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Summary
Water being an integral part of human body, it is of prime importance. This
necessitates the sustainable management of water resource in terms of quantity and quality.
Declining groundwater levels and increasing contaminants in groundwater are reports by
many researchers in India, one of which is uranium. With the health implications related to
uranium, it is of utmost importance to understand the sources and release mechanism of
uranium into the groundwater. Studies suggest an increasing uranium contamination in
groundwater and provide some conclusions on the likely controls, but none of them relates
the aquifer characteristics, aquifer dynamics and the hydrochemical drivers which are very
vital in controlling the uranium mobilization. With an objective, to understand the role of
aquifer dynamics, aquifer characteristics, hydrochemistry (rock-water interactions) etc on
uranium mobilization this research work was undertaken choosing in two geologically
different terrains namely i) Muktsar and Faridkot districts of Punjab having alluvial
formation and ii) Jaipur and Dausa districts of Rajasthan having alluvial and hard rock mixed
formations. The results obtained in this study helps in evolving a holistic mechanism for
uranium mobilization considering the different geological terrains of the India. These
inferences and conclusions would also be applicable to similar geological formations in other
countries as well. The similarities between the study areas include semi-arid climate, rainfall
distribution and cropping intensity while dissimilarity pertains to geology, Punjab is alluvial
formation while Rajasthan is both alluvial and hard rock formations.
In the shallow zone groundwater from study area under Punjab, 43% of samples were
unsuitable for consumption in premonsoon which decreased to 29% in postmonsoon season
while, for deep zone 30% of the samples were unsuitable for drinking which decreased to
12% in postmonsoon season. The groundwater from the study area of Rajasthan shows 25%
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of samples are unsuitable for drinking in premonsoon season which increased to 71% in
postmonsoon for alluvial formation. For hard rock formation, 60% of the samples from both
seasons were unsuitable for their use. 100% of the groundwater from both Punjab (Muktsar
and Faridkot) and Rajasthan (Jaipur and Dausa) are unsuitable for agricultural activity.
The study area under Punjab has issues of elevated nitrates (pre: 63%; post: 55%),
fluoride (pre: 47%; post: 26%), sulphates (pre: 57%; post: 29%) and salinity (pre: 28%; post:
16%). In the deep zone, contamination due to high nitrate (pre: 30%; post: 13%) and fluoride
(pre: 30%; post: 13%) is observed. The contaminated samples are decreased in postmonsoon
season which is attributed to dilution by percolating water. The source of high nitrate and
sulphate is excessive use of fertilizer while fluoride is presence of apatite minerals and
salinity is due to rock-water interactions. The study area of Rajasthan has issues of high
fluoride (pre: 25%; post: 71%), nitrate (pre: 40%; post: 43%) and salinity (pre: 42%; post:
86%) in the alluvial formation. For the hard rock formation contaminants like fluoride (pre:
67%; post: 75%), nitrate (pre: 20%; post: 33%) and salinity (pre: 60%; post: 92%) are found.
The increased concentration of ions in postmonsoon is attributed to dissolution of salts from
the vadose zone with percolating water. The high fluoride concentration in hard rock
formation is attributed to increased rock-water interactions and presence of sources like
fluorapatite and fluorite deposits present in the formation. The high salinity is attributed to
rock-water interactions and nitrate concentrations are attributed to excessive use of fertilizer
for agricultural purposes.
The ion scatter plots ascertain that the main source of Na+ ions is ion-exchange with
Ca2+ and Mg2+ ions from water, Mg2+ ions is a result of magnesium silicate weathering and
Ca2+ ions is due to calcite and dolomite dissolution in shallow and deep zone of alluvial
formation from study area under Punjab. For alluvial and hard rock formation of study area
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under Rajasthan, same geochemical processes were found responsible for ionic
concentrations.
The stable isotope signature from the alluvial formation of Muktsar and Faridkot
district of Punjab indicates that shallow zone water has three main recharge sources i.e. i)
canal water, ii) precipitation and regional flow contribution and iii) evaporated precipitation
or irrigation return flow. The deep zone samples have a contribution from regional flow
(precipitation). The stable isotope from the alluvial formation of Jaipur and Dausa districts
of Rajasthan indicates two sources of recharge i.e. i) precipitation and ii) irrigation return
flow. The similar signatures were observed in the hard rock formation of the study area. The
signatures of delayed recharge are ascertained for alluvial and hard rock formation of
Rajasthan from stable isotope and chemical data.
The uranium concentration in the alluvial formation from Muktsar and Faridkot
district of Punjab has range from 1-610 µg/L with an average value of 116 µg/L for
premonsoon season while for the postmonsoon season the concentration range from 10565µg/L with an average value of 80µg/L. 78% of the samples fall above the permissible
limit by WHO which decrease to 69% in the postmonsoon season. For the alluvial formation
of Jaipur and Dausa district of Rajasthan, uranium contamination in the alluvial formation
ranges from 0.4-177 µg/L with an average concentration of 30 µg/L and 33% samples above
the permissible limit of WHO for premonsoon season. For postmonsoon season, uranium
concentration is in range of 5.3-142 µg/L with an average concentration of 47 µg/L and 61%
of the samples above the permissible limits. For the hard rock formation of Jaipur and Dausa
districts of Rajasthan, uranium concentrations are in range of 0.5-115µg/L with an average
concentration of 34 µg/L and 53% samples above the permissible limit of WHO for
premonsoon season while for postmonsoon season the concentration range is 5.2-145 µg/L
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with an average concentration is 51 µg/L and 58% of the samples above the permissible
limits.
Uranium contamination in the alluvial formation from Punjab shows a decrease in
postmonsoon season both in average value and contaminated samples. Alluvial formation of
Rajasthan indicates an increase in contaminated samples and concentration in the
postmonsoon season. The hard rock formation of Rajasthan shows similar inferences as
alluvial formation of Rajasthan i.e. an increase in contaminated samples and concentration
of uranium is observed in postmonsoon season. The hydrochemical drivers like NO3- and
