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Abstract
This study investigates the qualitative analysis of groundwater obtained from the Tonk district of Rajasthan  to deter-
mine its suitability as potable water. Around 321 ground drinking water samples were collected and analysed for various 
physico-chemical characteristics including pH, electrical conductivity (EC), total dissolved solid (TDS), HCO3−, F−, Cl−, 
SO4

2−, NO3
−, Ca2+, Mg2+, total hardness (TH) and total alkalinity (TA) in Tonk district of Rajasthan (India). The groundwater 

in the region is a little alkaline and hard. The EC during the pre-monsoon period varies from 434 to 7271 µS/cm, while 
in the post-monsoon period, it ranges from 356 to 8871 µS/cm. TDS of samples ranged between 285 to 5090 mg/L in 
the pre-monsoon and 247 to 6140 mg/L post-monsoon seasons. Few samples have EC, TDS, and TH levels higher than 
the permissible limit, restricts its usage as drinking water. The water quality in the study area varies from soft-fresh to 
hard-brackish in both pre- and post-monsoon seasons. Anion concentrations in analysed samples followed the order: 
HCO3

− > Cl− > SO4
2− > NO3

− > F−. Notably, the Water quality index (WQI) results for all collected samples fall within the 
range of 4.55–96.83, indicating they are considered safe and suitable for drinking purposes. Water quality data was 
analysed by correlation study and geochemical processes. A strong correlation between the Water Quality Index (WQI) 
and fluoride levels is found in both seasons. The geochemical analysis shows that most of the samples are in the rock 
water interaction zone, with some in the evaporation zone due to the high content of chloride ions. The groundwater 
chemistry appears to be influenced by rock-water interaction and evaporation sedimentation. The molar ratio of  Ca2+/
Mg2+  denotes calcite dissolution and silicate weathering revealing enrichment of Ca2+ and HCO3

− ions in aquifer.

Keywords  Correlation · Geochemical · Water parameters · Water quality index · Weathering

1  Introduction

Clean water is the basis of life. Urbanization and industrialization have caused the adulteration of surface water bod-
ies. Dependence on underground water increases as population grows rapidly for the last few decades. According to 
World Bank and U.N report, water scarcity is affecting more than 40% global population. The proportion of ground-
water withdrawal in the overall available freshwater has risen from 12% in 1950 to 25% in 2017 globally. During the 
same period, the total worldwide ground-water removal has increased from 158 to 959 km3/year. Asia has the high-
est share of the total quantity withdrawn accounting for two-third of the total quantity withdrawn. According to a 
report, in 2017, almost two-third of the total estimated groundwater withdrawal was done by nine countries. These 
countries are China, France, India, Iran, Mexico, Pakistan, Russia, Saudi Arabia and United States of America. Out of 
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the total volume of groundwater withdrawn world-wide, approximately 69% is used for irrigation, 22% for domestic 
use, and 9% for industrial purposes. Groundwater is mainly used for agriculture purposes across all continents except 
Europe, where it is primarily extracted for domestic use [1].

The reliance on ground-water in urban India is substantial, accounting for nearly 40% of its total water demand. 
However, due to excessive usage, rapid decline in ground-water tables is a concerning trend. In most cities it is drop-
ping at a distressing rate of 2–3 m per year. According to the report, India’s position as the largest user of ground-
water worldwide, extracting a substantial 251 km3 annually through millions of wells and tube wells, highlights the 
critical role ground-water plays in meeting the country’s water demands. India’s substantial share of nearly 26% in 
global groundwater extraction reflects its heavy reliance on this vital resource. India is a developing country with 
a predominantly agrarian economy and approximately 89% of this groundwater is utilized for irrigation purposes 
within India [1]. So, sustainable practices and effective management will be crucial to balance this demand and 
ensure long-term water availability. Per head accessibility of water in India was 1816 m3 in 2001, 1545 m3 in 2011 and 
presently it is reduced to 1486 m3 in 2021 due to the increase in population. The availability of water to each person 
may be expected to reduce by 1140 m3 by 2050 [2].

Rajasthan is a dry state with a semiarid region. Aquifers are rapidly depleting in the state to critical condition. By 
2030 it is expected that people will be living in water-stressed conditions. The status of groundwater is affected by 
the geochemistry of the aquifer, the type of rock, weathering process, residence time and physical factors such as 
evaporation and precipitation [3]. Various reactions, adsorption and desorption take place at the subsurface, pH, 
TDS, ORP, DO, temperature, anions (SO4

2−, F−, PO4
3−, NO3

− and silicate) and recharge of water chemistry plays a sig-
nificant role in leaching of minerals from host rock to groundwater [4–7]. For assessing groundwater quality, a fuzzy 
multi-criteria decision-making tool was used in Rajasthan’s Bikaner district [8]. Assessing groundwater quality in dry 
regions of Rajasthan is crucial for both drinking and irrigation [9].

