations. Table 1 presents the groundwater quality classification with respect to the TH range (Sawyer and
McCarty, 1967). In line with the information presented in Table 1, the results obtained in this study signpost the groundwater
quality in the study area as hard to very hard. It is crystal clear that in the current study, TH values in the two sources are outside
the range of the allowable standard values presented in the BIS standards. Water softening processes are widely popular for
removing excess TH from water. One of the most popular tools which are extensively applied for quantifying the water quality is
WQI. The water quality variation in any region can be monitored and assessed by employing WQI. Even though several water
quality parameters constitute overall quality of the water, the advantage of computing the WQI is that, it converts voluminous data
to a simple value. Table 2 highlights the relation between quality of water and WQI values.

Table 1. Groundwater quality classification with respect to the TH range (Sawyer and McCarty, 1967)

TH range Water Quality
<75 Soft

75 -150 Moderately hard
150-300  Hard

> 300 Very hard

Table 2. The relation between quality of water and WQI values (WHO, 2004)

S. No. WQI values Water Quality
1 0-25 Excellent Water Quality
2 26 —50 Good Water Quality
3 51-175 Poor Water Quality
4 76 — 100 Very Poor Water Quality
5 > 100 Unfit for Drinking

Groundwater from LIMAT campus and Mudirajupalem samples showed the WQI values as 20.32 and 358.34, respectively,
which affirms that Mudirajupalem groundwater is not fit for public consumption as per the water quality status presented in the
Table 2 (WHO, 2004). In a study conducted by Prajapati and Bilas (2018), similar WQI values were obtained and ranged between
28.48 and 535.32 demonstrating that the water samples don’t fit for human ingestion, whereas the LIMAT campus groundwater
quality suits for drinking, however, after an appropriate treatment. In a study conducted by Kumar et al. (2024), it was reported
that the WQI values were in the range of 77.03-115.14, which is also similar with the current study results. Similarly, in a study
conducted on bootstrap approach for quantifying the uncertainty in modeling of the WQI, Chawishborwornworng et al. (2024)
reported the WQI values in the range of 41-90. The WQI values obtained in this study are also slightly similar to the results
reported by Marfo et al. (2024) in which, the WQI values were in the range of 5.208-134.232.

Hypothesis testing is performed for the evaluation of means between different groups, which is basically executed by making use
of statistical methods, such as analysis of variance (ANOVA), Student’s ¢ test (t test) and analysis of covariance (ANCOVA).
Among the several statistical tools available, a distinctive P value decides the significance of means amid two variables in case of
the Student’s ¢ test and multiple comparisons are not essential (Mishra et al., 2019a). Upon performing the hypothesis test, the
means of groups would be statistically equal in the context of null hypothesis, while in the context of opposite to the null
hypothesis, the means of groups would not be statistically equal, which is specified by a P value of <0.05 (Jaykaran, 2010;
Sundaram et al., 2014; Mishra et al., 2019b). Among the five parameters analyzed in the present study, pH and TDS showed a lot
of variation in the Mudirajupalem groundwater samples; however, statistical Student’s #-test is conducted for TDS alone as its
variation is very high compared with the pH values. The result of Student’s #-test for TDS values is presented in Table 3, which
further specify a significant P value less than 0.001 of the Student’s ¢ test for which the difference in mean was statistically
substantial.

The groundwater sample analysis in the present study showed very high values of alkalinity in both the samples, whereas,
groundwater collected from Mudirajupalem showed high values of pH and TDS as it is sited within the vicinity of agricultural
fields, also supported by the results reported by Khatri et al. (2020). In a study conducted by Khatri et al. (2020), high values of
hardness, alkalinity and TDS were reported in groundwater samples emphasizing the geological strata to be one of the reasons.
The mineral compounds adjoining the groundwater show a tendency in leaching the ions into the groundwater thereby, increasing
the alkalinity and hardness values, matching with the present study results. In southern part of India, it was reported that
groundwater quality is subject to vary with hot climatic conditions and bedrock geology; however, sometimes pollution from
agriculture and industries also cause a change in the groundwater quality (Ramakrishna et al., 2009).
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Table 3. The results of Student’s 7-test conducted in case of TDS values: Two-Sample Assuming Equal Variances

Variable 1 Variable 2
Variance 517.8920635 907.0571429
Observations 36 36
Pooled Variance 712.4746032
Hypothesized Mean Difference 0
Df 70
T Stat 124.305162
P(T<=t) one-tail <0.001
T Critical one-tail 1.666914479
P(T<=t) two-tail <0.001

t Critical two-tail

1.994437112

The present study results emphasize on the necessity of making use of local water treatment methods to transform the
groundwater to potable. Also, to cater the water scarcity issues in future, rainwater garnering schemes, which are locale specific,
can be examined and instigated, eventually resulting in improved groundwater recharge. Furthermore, to enrich the reliability of
water quality assessment, several contemporary trending techniques, such as machine learning (ML), deep learning (DL), artificial
neural networks (ANN), artificial intelligence (Al) techniques, etc. can be employed. Marfo et al. (2024) reported that remote
sensing and geographical information system (GIS) can be applied to generate diverse digital themed layers and maps that can
exhibit the spatial distribution of different water quality parameters, which opens a window for explorative research.

5. Conclusion

In this study, groundwater collected from two sources is monitored and evaluated for a period of 35 days to investigate the
groundwater quality using parameters, such as alkalinity, pH, acidity TDS and TH. High alkalinity values were obtained in the
groundwater from both the sources, whereas Mudirajupalem groundwater showed high values of pH and TDS as it is situated
nearby agricultural fields. The groundwater from Mudirajupalem showed WQI value of 358.34 emphasizing that it doesn’t fit for
public consumption, whereas a WQI value of 20.32 is obtained in the LIMAT campus groundwater samples signifying that the
groundwater can be used for drinking, provided after an appropriate treatment. Additionally, to expand the precision of
groundwater quality assessment in the long run, a proposal is put forward to employing of ML, DL, ANN, Al techniques, etc.
Furthermore, this study also proposes implementing locale specific rainwater garnering schemes that would target the groundwater
recharge improvement, ultimately making it a feasible source of life.
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