HCO3- ions play a major role in uranium mobilizat
conditions and concentrations of hydrochemical drivers and their correlations that led to
spread in dissolved uranium concentration seasonally, spatial and temporally in the study
area under Punjab and Rajasthan. The release of uranium in case of Punjab is oxidative
dissolution while for Rajasthan is leaching due to limited availability of NO3- ions in case of
Rajasthan due to delayed recharge.
The high uranium concentration in the shallow zone is associated with Na-HCO3-Cl,
Na-Cl-HCO3-, Na-HCO3 and Na-Cl type water in a premonsoon while for the postmonsoon
Na-HCO3-Cl, Na-Cl-HCO3 and Na-HCO3 water type. For deep zone, all the contaminated
samples had Na-HCO3 as water type in both seasons. The highest values of uranium have
Na-HCO3-Cl type water in both zones and both seasons for the alluvial formation of Punjab.
The high uranium concentrations in alluvial formation from Rajasthan is associated
with Na-HCO3-Cl and Na-Cl-HCO3 type in premonsoon while for the postmonsoon shift
towards Na-Cl-HCO3 type water is observed. For hard rock formation, all the contaminated
samples had Na-HCO3-Cl type water in premonsoon which shifted to Na-Cl-HCO3 water
type. The highest values of uranium have Na-Cl-HCO3 type water in both formations and
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both seasons. Thus, corroborating that EC and HCO3- ions have a major role towards
mobilization of uranium.
In the alluvial formation of Punjab, the activity ratio is in range of 0.85- 1.05 which
suggests equilibrium condition while high uranium concentration suggest that aquifer is in
oxidative condition. In the scatter plot of inverse uranium concentration and activity ratio,
shallow zone samples follow the trend line of leaching while the deep zone samples fall on
the mixing line. The mixing between deep and shallow zone is also corroborated from stable
isotope signatures and chemical results.
The alluvial aquifer of Rajasthan has the 234U/238U activity ratio in range of 1.38 to
2.97 which is indicative of disequilibrium resulting from alpha recoil. The uranium is also
high in the groundwater indicating that aquifer is in oxidative condition. For the hard rock
formation of Rajasthan, similar activity ratio was found i.e. 1.69 to 2.38. In the scatter plot
of inverse concentration versus AR, samples from both the formations follow leaching trend
line. Thus, it can be concluded that similar geochemical processes are responsible for higher
uranium in both the formations of Rajasthan. The stable isotope signature and chemical
results indicate towards the interconnection of both the formations and delayed recharge.
By combining the chemical, stable isotopic data, uranium distribution, uranium
isotope analysis, statistical and factor analysis, it can be concluded that high uranium in the
shallow alluvial formation is attributed to the aquifer condition i.e. oxidative nature of the
aquifer and to the extensive agricultural activity of the area, increasing nitrate concentration
due to extensive use of fertilizer and bicarbonate ions due to increased pCO2 which is result
of root respiration and decaying organic matter (again due to agricultural activity) are
controlling the U mobilization in groundwater of this region. The high uranium pockets in
the deep zone of alluvial formation from Punjab are attributed to mixing between shallow
and deep zones.
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In Rajasthan, the aquifer behaves like a single unit and has signature of delayed
recharge. This makes the availability of NO3- ions limited. The cropping intensity of Punjab
is also more compared to Rajasthan that indicates the low NO3- ion concentration in the
region that is corroborated from chemical data. Thus, overall oxidation of the mineral like
in the case of Punjab is not observed. The uranium is mobilized due to limited NO3- ions
present. Thus, a lower concentration in case of Rajasthan is observed compared to Punjab.
The high activity ratio is attributed to long residence time which increases rock-water
interaction. Thus, providing time for selective leaching of 234U leading to increased activity
ratio.
The high uranium in the study area of Punjab and Rajasthan is attributed to multiple
factors including geochemical process, aquifer characteristics, aquifer condition and
extensive agricultural practices. In Punjab, the main processes that causing release is
oxidative dissolution from uranium minerals present in the aquifer matrix while for
Rajasthan, its rock-water interactions and oxidative condition leading to leaching of uranium
from the source. The selective leaching of 234U is also observed in Rajasthan.
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Remedial measures
Remediation is an act of correcting an error or in case of contamination the measures
taken to reduce the concentration of already present contaminant. This helps in reducing the
risks to human health, environment and property to acceptable levels by removing or
reducing the source of contamination or by blocking exposure pathways. The treatment can
be carried out in two modes, viz., in-situ (i.e. at the site) or ex-situ (i.e. after extraction) [262].
The ex situ treatment includes the following categories
1. Adsorption or ion exchange: This process comes under physical method of removal.
The adsorbents like activated carbon, activated silica, resins etc are for this purpose,
which are efficient methods for removal of uranium but suffer from high costs.
2. Precipitation: This is a simple and less expensive method, but leads to generation of
effluent that needs proper disposal. The method involves increase the pH of the system
which allows co-precipitation of uranium with ferric hydroxide.
3. Reverse osmosis: Water is passed through a semipermeable membrane under high
pressure. This process of uranium removal is not cost effective and the concentrated
waste generated in the process also needs to be taken care for.
In- situ remediation:
1. Making use of Redox conditions: The process work by changing the oxidationreduction conditions leading to reduction of U(IV) to U(VI). The main disadvantage of
this process is remobilization of sorbed uranium over a period of time. To invoke redox
changes, sodium dithionite, microbial induced reduction, and calcium polysulfide etc
are used.
2. Permeable reactive barriers (PRBs) like bone char phosphate, zero valent iron or ferric
iron across the flow path of the contaminant plume has shown to lower the uranium
concentration.
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3. Natural zeolites: Adsorption on clinoptilolite manganese oxide coated zeolite (MOCZ)
can be used for uranium removal from the groundwater system.
4. Bioremediation: Microbial reduction of U(VI) to U(IV) using Geobacter species.
Pseudomonas MGF-48 is also known to help in remediation of uranium as studied by
Li and Zhang (2012)