Drinking water quality and aesthetic characteristics were evaluated in the highlands of Ethiopia and advised water 
source must be treated before supply [10]. The hydrochemistry studies in Ardabil area of Iran determined mixed types 
of groundwater viz Ca-Mg-HCO3, Na-HCO3, and Na-Cl type. The mineral saturation index and chemical analysis result 
indicated the predominant hydrogeochemical natural processes, mainly due to weathering, mixing, ion exchange, 
and anthropogenic activity [11]. The WQI assessment studies by Atta et al., in surrounding of Ismailai canal, Egpyt, 
evaluated that most observation wells fall within desirable and maximum allowable limits [12]. Using indices like 
CR, HI, MH, RSC, SAR and Na% to assess groundwater in Saudi Arabia provides a comprehensive understanding of its 
quality [13]. The geochemical processes and groundwater quality of the Vientiane Plain, Laos is assessed for irriga-
tion and drinking purpose [14].

Groundwater quality of Mahoba, Uttar Pradesh was assessed by using GIS framework and concluded that overall 
groundwater is safe and potable except at few locations [15]. Basavarajappa et al., analysed the groundwater in pre-
cambrian rock of Chitradurga district of Karnataka through Geo informative technique [16].

Rajasthan’s vast expanse in terms of area and arid to semiarid conditions pose unique challenges for water 
resources. The substantial reliance on groundwater for both drinking and irrigation in Rajasthan underscores its 
pivotal role in sustaining life and agriculture. The awareness of contamination, as highlighted by the Central Ground 
Water Board, emphasizes the importance of safeguarding this vital resource [17]. Researchers (Duke University India 
Initiative) tested 243 groundwater wells in Rajasthan, and found that more than 75% of the wells (which include 
tubewells and handpumps) in untreated water contain harmful contaminants such as fluoride, nitrate, and uranium. 
Exceeding both Indian and World Health Organisation (WHO) drinking water standards for contaminants is a serious 
concern. It emphasizes the urgency of implementing effective measures to address and rectify the groundwater 
quality issues in Rajasthan [18]. Studies has been done on the quality assessment of drinking water in Rajasthan 
by using various statistical concepts and applying new tools by hydro-researchers. The use of Generalized Additive 
Model(GAM) by Pandey et al. to assess the impact of anthropogenic and climatic factors on ground-water quality at 
84 stations in arid and semi-arid districts of Rajasthan from 2000 to 2018 provides valuable insights [19]. Additionally, 
the WQI assessment for drinking and irrigation purposes in Chambal river of Kota (as well in Banasthali, Tonk district, 
Rajasthan) [20, 21] and neural network modelling for ground-water quality index in Jodhpur demonstrate diverse 
and advanced approaches to understanding water quality dynamics [22]. Rukshar et al. [23] addressed deteriorating 
water quality in Jaipur city and through GIS (Geographic Information System) interpolation. Groundwater quality 
index of 30 samples was evaluated via GIS in Rural Ajmer and Bhilwara district [24].

Gautam et al., assessed the WQI (different method) by collecting few samples in 2016 from different block of Tonk 
district [25]. Evaluating nitrate levels in groundwater and assessing health risks, as conducted by Saini et al., is crucial 
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for understanding potential hazards in Tonk district [26]. Regular monitoring of water quality parameters is essential for 
understanding pollution levels, ensuring suitability for human consumption, and mitigating potential environmental 
threats. Sustainable management practices play a crucial role in preserving these vital resources [27]. Monitoring ground-
water quality by the Central Ground Water Authority is crucial, but resource limitations pose challenges. So, more regional 
studies are required to fill the gap. Therefore, we covered whole district with systematic grid mapping and analyzed the 
water quality parameters such as pH, Total dissolved solids (TDS), Dissolved oxygen (DO), Electrical conductivity (EC), 
Oxidation reduction potential (ORP), Temperature, Salinity, Hardness, Alkalinity, anions such as Sulphate (SO4

2−), Fluoride 
(F−), Chloride (Cl−), Nitrate (NO3

−) and Phosphate (PO4
3−) in drinking ground water of Tonk district and also tried to find 

correlation between them in pre- and post-monsoon season.
This study assessed groundwater by collecting 321 water samples across the district during both pre- and post-mon-

soon seasons to analyze the seasonal influence on water quality. The study aims to evaluate the WQI of ground drinking 
water in Tonk district (Rajasthan). This involves assessing its suitability for human consumption through a combination 
of statistical methods and geochemical analysis.

2 � Material and methods

2.1 � Study area

The district situated in the eastern part of Rajasthan, spans between latitudes 25°42′ to 26°34′ and longitudes 75°07′ to 
76°19′. Covering a total area of 7194 km2, it comprises seven subdivisions: Deoli, Malpura, Niwai, Peeplu, Toda Raisingh, 
Tonk and Uniara. The district is home to 1116 villages.

Tonk district experiences a semi-arid climate with hot dry summers and cold winters. The temperature ranges from 
5°C to 45ºC. The monsoon season extends from June to mid-September. According to 30 year (1991–2020) statistical 
data, the district receives an annual average rainfall of 536.96 mm [28]. The water level trend analysis from 2011 to 2020 
indicates a decrease of 0.16 m per year in pre-monsoon and 0.04 m per year in post-monsoon seasons. A large number 
of colonies of the Tonk district receive water supply from the Beesalpur dam therefore a substantial number of water 
samples were collected from Beesalpur dam supply. A large number of samples were also collected from borewells, 
open wells and handpumps.