[263]

. Denitrification bacteria, ferric-iron reducing bacteria and

sulphate reducing bacteria are also studied. It was found that by dosing small quantity
of ethanol the reduction process of uranium is enhanced [261].
5. Phytoremediation: Plants like sunflower, Indian mustard, small duckweed and willow
moss are known to absorb uranium from soil and water. A study by Pentyala and Eapen
(2020) [264] concluded that vetiveria zizaniodies grass plant can be efficiently used for
removing uranium from hydroponic solutions as well as soil. At lower concentration
the uranium is limited to roots while at higher concentration it spreads in the whole
plant [264].
Remediation method that can be applied to the area under study are:
i)

Punjab:
The study area has extensive network of canal feeder hence the people
can switch to surface water for their domestic necessities.
The state government have installed large scale RO-systems throughout
the affected area. The public is instructed to use RO-water for the
purpose of drinking and cooking.
Other than these measures, bioremediation and phytoremediation would
be good idea for uranium removal.

ii)

Rajasthan
For the people of Rajasthan, there is no other source of freshwater except the
groundwater supplies. Hence, it is very important to take immediate step
211

towards remediation of uranium. The redox based microbial induced reduction
would be a good approach. Geobacter species, denitrification bacteria, ferriciron reducing bacteria and sulphate reducing bacteria can be used for the
purpose.
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Future Scope
Uranium is known for its radiotoxicity and also its heavy metal nature affecting the
human health. In the initial study, it was known to accumulate in the kidney and affect its
normal functioning. With the advancement of studies, uranium is known to impact bones,
DNA, neurotransmitters, cancerous etc.
India has a diverse nature of aquifer formations. Since the distribution of uranium is
not associated with any particular region or formation, it is important to conceptualize the
uranium mobilization considering the local geology. Since groundwater is the major source
of drinking water in India and in many other countries, it is important to conceptualize the
U mobilization process in different terrains. This can be achieved through a thorough
understanding of aquifer geochemistry, involving geochemical processes, source and
mechanism of groundwater recharge and its dynamics, source of contamination. Considering
the Uranium isotope and total uranium of groundwater four scenarios can be envisaged (Fig.
6.1).

Fig. 6 1 Plausible scenarios based on AR and uranium concentration
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Under this thesis work, two categories i.e. i) area with high uranium and low AR and
ii) area with high uranium and high AR are studied. It is found that the study area of
Rajasthan has high uranium and high AR while the study area of Punjab has High uranium
low AR. The reason for high AR in Rajasthan is aquifer characteristics and dynamic that
favours rock-water interaction and helps in selective leaching of

234

U. We have proposed a

mechanism of uranium release in the two areas depicting the role of various hydrochemical
drivers, geochemical processes, and human interferences. A similar study can be planned for
the other two categories, viz., low uranium low AR and low uranium high AR. It would be
interesting to see which of these categories are more prone to changes and how human
interventions can alter the U mobilization in short term and long-term scenarios.
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growth and rising expectation for a better life. It is of prime importance that basic resources for
human survival, viz., air, water and land are managed wisely and sustainably. Groundwater
constitutes 80% of the total freshwater resources on earth. Due to uncertainty in monsoons and
degradation in surface water quality, the dependence on groundwater is ever increasing to meet
the freshwater demand. Intensive use of groundwater resources and its contamination by
anthropogenic activities pose a great threat to groundwater in terms of both quantity and quality.
In Punjab, an agrarian state, the quality and quantity of groundwater are being affected by
overexploitation of groundwater, excess use of fertilizers and pesticide. Rajasthan being a semiarid to arid region, groundwater recharge is limited and abstraction of groundwater is leading to
depletion in the water levels, inland salinity and other contamination. Both Punjab and
Rajasthan form a sizable fraction of northwestern India and many research studies on
groundwater have been carried out to evaluate the controls on groundwater recharge as well as
quality. The presence of radioactive contaminants like uranium in these states poses an
additional threat to human health. This research work pertains to evaluation of groundwater
contamination by uranium concentration in parts of Punjab and Rajasthan states.
The selected areas i.e. Punjab (Muktsar and Faridkot districts) and Rajasthan (Jaipur and Dausa
districts) are both semiarid and have cropping intensity more than 100%, which poses severe
stress on the existing groundwater resources. The main aquifer system in Punjab is alluvial in
nature while Rajasthan has both alluvial and hard rock formations comprising of Gneiss,
Phyllites etc. Both the study areas are facing the problem of nitrate, iron and fluoride
contamination in groundwater as well as salinization. In addition, Muktsar district of Punjab is
i