2.1.1 � Geology and hydrogeology

The geological composition of Tonk district includes rocks from the Bhilwara Super Group, predominantly mica schist, 
gneisses, phyllites and quartzites with minor intrusive granite. These durable rocks are covered by recent to sub-recent 
alluvium, comprising clay, sand and silt [29]. Notably granite and gneisses are visible in Malpura and Toda Raisingh tehsils 
of Tonk district. Most of the groundwater in the area exists under phreatic conditions. In alluvial regions, it is under water 
table conditions, while in hard and crystalline rocks, it tends to be under slight pressure. Groundwater movement is 
influenced by factors such as porosity in the weathered zone, structural features like joints, fissures, fractures, bedding 
planes, and other structurally weak zones in hard rock. Additionally, the grain size distribution in alluvium plays a sig-
nificant role in shaping the movement of groundwater in the area. The major hydrogeological formations in the district 
include quaternary alluvium, phyllites, schists, and granitic gneisses [29]. The two major types of aquifers are hard rock 
and alluvium (sand) aquifers.

Around 80% area of Tonk is comprised with hard rock aquifer which is suitable for groundwater recharge. The major 
hard rock formations in the area are mica-schist, phyllites, banded gneissic complex, and quartzites. Mica-schist is indeed 
a significant and dominant geological formation in the district, playing a key role in shaping the local geology and 
hydrogeology. In the alluvium, ground water fills the open spaces between particles of sand, gravel and clay kankar. The 
porosity of these materials allows for the storage and movement of groundwater within the subsurface.
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2.2 � Sample collection

Groundwater sample were taken by grid mapping (6 × 6 km2) method. Every water sample was collected from drinking 
sources and centre of the grid for each 36 km2 area. If another source of drinking water was found in same area, then water 
sample was collected from that source also. Following standard protocol, sample collection was conducted during both 
pre-monsoon and post-monsoon periods in the study area. Pre-monsoon sampling was carried out from mid of March 
to mid of June 2021, while post-monsoon sampling has been done from October to December 2021. The information 
regarding samples was put on record manually as well as a soft copy.

Water samples were collected in polyethene or polypropylene bottles, which were thoroughly cleaned by soaking 
overnight in soap water on day one, then rinsed with 10% HNO3 on day two, and finally washed with double distilled or 
ultra-pure water before sampling. At the sampling site, water samples underwent filtration using a 0.45 µm membrane 
and were subsequently stored for further studies.

COVID -19 has impacted our sampling schedule and analysis procedure, leading to reduced samples collection per 
day. Setting up a lab near the house campus for experiments is a proactive solution to ensure timely analysis despite 
limitations. To overcome the challenge of electricity unavailability in village at night, titration and other analyses were 
conducted  during the early hours of the morning.

2.3 � Analytical method

Collecting a total of 321groundwater samples from Tonk district, of Rajasthan, 161 samples were obtained during pre-
monsoon, and 160 during post monsoon season. The samples were gathered from various drinking sources including 
hand pumps (34%), bore wells (25–27%), Beesalpur supply (33–35%) and from open wells (6%). Water table depths varied 
between 20–340 feet in pre-monsoon and 5–340 feet in post-monsoon. The sampling was carried out twice to analyze 
the impact of seasonal variation in study area.

The water samples collected from the grid points underwent on site examination using a portable multiparameter 
probe sensor [Eutech PCS-35, ORP and DO meter], measuring pH, temperature, salinity, TDS, EC and ORP (Fig. 1). Standard 
methods(APHA) were employed for chemical analysis, ensuring a reliable and consistent approach to assess the compo-
sition of the collected water samples [30]. Laboratory analysis involved UV visible spectrophotometer (Thermo-Fischer 
model Aqua Orion 8000) for major anions such as F−, NO3

−, PO4
− and SO4

2−. Chloride was determined using argentometric 
method, while CO3

− and HCO3 − were analysed through volumetric analysis. Total hardness and calcium were assessed 
using the EDTA titrimetric method and magnesium was calculated theoretically. To ensure quality control and precision, 
all measurement were taken in triplicate and the mean values were reported. Maintaining analytical precision, the error 
ranged from ± 2 to ± 8%. Three samples with an error exceeding 10% were excluded. Calibration checks of instruments 
were ensured by running blank and standards at regular intervals, maintaining the quality of analyses.

WQI in this study is determined through the weighted arithmetic index approach, providing a comprehensive assess-
ment of water quality [31].

where, Wn is the unit weight of nth parameter to calculate the water quality index. Rn serves as the quality rating of the 
parameter. Unit weight (Wn) can be estimated by Eq. (2).

Here k → Proportionality constant, Sn → permissible limit for water quality parameter as per WHO, 2012 and estimated 
according to Eq. (3).

Quality rating (Qn) was calculated using the Eq. (4):

With the exception of pH and DO, which are regarded as neutral and 14.6 mg/L respectively, Pn represents the actual 
value of the analyzed water parameter, while Ci represents the ideal concentration of that specific water parameter.

(1)WQI = (ΣWn × Rn)∕ΣWn

(2)Wn = k∕Sn

(3)k = 1∕(Σ1∕Sn)

(4)Qn = ((Pn − Ci))∕((Sn − Ci)) × 100
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The statistical analysis was carried out by using Pearson correlation matrix and box whisker plot methods. Addition-
ally, hydrochemical processes were elucidated through bivariate plots, shedding light on the dissolution of minerals in 
the studied context.