also facing waterlogging problem in addition to poor water quality. The abstraction of
groundwater is very low because of its degraded quality and the water from canals and
irrigational activities are further increasing the waterlogging issue. A proper evaluation of
groundwater quality and factors affecting the characteristics in different aquifers is needed to
ensure sustainable groundwater development and also to suggest appropriate remedial measures
to combat growing contamination issues.
Geochemistry and environmental isotopes in conjunction with modelling tools have proven to
be potential tools in assessing processes and factors governing groundwater chemistry, the
dynamics of the aquifer system etc. The work described in this thesis deals with the assessment
of groundwater quality and its suitability for potable and irrigational purposes as a first step
towards understanding the groundwater characteristics. Subsequently, the chemical results
along with environmental isotope, geochemical and statistical modeling tools were used to
identify the factors and processes governing the mobilization of ions, the recharge sources,
condition and dynamics of the aquifer system. To achieve this, the water samples were collected
from both the study areas mainly from existing hand pump, tube-wells and bore wells covering
spatial and vertical heterogeneities. In order to determine temporal variations, water sampling
was carried out during premonsoon as well as postmonsoon seasons. The collected water
samples were analyzed for major chemical ions, environmental isotopes and total uranium and
its isotopes. The results helped in demarcating the low and high uranium zones and the effect of
hydrochemistry on uranium mobilization. The probable hydrochemical drivers for mobilization
of uranium were also evaluated and a conceptual model for groundwater uranium mobilization
for both Punjab and Rajasthan states are proposed in the thesis. The work in the thesis is divided
into five chapters namely;
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Introduction
Methodology
Source and mobilization of uranium in groundwater of SW Punjab
Source and mobilization of uranium in groundwater of Rajasthan
Comparative analysis
CHAPTER 1: INTRODUCTION
Chapter 1 describes the importance of groundwater in the context of India and world in terms
of quality and quantity. The water quality is modified during the course of its traverse through
the hydrological cycle due to interaction reactions like evaporation, transpiration, selective
uptake by vegetation, ion-exchange, oxidation/reduction, dissolution/precipitation of minerals,
mixing of waters, leaching of fertilizers, pesticides and manure etc. Deteriorating water quality
is also strongly related to increasing population and industrialization. The improper disposal of
industrial waste, extensive use of fertilizers, and pesticide are impacting the quality of water in
many agrarian regions. The surface water is often insufficient in fulfilling the demands for
domestic, agricultural and industrial uses. Hence, the stress on groundwater resources is
increasing exponentially. The additional stress on groundwater quantity arises due to uneven
rainfall or failure of monsoon. Many reports have documented a rapid increase in groundwater
contaminants like fluoride, chloride (inland or coastal), iron, arsenic, nitrates and uranium in
India as well as abroad. These contaminants often lead to increasing human health ailments.
Uranium contamination in drinking water mainly impacts the kidney functioning apart from
DNA damage, bone degradation. Uranium being a toxic heavy metal also results in carcinogenic
effect on the human body. High concentration of uranium was reported in Malwa region of
Punjab by many researchers. The studies have not correlated the high uranium concentration to
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aquifer dynamics, hydrogeology, hydrochemistry etc. To get the holistic picture on uranium
mobilization, it is important to understand the role played by these factors. So, we selected two
study area namely Muktsar and Faridkot district of Punjab and Jaipur and Dausa districts of
Rajasthan. These chosen areas have similarities like semi-arid climate with an average annual
rainfall in range of 500-600 mm received from south west monsoon. Extensive agricultural is
done in the districts under study with cropping intensity of more than 150%. The districts from
Punjab and Rajasthan are still different in many ways like Muktsar and Faridkot districts have
principle aquifers in alluvial formation while Jaipur and Dausa districts aquifers are in both
alluvial and hard rock formation. The research studies carried out on the uranium contamination
and groundwater quality from these study areas are mentioned in the introductory chapter. The
available research mentions about the increasing concentration of uranium and other
contaminants in groundwater, but provide limited information on the source and origin of
groundwater, residence time and factors leading to uranium contamination. The broad
objectives of the study are i) assessment of groundwater quality and its suitability to potable and
irrigation purposes, ii) identification and understanding the geochemical processes leading to
the chemical characteristic of groundwater, iii) To find the source and origin of groundwater iv)
to delineate the uranium-rich and poor zones v) to study uranium mobilization process.
CHAPTER 2: METHODOLOGY
Chapter 2 outlines the importance of chemistry, environmental isotopes, geochemical and
statistical modeling tools in understanding the groundwater characteristics and promoting
sustainable management of water resources. Water samples were mainly collected from major
water-bearing formations of the study area namely, Alluvium in Muktsar and Faridkot districts
of south-west Punjab; Alluvial and Hard rock formation of Jaipur and Dausa districts of
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Rajasthan. The water sampling from the hand pump, tube wells, and canals in the study area of
Punjab was done during October 2016 (postmonsoon) and May 2017 (premonsoon). The
sampling from the study area of Rajasthan was carried out during March 2017 (premonsoon)
and November 2017 (postmonsoon). The sampling locations details like latitude, longitude,
elevation, well depth was noted down in the field while in situ physicochemical parameters such
as electrical conductivity (EC), pH, total dissolved solids (TDS), and temperature were
measured on site using Hanna multiparameter probe. The working principle of the instruments
is described in this chapter. The samples for major ion chemistry (60ml), stable isotopes (30ml),
tritium (500ml), total dissolved uranium (20ml) and uranium isotopes (1l) were brought to the
laboratory for the measurements. The pretreatment and sampling procedure along with
precautions to be taken during sampling are detailed in the chapter.
Most of the chemical analysis was carried out using ion chromatography system (DIONEX- DX
500), the working principle and operating conditions of these techniques are described under
this chapter. Environmental stable isotopes (2H & 18O) were measured using isotope ratio mass
spectrometer (IRMS) after adopting appropriate sample preparation method. Environmental
radioisotope tritium (3H) was measured using a liquid scintillation counter (LSC) after
electrolytic enrichment. A brief description of IRMS and LSC is given in this chapter. Total
dissolved uranium was measured using LED-based fluorimeter (Quantalase UA-I), the working
principle and error estimation is described in the chapter under analytical techniques. For the
measurement of uranium isotopes (234U and

238

U), separation of uranium followed by

electroplating was carried out. The counts were obtained using an alpha spectrometer with 1K
MCA (Ortec instruments) with Maestro analysis software. The calibration, background
correction and working principle of the instrument are briefly described in this chapter. Various
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models commonly used for hydrochemical studies are mentioned in this chapter with detailed
description.
CHAPTER 3: Source and mobilization of uranium in groundwater of South West
Punjab
Chapter 3 provides the geological and hydrogeological description of the study area in Punjab,
viz., Faridkot and Muktsar districts. It also includes the groundwater scenario of the region in
terms of quality and quantity. The study area has a semiarid climate with 79% of its rainfall
received from south-west monsoon with an average annual rainfall of 369 mm in Muktsar and
459 mm in Faridkot districts

winter and maximum

with a cropping intensity of 200% in Muktsar and 193% in Faridkot district of the study area
with approximate 11000 and 65000 nutrient ton of NPK of fertilizer consumption. The
hydrochemical, isotope and uranium results are listed in this chapter with detailed interpretation
using various graphical representations. The major cations in Muktsar are in order of Na +>
Ca2+> Mg2+> K+ while order for anions is HCO3-> SO42-> Cl-> NO3-> F- for both seasons. The
order of major anions for Faridkot remains the same while the order of major cations is Na+>
K+ > Ca2+> Mg2+. The contaminants like TDS, TH, SO42-, Cl-, NO3-, F- and uranium are found
in both the districts during both the seasons as per the guidelines of WHO and BIS. Except for
TH, all contaminants decrease in the postmonsoon season which may be attributed to dilution
due to recharging precipitation water. As per the three major criteria for determining the
suitability of water for drinking i.e. TDS, TH and EC; 20%, 5% and 23% of samples in Muktsar
are found to be fit for drinking respectively while 39%, nil and 42% of samples are fit in the
case of Faridkot district respectively. The parameters for accessing suitability of water for
irrigational use are SAR, %Na, RSC, PI. According to the classification based on SAR, 89% of
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samples are found to be fit for irrigation in Muktsar, which decreased to 85% in postmonsoon.
In Faridkot, the acceptable samples were 73% which decreased to 58% in the postmonsoon
season. As per %Na, all the samples fall in the acceptable range during both the seasons in both
the districts. As per RSC, 62% of samples are suitable which decreases to 40% in postmonsoon
for Muktsar. For Faridkot, 3% of samples are suitable as per RSC while none of the samples are
suitable for the postmonsoon season. As per the PI values, most of the samples are in Class 1
for both seasons, whereas in Faridkot samples mostly fall in Class 2 and Class 3 in both the
seasons. The composite factor for irrigation suggests none of the samples are fit for their use in
Faridkot and Muktsar districts during both seasons. The premonsoon samples mostly fall under
Na-Cl type water which changes to Ca-Na-HCO3 type during postmonsoon seasons. The
geochemical process involved were assessed and found that reverse ion exchange is the
dominant process followed by evaporative enrichment leading to increased concentration of Na+
and K+ ions in the aquifer system while magnesium silicate weathering is the main reason for
Mg2+ ion and calcite dissolution is the source for Ca2+ ions. The average uranium concentration
for premonsoon is 95 µg/L and 133 µg/L for Muktsar and Faridkot districts respectively, while
for the postmonsoon season, it is found to be 80 µg/L and 83 µg/L respectively. The decrease
in ion concentrations in postmonsoon season is attributed to dilution due to recharging
groundwater. The depth profiles for EC, nitrate, bicarbonate and uranium show contamination
in the shallower zones while the deeper zones are mostly unaffected, except in a few pockets.
The residence time of water in the shallower zones is low indicating modern recharge while the
deeper zones show low tritium values with very narrow spread indicating higher residence time
compared to shallower zones. The deeper zones seem to be fed by regional groundwater flows.
The stable isotopes of water i.e.

2

H and

18

O indicates three recharge groups of samples i)
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18