3 � Results and discussion

The minimum, maximum, standard deviation and average etc. are calculated for the analysed hydrochemical data 
(Table 1). A low standard deviation implies close proximity to the mean while a high standard deviation suggests a 
more dispersed dataset. The major water quality parameters like alkalinity, DO, EC, hardness, ORP, pH, salinity, TA, TDS, 
temperature, TH, F−, Cl−, NO3

−, SO4
2− and PO4

3− were examined according to the standard protocols [31]. These hydro-
chemical parameters could have positive or negative impact on water quality which depends on geochemistry of terrain. 
To establish the relationship between these hydro-chemical parameters, we conducted statistical analysis and evaluated 
correlation coefficient. The 33–35% samples have same source of drinking water i.e. supply from Beesalpur dam so the 
evaluated data is almost similar. The details of the hydrochemical parameters are as follows:

pH: pH is a measure of the hydrogen ion concentration in water. According to WHO/BIS guidelines, the safe pH for 
drinking water should fall within the range of 6.5–8.5. In the study area, collected water samples show variation from 
6.12 to 8.90 during pre-monsoon, averaging at 7.61. In post monsoon, the pH ranges from 5.87 to 8.56 with an average 
of 7.14. The average value suggests that the majority of water samples in the study area maintain a neutral pH state.

EC/TDS: The electrical conductivity EC) serves as a measure of a substance’s ability to conduct an electric cur-
rent, with higher EC values indicating greater salt content in groundwater. In the study EC is categorised as type-I if 
the salt enrichment is low (EC < 1500 µS/cm); type-II if the salt enrichment is medium (EC: 1500–3000 µS/cm); and 

Fig. 1   Geographical map and Sampling site of Tonk district
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type-III if the salt enrichment is high (EC > 3000 µS/cm) [32]. During the pre-monsoon season, EC ranges from 434 to 
7271 µS cm−1 with a mean of 1390.1 µS cm−1. In post-monsoon season, the range is 356–8871 µS cm−1 with a mean 
of 1321.2 µS/cm.

Studied samples exhibit positive correlation between TDS and EC which can be mathematically expressed by the 
empirical relation as follows:

TDS refers to the total concentration of the dissolved inorganic cations, anions and small organic matter in the 
drinking water. Because the dissolved solids are predominantly ionic species, therefore TDS is strongly correlated 
with conductivity. TDS values in the collected samples varies from 285–5090 mg/L with a mean value of 980.2 mg/L 
in pre-monsoon and 247–6140 mg/L with a mean value of 932.1 mg/L in post-monsoon season. 61.25% of pre-
monsoon and 50% of post-monsoon water samples have TDS under the accepted limit of 500 mg/L as per the WHO 
guidelines [33], while 16 samples of pre-monsoon and 14 samples of post-monsoon are found to have TDS above 
BIS permissible limit of 2000 mg/L [34]). Highest TDS & EC value was found in Mutooka village of Tonk district in 
both seasons. Minimum amount of TDS 285 mg/L in pre-monsoon and 247 mg/L in post-monsoon was reported in 
Beesalpur Dam supply at Deoli, Tonk.

ORP and DO: Oxidation and reduction potential (ORP) refers to the capacity of one chemical substance to oxidize 
or reduce another chemical substance. In pre-monsoon water samples, ORP ranges from − 247 to 185 mV while for 
post-monsoon it varies from − 101 to 189 mV. Dissolved oxygen (DO) represents the un-combined oxygen in water. 
In the study area, the average dissolved oxygen is measured at 4.34 during the pre-monsoon season and increases 
to 4.96 mg/L in post-monsoon season.

Chloride, Fluoride and Nitrate: Chloride is a key contributor to TDS and plays a role in determining salinity of 
the water. It varies from 59.8 mg/L in village Bhojpura (Uniara) to 1393.2 mg/L in Mutooka village of Tonk district in 
pre-monsoon. In post-monsoon, lowest chloride level 37.48 mg/L was found at Lamba Haresingh of Malpura Tehsil 
to maximum 1319.4 mg/L at Mutooka village of Tonk. 82.0% of pre-monsoon and 81.3% of post-monsoon water 
samples have chloride content less than 250 mg/l as per the BIS desirable limit. 11.80% of pre-monsoon samples and 
15.0% of post-monsoon samples have chloride in the range of 250–500 mg/L. Rest 6.2% of pre-monsoon and 3.7% 
of post-monsoon water samples have chloride between 500 and 1500 mg/L.

The majority of the drinking water samples of the study area have fluoride levels within the permissible limits, 
but the presence of fluoride in some post-monsoon groundwater samples raises questions about its association 
with fluoride-containing rocks. In pre-monsoon samples, the amount of fluoride varies from 0.004 to 1.34 mg/L. The 
minimum concentration of fluoride is found in Bhagwanpura of Malpura tehsil and maximum in Sondiphala of Pee-
plu tehsil in pre-monsoon. The concentration of fluoride varied between 0.04 and 1.33 mg/L in post-monsoon. The 
maximum value of fluoride is found at DoongrKalan at Malpura tehsil in post-monsoon. Statistical data obtained for 
fluoride showed that 88.75% sample in pre-monsoon and 83.75% samples in post-monsoon have amount of fluoride 
in acceptable limit of 1 mg/L. For 17 pre-monsoon and 27 post-monsoon water samples, fluoride was found to be 
in the range of 1–1.5 mg/L.

The nitrate concentration variations are notable, ranging from 0.96 to 70.4 mg/L (in Mutooka village) in pre-mon-
soon, averaging 10.90 mg/L. The minimum concentration 2.77 mg/L of nitrate is found in Aamli in Malpura Tehsil and 
maximum was found in Payaga village 47.98 mg/L at Uniara tehsil of Tonk district in post-monsoon samples with an 
average of 18.94 mg/L. 96.0% of pre-monsoon and post-monsoon samples was found to have nitrate content within 
the permissible limit of 45 mg/L, though 4% samples exceed the threshold limit.

Sulphate and Phosphate: In the groundwater samples collected from the Tonk district, sulphate concentration 
varies from 2.21 to 291.4 mg/L (in village Mutooka) and 3.51 mg/L (in village Kalmandr in Malpura tehsil) to 162.6 mg/L 
(in village Alipura in Uniara tehsil) with an average of 42.49 and 38.66 mg/L in pre-monsoon and post-monsoon, 
respectively. The frequency distribution data reveals that 96.25% of pre-monsoon water samples have sulphate within 
the acceptable limit of 200 mg/L. In all the post-monsoon samples, concentration of sulphate was within the limits.

The study’s phosphate findings suggest predominantly low concentrations for most of the samples, but elevated 
levels in certain locations point to nearby anthropogenic activities, like use of fertilizers in agriculture and decom-
position of organic matter. The phosphate levels in drinking water samples show a range of 0.001–0.24 mg/L in pre-
monsoon and 0.003–0.31 mg/L in post-monsoon seasons. The averages are 0.05 mg/L and 0.11 mg/L, respectively. 
The minimum phosphate concentration was found in Arniya bassi in pre-monsoon and Lamba Haresingh, in Malpura 

(5)TDS = 0.71∕0.70 x EC (pre − and post −monsoon)
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tehsil in post-monsoon. Mutooka (Tonk tehsil) and Jaharli (Malpura tehsil) shows maximum phosphate concentra-
tions in pre-monsoon and post-monsoon, respectively. From the frequency distribution data of phosphate, it is 
observed that 98.76% samples lie in the range of 0.05–0.1 mg/L in pre-monsoon. In post-monsoon, 36.81% samples 
have phosphate in the range of 0.01to 0.1, 51.53% samples have 0.1–0.16 mg/L and 11.6% samples have phosphate 
concentration above 0.16 mg/L.

Total Alkalinity and Hardness: The prevalence of calcium and bicarbonate ions in 98% of global ground water sam-
ples, influencing hardness and alkalinity, points to the impact of limestone weathering in the catchment areas of under-
ground water-beds. Bicarbonate is a dominant anion of the region and it is found to be in the range of 110–1220 mg/L in 
pre-monsoon and 70–1585 mg/L in post-monsoon water samples. Mean value of 322.7 mg/L in pre-monsoon 264.09 mg/L 
in post-monsoon was obtained for bicarbonate. Most of the samples have high content of bicarbonate results into high 
alkalinity. Bicarbonate is commonly produced through the weathering reactions of carbonate and silicate minerals [3].

The total hardness level in pre-monsoon samples vary between 105 and 2910 mg/L and in post-monsoon samples, it 
varies from 100 to 3270 mg/L. The maximum hardness 2910 mg/L and 3270 mg/L was observed in the samples collected 
from Tonk tehsil (Mutooka) in pre- and post-monsoon seasons, respectively. The elevated concentration of Calcium and 
Magnesium were identified in Mutooka village of Tonk district, both in pre-monsoon and post-monsoon samples. Car-
bonate concentration in Tonk is almost negligible.

The order of anions’ concentration in the water samples is as follows:
HCO3

− > Cl− > SO42− > NO3
− > F−

Calcium and Magnesium: Ca2+ and Mg2+ ions are often present in water due to the dissipation of minerals like dolo-
mite and calcite exist in the rocks. The Ca2+ is a major cation, ranged from 28 to 686 mg/L with average of 95.07 mg/L in 
pre-monsoon samples. In post monsoon, it varies from 28 to 926.0 mg/L with an average of 83.78 mg/L. The less value 
of calcium content in the average post monsoon samples may be assigned to the dilution by rainfall. The Mg2+ during 
pre-monsoon varied from 4.87 to 290.75 mg/L with an average of 20.26 mg/L and in post monsoon it ranges from 3.65 
to 242.0 mg/L, with an average of 24.7 mg/L.

Using a combination of box plots, binary plots and correlation matrices to describe study findings allows for a thorough 
explanation of data, distribution, relationships between variables and the correlation structure.