O values due to canal water interaction, ii) values between -

precipitation recharge and iii) evaporative signature (-

-

and -

) indicating contribution of

irrigation return flow. The slope of best-fit lines for pre and postmonsoon season are 5.4 and 5.3
respectively indicating recharge from the evaporative body. The deeper zone samples lie near
to GMWL indicating precipitational recharge and their tritium values indicate long residence
time, pointing to regional flow contribution. The uranium concentration ranges from 1-610 µg/L
for the premonsoon season while for postmonsoon the concentration is in range of 5-565 µg/L.
The spatial distribution shows higher concentration of uranium in south-west and northern
region with patches in eastern and central locations. During the postmonsoon season, dilution is
observed at northern location while an increase in uranium contaminated samples is observed
in southern and eastern locations. The high and low uranium concentration samples did not show
any characteristic difference in the corresponding stable isotopic values. Uranium shows a
positive correlation with EC, HCO3- and NO3- ions. Uranium isotopes data was correlated with
uranium concentration and it was interpreted that leaching causes high uranium in the shallower
zones while mixing process contributes uranium in the deeper zone. The mobilization of
uranium from mineral is a combined effect of nitrate as oxidizer and bicarbonate as a mobilizing
agent. During postmonsoon, the reduction in their concentration may be affecting dissolution of
uranium, which leads to a decreased uranium concentration.
CHAPTER 4: Source and mobilization of uranium in groundwater of Central Rajasthan
Chapter 4 provides the geological and hydrogeological description of the study area in
Rajasthan, viz., Dausa and Jaipur districts. It also includes the current groundwater scenario in
these districts. The study area has a semiarid climate with 90% of rainfall received from southwest monsoon. The average annual rainfall in Jaipur and Dausa districts is of 519 mm and 659
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e is the main activity in
the study area with a cropping intensity of 140% in Jaipur and 155% in Dausa district, and most
of the region is irrigated using groundwater. The hydrochemical and isotope results of the pre
and postmonsoon water samples are provided in this chapter. These results are interpreted in
conjunction with available hydrogeology and lithology, and the findings are elaborated in this
chapter. The major cations in order of Na+> Mg2+ > Ca2+> K+ while order for anions is HCO3> Cl- > SO42-> NO3-> F- for both the seasons. The contaminants like TDS, Cl-, NO3-, F- and
uranium are found in both the districts during both the seasons as per the guidelines of WHO
(2012) and BIS (1991). All the contaminants show an increase in the postmonsoon season,
which may be attributed to dissolution of salts with recharging water. As per the three major
criteria for determining the suitability of water for drinking i.e. TDS, TH and EC, 53%, 6% and
75% of premonsoon samples in both the districts are fit for drinking while 12%, 3% and 37%
of samples are fit for their use in postmonsoon season. As per the composite parameter for
drinking, 69% of premonsoon samples are fit, which decreases to 33% in postmonsoon season.
According to the classification based on SAR, in Jaipur, 81% of samples are fit for irrigation,
which decreased to 58% in postmonsoon. As per %Na, 15% of the samples are in acceptable
range during premonsoon while none of the samples are acceptable during postmonsoon season.
As per RSC, 8% of samples are suitable, which decreases to 3% in postmonsoon for the study
area. As per the PI values, 4% of the samples are in Class 1 for premonsoon, which decreases
to 2% in postmonsoon. Overall hydrochemical facies observed are Na-HCO3 (35%), Na-HCO3Cl (57%) and Na-Cl-HCO3 (8%) types for the premonsoon sampling. The facies observed for
postmonsoon sampling are Na-HCO3 (18%), Na-HCO3-Cl (46%), Na-Cl-HCO3 (33%) and NaCl (3%) types. The geochemical process involved were assessed and it was found that reverse
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ion exchange is the dominant process followed by evaporative enrichment leading to increased
concentration of Na+ and K+ ions in the system while magnesium silicate weathering is the main
reason for Mg2+ ions and calcite dissolution is the source for Ca2+ ions. The average uranium
concentration for premonsoon is 28 µg/L, which increases to 48 µg/L for the postmonsoon
season. 33% samples are above the permissible limit given by WHO which increases to 68% in
the postmonsoon season. The increase in concentration in postmonsoon season is attributed to
dissolution with recharging groundwater. The depth profile for EC, F-, NO3-, HCO3- and
uranium indicates an overall groundwater contamination in all the zones. The tritium content of
samples in alluvial and hard rock formation indicates modern recharge with tritium value in
range of 1-4 TU. The shallow zones of the formations are more dynamic compared to deep
zones. The stable isotopes of water ( 2H and

18

O) indicates two main recharge sources i.e.

precipitation and irrigation return flow. The isotopic values indicate an increase in the
irrigational return flow during postmonsoon season. The high and low uranium samples do not
show any significant difference in the corresponding stable isotopic values in premonsoon
season. The isotope signatures indicate that samples with high uranium concentration are mainly
recharged by evaporated precipitation. During the postmonsoon season, the isotope signatures
of high uranium water samples point to two sources of recharge i.e. precipitation and irrigation
return flow. Uranium shows a positive correlation with EC, HCO3- and NO3-, which is more in
postmonsoon compared to the premonsoon season. Uranium isotopes data was correlated with
uranium concentration and it was interpreted that uranium is contributed to groundwater mainly
through leaching process. High uranium activity ratio (234U/238U) is observed in the samples
from the study area, which reflect the prevalence of alpha recoil phenomenon towards uranium
release into groundwater. During alpha recoil the daughter nuclei get displaced by 20nm in any
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direction, therefore the fracture surfaces that are in contact with groundwater act as potential
sources for accumulation of recoiled nuclei, which eventually leads to uranium mobilization.
Once the uranium releases into groundwater, it gets oxidized and then form stable complexes
and migrates to far off distances. Typically, NO3- and dissolved oxygen act as oxidizers and
HCO3- as complexing agent in both the formations. During postmonsoon, the increase in
uranium concentrations is attributed to the increased NO3- and HCO3- ions.
CHAPTER 5: Comparative analysis
This chapter consists of a detailed evaluation of similarities and dissimilarities in aquifer
systems of both the study areas (Rajasthan and Punjab). The role of hydrochemical drivers like
NO3-, pCO2, HCO3- towards uranium leaching, complexation and migration is studied
considering the varied geological and hydrogeological differences in the study regions. The
seasonal and temporal variations in contaminant concentrations are also studied for both the
study area in light of varying groundwater dynamics. The uranium contaminated and safe zones
are also delineated in both the study areas. Based on the hydrochemical, isotope and modeling
inferences, conceptual models are prepared for the uranium mobilization processes in both the
aquifer systems and presented in this chapter. Finally, summary and conclusions along with
future scope are provided at the end of these chapter.
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The water is present in our solar system from the beginning and was formed by
the thermonuclear fusion process. The total amount of water contained in the Earth is
estimated to be about 0.4% by volume, sufficient to form a sphere of ice with a diameter
of almost 2500 km and a volume of 8.2×109 km3 [1]. However, most of the water (83%)
is bound within rocks and minerals present in crust and mantle. Out of the freely available
water, 96% is stored in oceans which is saline. Only 2.5% of available water is freshwater
and is useful for humankind. 79% of this freshwater reserve is trapped in the ice caps and
glaciers, and the rest occurs as groundwater (20%) and surface water (1%). The pictorial
depiction of water distribution is given (Fig. 1.1).

Fig. 1.1 Distribution of water on Earth
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1.1 Groundwater Scenario in the world and India
An exponential increase in population and rapid industrialization has posed a severe
stress on the natural resources including, water. The strong interconnections among surface
water, groundwater, human being and the ecosystem necessitate a good understanding of each
of these domains so that a balanced approach can be adapted for their sustainable management.
Gleeson et al. (2012)

[2]

reported that 1.7 billion people already live in the regions where

abstraction of groundwater resources is more than its natural recharge. United nation (2019) [3]
estimated the total human population to be 9.7 billion by 2050. To combat the demand of the
growing population, agricultural and industrial outputs need to increase further stressing the
natural resources. The irrigation of agricultural fields can add upto 300 kg/ha/year

[4]

. The

excessive use of fertilizers and pesticide for agricultural activity adds contaminants to the water
sources.
Global warming resulted in increased evaporation, evapotranspiration and water holding
capacity of atmosphere thus impacting the rainfall patterns. The extreme rain event leads to
floods, increased runoff etc. In the past, most of the freshwater needs were mainly met from
surface water bodies as compared to groundwater resources. However, with the growing
concerns on the quantity and quality of surface water, as well as advancement in groundwater
abstraction technology, there has been a shift towards the use of groundwater for freshwater
needs. Groundwater was thought to be safer and less susceptible to surface contamination,
resilient to seasonal changes or monsoon failure, uniformly spread and available compared to
surface water.
The improvement in technology has increased abstraction of groundwater globally to
about 138% over the last four decades

[5]

. Out of the countries abstracted water, Algeria uses
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67%, Iran uses 58% and USA uses 45% for irrigational purposes. The main issues faced with
groundwater resources are i) overdraft leading to depletion, ii) salinization and waterlogging
and iii) anthropogenic contamination. Beltran and Manzur (2005)

[6]

reported that 831 million

hectares of the land extended over Africa, Asia and America are affected by sodic and saline
soils. A study by Konikow (2011) [7], estimated that 13% rise of seawater level is attributed to
declining groundwater levels. The hotspots for declining groundwater levels are observed in
China, India, USA, Yemen, Spain and Iran with total global depletion of 283±40 km3/year [5].
In northern China, a declining rate of about 0.75 m/year to 3.68 m/year was observed. Similar
declining rates were also observed in Mexico, about 1.79 m/year to 3.3 m/year [8]. In India, the
declining rate of 17.7 ± 4.5 km3/year were observed for states of Rajasthan, Punjab and Haryana.
Though India receives an annual average rainfall of about 4000 X 109 m3 spread over
the vast geography and varying topography, the utilizable rain is only about 1123 X 109 m3 [9].
India also has vast river channels with seven major rivers flowing through most of northern and
eastern India. The Gangetic plains are most important amongst the other river plains with a
spread of about 86.1 million hectares and most productive alluvial aquifer of northern India.
Still, the stress on groundwater has increased due to increase for the water demand, pollution of
surface water and failing monsoons. India is one of the largest users of groundwater, it abstracts
1/4th

3

/year [10].

In India, the groundwater has a dominant share in irrigation water (62%), rural water
supply (85%) and urban water consumptions (45%)

[11]

. The per capita water availability in

India was 1816 m3 (2001) which reduced to 1545 m3 (2011) and it is likely to further reduce to
1367 m3 by 2031 [12]. India had two major aquifer systems i.e. i) alluvial spread in Gangetic and
ers spread over 65% of India
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mainly covering central peninsular India [13]. Out of the 13,240 observation wells under CGWB,
the decline in groundwater levels was observed in 55% of the sampled wells, while the rise was
observed in 44% and 1% showed no change during Jan 2019. Water level decline of more than
2 m was observed in 15% wells while 9% of wells showed a rise

[14]

. For sustainable use and

better management of groundwater, we need to have a holistic knowledge about the aquifer
system i.e. its spread, quality and replenish ability rate etc. Groundwater in terms of quantity is
expressed as groundwater draft which provides insight into its extraction. It helps in calculating
the stage of development of groundwater source (Equ. 1.1)
(1.1)
When the stage of development is 100%, it means extraction is more than the availability
hence the area is overexploited. Stage of development in various states of India is shown in Fig.
1.2. It is clearly observed from the figure that the states of Rajasthan, Haryana, Punjab, Delhi,
Tamil Nadu and Karnataka are most stressed. The classification based on the stage of
development is given in Table 1.1.
Table 1.1 Categorization based on the stage of development [15]
Stage of development
>100%
90-100
70-90
<70
Not good for use

Category
Over-exploited
Critical
Semi-critical
Safe
Saline

Assessment unit (6881)
1186
313
972
4310
100
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Fig. 1.2 Map of India indicating the stage of development (greyed area has no observation
wells) (Cropped from Saha and Ray 2018) [9]
With regard to the study by Jurgens et al (2010)

[16]

in central valley, California, USA,

it was observed that groundwater draft also plays an important role in mobilisation of uranium.
The researchers have also observed an increase in HCO3- ion concentration over the past 100
years. The depth of groundwater reported in early time was shallower compared to present
scenario. They reported significant correlation between the depth and uranium contamination,
which decreased with increasing depths.