3.1 � Box plot of data

The use of box- plots for pH, TDS, SO4
2−, Cl−, HCO3

− and TH in both pre- and post-monsoon periods reveals scattered 
distribution indicating variability in the parameters (Fig. 2). The median is a midpoint of data, which divide box in two 
parts. The ends in the box-plot are called upper and lower quartiles. The observation of positive skewness in TDS, SO4

2−, 
Cl−, HCO3−and TH, where the median is below the mean, suggests that these parameters have a tail of higher values. On 
the other hand, the negative skewness in pH, with the median above the mean, indicates a tail of lower pH values. The 
longer upper whisker for all parameters except pH in the box plots suggest that there is greater variability in the values 
of both parameters. The district seasonal changes in the box plots for pH, SO4

2− and HCO3− highlight significant variation 
between the pre- and post-monsoon periods. Conversely, the box plots for TDS, TH and Cl− showing only slight variation 
suggest relatively stable concentration across two seasons. The observed variation in water parameters, along with the 
19% above normal rainfall (664.5 mm), during 2021, suggests a link to the dissolution of minerals after rainfall [35]. The 
fluctuation in the depth of water level in Tonk, ranging from 2.11 to 36.45 m bgl in pre-monsoon and 0.42–34.15 m bgl 
in post-monsoon 2021 provides additional evidence of the impact of rainfall on water levels and mineral dissolution in 
the specified period [29].

3.2 � Hydrogeochemical process

The Gibbs diagram is typically used to represent chemical compositions of water and identify the water type. It 
depicts three separate fields: precipitation zone, evaporation zone and rock-water interaction zone [36]. These zones 
help in understanding the geochemical process influencing water composition and provide insights into the hydro-
geochemical evolution of water in a particular environment. The Gibbs diagram is plotted for approx. hundred 
samples. The presence of samples in the rock-water interaction and evaporation zone, indicates the influence of 
these process on the water chemistry as shown in Gibbs ratio anion I plot (Fig. 3). It strongly suggests a significant 
interaction between groundwater and rock minerals, specifically through weathering process. Temperature(water) in 
Tonk varies from 25.6 to 36.7 °C in PRM and from 22.9 to 31.5 °C during POM. It experiences a minimum temperature 
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Fig. 2   Box and whisker plots showing the min., max., median, and lower and upper quartiles of the various parameters in both seasons a 
pH, b TDS, c SO4

2−, d Cl− e HCO3
−,f TH (mg/L)
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of  5 °C and a maximum temperature of 22 °C during winter. The higher temperature during summer, ranging from 
30 and 45 °C, can contribute to increased evaporation [29]. The evaporation process in Tonk could be influenced by 
both temperature during summer and the presence of a high concentration of chloride [37]. High TDS and elevated 
Cl- content in samples can indeed contribute to increased salinity [9, 38]. The average concentration of chloride in 
pre- and post-monsoon is 179.43 and 172.7 mg/L respectively.

Ground water is mainly affected by silicate weathering and, to lesser extent, carbonate dissolution. Dominance of 
bicarbonate is often attributed to the formation of carbonic acid in soil. Drever [39] describes the reaction of CO2 in 
unsaturated zone with rainwater results in the production of bicarbonate. Reaction are as follows:

The bivariate plot of Ca2+and HCO3
− (Fig. 4a) revealing enrichment of bicarbonate with calcium in the pre-monsoon 

period suggests a potential source of these ions, possibly linked to silicate weathering. On the other hand the post-
monsoon samples showing dissolution of silicate and calcite indicate changes in geochemical processes [40]. Most 
of the samples lie on or below 1:1 line. Samples above the line have low calcium content which may be attributed to 
cation exchange and silicate weathering (Fig. 4b). The weathering of calcium rocks and Ca-rich silicates consistently 
enrich the Ca2+ and HCO3

− in aquifer.
Molar ratio of Ca2+/Mg2+ denotes dolomite or calcite dissolution and silicate weathering. The Ca and Mg molar 

ratio lies on median line indicates dolomite dissolution (Fig. 4b). From the data analysis of samples, the mCa/Mg 
ratio is greater than 1 with an average of 4.05 in PRM and 3.06 mmol/L in POM. The majority of samples lying below 
the median line in bivariate plot of Ca2+ and HCO3

−, especially with a 1:1 ratio, suggest a higher Ca2+ content in both 
seasons. This pattern is indicative of calcite dissolution on the study area. The presence of samples with mCa/Mg > 2, 
especially in the silicate weathering region indicates a dominance of silicate weathering process. High Mg2+ content 
in some samples during both seasons further supports the influence of silicate weathering on groundwater chemistry.

TDS and TH are crucial parameters for  assessing water quality. The majority of samples as ranging from soft fresh 
to hard brackish water in both pre- and post-monsoon seasons indicates variation in mineral content (Fig. 5).

(6)Gibbs ratio I for anion = Cl
−∕(Cl

− + HCO3
−)

(7)
Ca,Mg, K, Na) silicate + carbonic acid = dissolved silicic acid + bicarbonate + Ca +Mg + K + Na + solid products

(8)CO2 + H2O + CaCO3(calcite) = Calcium ions + 2HCO−
3

Fig. 3   Gibbs ratio for anion I 
showing hydrochemistry in 
study area
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3.3 � Water quality index

The Water Quality Index (WQI) is a valuable tool as it condenses multiple water quality criteria into a single numeri-
cal value, providing a convenient way to assess overall water quality. WQI study offers a comprehensive picture of 
surface and ground water quality allows for evaluation of water suitability for various domestic pur poses. The con-
centrations of 11 parameters such as pH, EC, TH, TA, TDS, Ca2+, Mg2+, Cl−, SO4

2−, NO3
−, and F− were used to compute 

water quality indices (WQI) for the samples. Overall WQI value indicating 70% of tested samples as of exceptional 
quality and 30% as of good quality for drinking purposes is a positive finding. The WQI value and water type of the 
pre- and post-monsoon season are presented in Table 2 and Fig. 6. The WQI ranges from 4.55 to 82.33 and 6.39 to 
96.83 for pre- and post-monsoon seasons, respectively. During post-monsoon the WQI is affected by dissolution 
of Cl−, NO3

−, SO4
2−, Ca2+, Mg2+ and HCO3

− ions. Presence of a high concentration of F− influencing the WQI in both 
PRM and POM seasons highlights the importance of specific ion in overall water quality.

Fig. 4   Bivariate plot (a) Ca vs HCO3
− (b) Ca vs Mg explaining geochemical process

Fig. 5   Plot of TH versus TDS 
in pre- and post-monsoon 
season
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3.4 � Correlation analysis of physico‑chemical parameters in Tonk

Correlation analysis is a statistical tool for measuring the strength and direction of a linear relationship between two 
variables. Correlation coefficient values close to + 1 or − 1 indicate that the variables x and y are likely to have a linear 
connection. The correlation has been extensively employed in studies related to water quality and physicochemical 
characteristics. Incorporating the WQI into the correlation matrices for variables such as pH, EC, Salinity, ORP, DO, 
TDS, TA, TH, F−, Cl−, NO3

−, SO4
2−, PO4 3−, Ca2+, Mg2+ and bicarbonate etc. is summarized in Tables 3 and 4 for pre and 

post monsoon season allows not only to assess the relationship between individual water parameters but also their 
collective contribution to the water quality. Strong (r =  > 0.9) to good (r =  < 0.9 to > 0.5) correlations between various 
physicochemical parameters such as: (i)TDS/ EC with Cl−, NO3

−, SO4
2−, TH,Ca,Mg and HCO3

− (ii) Total hardness with 
TDS, Cl−, Ca, Mg, NO3

−, SO4
2− (iii) Calcium with TDS, TH, Cl−, NO3

−, SO4
2− (iv) Magnesium with TDS, Ca, TH, Cl−, NO3

−, 
SO4

2−(v) Bicarbonate with TDS, Ca, Mg, TH, Cl−, NO3
−, SO4

2− have been observed. These observed patterns in both 
PRM and POM seasons provide valuable insights into the interconnected nature of these parameters. The moderate 
to strong correlation of SO4

2− (r = 0.4–0.65) with other parameters in both pre- and post-monsoon suggests phys-
icochemical reactions including oxidation–reduction and ion exchange in the groundwater aquifer system [41]. This 
correlation implies that these ions likely originated from a common source, indicating a shared geochemical history.

The strong correlation between the WQI and fluoride in both pre- (r = 0.90) and post-monsoon(r = 0.85) suggests a 
consistent relationship. Additionally, the moderate correlation of WQI with parameters such as TDS, Cl−, NO3

−, SO4
2−, 

TH, Ca, Mg and HCO3
− in post-monsoon indicates a link attributed to rock water interaction following rainfall. This 

suggests that the WQI is directly or indirectly associated with these parameters, emphasizing the impact of post-
monsoon conditions on water quality.

Table 2   Water quality index 
classification in pre-&post-
monsoon

Class WQI Water Quality status % of Sample

Pre-monsoon Post-monsoon

I  < 50 Excellent 75% 63.75
II 51–100 Good 25% 36.25
III 101–200 Poor NIL NIL
IV 201–300 Very Poor NIL NIL
V  > 300 Unsuitable for drink NIL NIL

Fig. 6   WQI distribution in pre- and post-monsoon period of Tonk district
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4 � Conclusion

Geostatistical and hydrochemical processes have effectively assessed the groundwater quality in the study area. The 

Table 3   Correlation matrix of water quality parameters during pre -monsoon

Significant value at 0.05 level is shown by Bold

Electrical conductivity (EC), μS/cm; Total dissolved solids (TDS), Salinity, Total hardness (TH), Total alkalinity (TA), Nitrate, Sulphate, Phos-
phate, Ca, Mg, Cl, F, mg/L; Oxidation–reduction potential (ORP), mV

pH TDS EC ORP Salinity DO F- Cl- NO3
− SO4

2− PO4
3− TH Ca Mg TA WQI

pH 1
TDS − 0.53 1.00
EC − 0.52 0.99 1.00
ORP 0.34 − 0.32 − 0.34 1.00
Salinity − 0.53 0.99 0.99 − 0.33 1.00
DO 0.58 − 0.38 − 0.38 0.46 − 0.39 1.00
F- − 0.01 0.16 0.15 − 0.09 0.16 − 0.41 1.00
Cl- − 0.44 0.92 0.92 − 0.37 0.94 − 0.38 0.17 1.00
NO3

− − 0.50 0.65 0.67 − 0.19 0.68 − 0.43 0.16 0.60 1.00
SO4

2− − 0.50 0.69 0.70 − 0.25 0.70 − 0.44 0.12 0.67 0.70 1.00
PO4

3− 0.45 − 0.16 − 0.16 0.29 − 0.13 0.51 − 0.15 − 0.05 − 0.05 − 0.10 1.00
TH − 0.52 0.89 0.88 − 0.27 0.91 − 0.30 0.09 0.88 0.62 0.62 0.00 1.00
Ca − 0.51 0.89 0.89 − 0.21 0.91 − 0.32 0.11 0.86 0.58 0.62 − 0.09 0.95 1.00
Mg − 0.41 0.67 0.65 − 0.32 0.71 − 0.21 0.03 0.72 0.55 0.48 0.16 0.85 0.65 1.00
TA − 0.54 0.94 0.94 − 0.28 0.94 − 0.45 0.23 0.85 0.65 0.60 − 0.22 0.82 0.84 0.58 1.00
WQI − 0.10 0.21 0.21 − 0.09 0.22 − 0.35 0.90 0.20 0.24 0.16 − 0.08 0.22 0.22 0.19 0.28 1.00

Table 4   Correlation matrix of water quality parameters during post -monsoon

Significant value at 0.05 level is shown by Bold

Electrical conductivity (EC), μS/cm; Total dissolved solids (TDS), Salinity, Total hardness (TH), Total alkalinity (TA), Nitrate, Sulphate, Phos-
phate, Ca, Mg, Cl, F, mg/L; Oxidation–reduction potential (ORP), mV

pH TDS EC ORP Salinity DO F- C- NO3
− SO4

2− PO4
3− TH Ca Mg TA WQI

pH 1
TDS − 0.62 1.00
EC − 0.62 1.00 1.00
ORP 0.33 − 0.19 − 0.20 1.00
Salinity − 0.60 1.00 1.00 − 0.20 1.00
DO 0.53 − 0.45 − 0.46 0.32 − 0.44 1.00
F- − 0.32 0.17 0.19 − 0.15 0.17 − 0.31 1.00
Cl- − 0.58 0.84 0.85 − 0.21 0.86 − 0.39 0.15 1.00
NO3

− − 0.65 0.70 0.69 − 0.12 0.67 − 0.34 0.18 0.54 1.00
SO4

2− − 0.47 0.48 0.49 − 0.26 0.47 − 0.42 0.27 0.40 0.51 1.00
PO4

3− 0.37 − 0.20 − 0.21 0.11 − 0.19 0.42 − 0.31 − 0.19 − 0.33 − 0.38 1.00
TH − 0.57 0.87 0.88 − 0.17 0.89 − 0.44 0.13 0.81 0.55 0.40 − 0.17 1.00
Ca − 0.53 0.83 0.83 − 0.17 0.86 − 0.41 0.12 0.79 0.50 0.39 − 0.15 0.99 1.00
Mg − 0.60 0.88 0.89 − 0.17 0.90 − 0.44 0.15 0.79 0.60 0.39 − 0.19 0.96 0.89 1.00
TA − 0.60 0.94 0.94 − 0.25 0.94 − 0.45 0.24 0.76 0.65 0.46 − 0.18 0.84 0.82 0.81 1.00
WQI − 0.58 0.48 0.49 − 0.14 0.47 − 0.35 0.85 0.38 0.48 0.36 − 0.33 0.40 0.37 0.42 0.50 1
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findings along with Water Quality Index indicate that the majority of the area has good to exceptional quality water 
suitable for various uses. The strong correlation between WQI and fluoride in both seasons further supports the 
reliability of evaluation. Additionally, the water quality characteristic for most of the samples is soft fresh to hard 
brackish water for both the seasons.

Ca2+ is the predominant cation in the groundwater study, and chloride is the most abundant anion after bicarbonate. 
Ninety six percent of groundwater samples in the study region had nitrate concentrations below acceptable limits reflects 
a positive aspect for water quality. The majority of samples exhibit TDS levels below the permissible limit set by the BIS(34) 
in both pre- and post-monsoon seasons. However around ten and nine percent samples have TDS above the permis-
sible limit of 2000 mg/L in pre- and post-monsoon respectively, warrants attention. The wide range of concentration in 
the primary components indicates the involvement of multiple hydrochemical processes influencing water quality. The 
average molar ratio of Ca2+/Mg2+ ions at 4.05 in pre-monsoon and 3.06 mmol/L in post-monsoon, suggests variation in 
the dominance of these ions across season. Bicarbonate emerges as the dominant ion followed by chloride and others 
highlighting the complex interplay of hydrochemical factors in shaping the groundwater composition.

The order of anions in the area based on concentration is as follows: HCO3
− > Cl− > SO4

2− > NO3
− > F−

The Gibbs plot analysis reveals that most of the samples fall in the rock water interaction zone with some in the evapo-
ration zone due to elevated Cl− ion content, suggests a significant influence of geology on the water composition. Bee-
salpur dam providing a significant portion (33%) of the drinking water in Tonk while other area relying on underground 
water reserves, rain water harvesting is crucial for sustainable water management. Different hydrochemical measures 
have been taken to determine groundwater suitability for drinking purpose. While most analysed water is deemed safe 
for drinking and household use, locations with high TDS, Cl−, Ca2+ and hardness levels may require treatment before use. 
The unusual concentration of the ions in groundwater possibly influenced by anthropogenic contributions, agricultural 
activities and industrial pollution emphasize the impact of human activities on water quality. Water quality index is soft 
to moderate in both seasons indicate a level of water quality monitoring and management.

The findings of this study hold valuable insights for identifying the principal causes of pollution at various locations 
and the measures to mitigate the source of contamination.
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