1.2 Groundwater contamination
Apart from over-exploitation of the groundwater resource, another major issue faced
globally is groundwater contamination. The contamination can be chemical or microbial.
Chemical contamination of aquifer occurs when concentrations of one or more substances are
above the recommended limits, making water unsuitable for its use by human, plant and animals
5

[17]

. It has been reported that ~40 million people per year in the world are affected by waterborne

diseases [18]. Duttagupta et al. (2019) [19], estimated death of about one lakh persons per year due
to water-borne disease. Groundwater contamination and pollution mostly occurs due to human
interferences like agricultural, industrial and urbanization

[20]

. The contaminants can move

rapidly with recharging water through fractures in rocks, macro-pores generated by rootsystems, burrows of animals etc.
The contaminant can enter the ecosystem either from point source or disperse (nonpoint) source. When one can identify the origin of a contaminant it is known as point source for
e.g. contaminants added from industrial or sewage discharges. Disperse or non-point source
type of contamination occurs when the source cannot be pin-pointed i.e. contaminants are
carried by water from the path of its traverse. This contamination can occur naturally with rivers,
rainfall and run off or anthropogenic from irrigation return flow etc. The recharging water
carries along pesticides and fertilizers applied for agricultural purposes, industrial wastes,
leakage from septic tanks etc which leads to increase in nitrogen, phosphorous, potassium (due
to fertilizer), heavy metals (industrial waste) and other minerals in the groundwater

[21]

. Few

potential contaminants, with their permissible limits and health impacts, are compiled in Table
1.2.
Arsenic is one of the contaminants reported in water which is a result of the natural
geochemical condition of the aquifer i.e. high oxygen causes leaching of arsenic from
arsenopyrite [FeAsS]. The Bengal delta i.e. flood plains of Ganga and Brahmaputra is the most
impacted zone with high arsenic concentrations affecting around 36 million people

[22, 23]

.

human and long-term exposure can lead to high incidences of skin lesions, bladder, lung, skin
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and kidney cancer, respiratory disease, liver and kidney disease. Höhn et al. (2006) [24] reported
that the presence of iron, nitrate and oxygen act as a geochemical driver for arsenic mobilization.
The higher arsenic concentrations are also reported around the globe, with contaminated
samples reported in Myanmar, Afghanistan, Iran, Pakistan, Vietnam, Cambodia, USA, Europe
and Australia etc [25].
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Table 1.2 Chemical contaminants with their permissible limits, source and health effects on human [26]
Contaminants

Permissible
limits

Dissolved solids

1000 mg/L

Hardness

500 mg/L

Arsenic

10 µg/L

Source

Health effect

Natural + Manmade (landfill leachates, sewage etc)

alters the taste of water, depending on the ion concentration
can affect heart or other body parts

dissolved ions especially calcium and magnesium

Diuretic effect

Natural process, Agricultural (Pesticides) and industrial activities (processing of
Copper, lead and zinc ores)
Naturally from rocks and anthropogenic due to burning of fossil fuels and industrial
waste (mining, metal plating, batteries, paints and landfill leachate)

As3+ is more toxic and carcinogenic, causes liver and kidney
damage and anaemia
Replaces zinc in the body, causes high blood pressure, liver
and kidney damage, effects testicular tissue and anaemia
Hyperchloremia, nausea, muscle twitching, heart and
dehydration
Cr3+ is essential while Cr6+ causes liver and kidney damage,
internal haemorrhaging, respiratory damage, dermatitis, and
ulcers on the skin
causes stomach and intestinal distress, liver and kidney
damage, anaemia

Cadmium

5 µg/L

Chloride

250 mg/L

Saltwater intrusion, mineral dissolution, industrial and domestic waste.

Chromium

100 µg/L

mostly from industrial waste i.e. mining activities, fossil-fuel combustion and waste
incineration

Copper

1.3 mg/L

result of metal plating, industrial and domestic waste, mining, and mineral leaching

damage to spleen, brain, liver and lead to death
Dental fluorosis and crippling bone disorder due to long term
exposure

Cyanide

200 µg/L

Result of waste from electroplating, steel processing, plastics, synthetic fabrics, and
fertilizer industries

Fluoride

1.5 mg/L

naturally or as an additive to municipal water supplies

Iron

1 mg/L

leaching from sediment and rocks and industrial from mining, industrial waste and
corroding metal

Lead

15 µg/L

mostly result of industrial, fossil fuel and mining

Manganese

50 µg/L

Mercury

2 µg/L

Nickel

100 µg/L

leaching from mineral and mining and industrial waste
result of industrial waste, mining, pesticides, batteries, smelting, and fossil-fuel
combustion.
naturally from sediments and waste from electroplating, stainless steel and alloy,
mining, and refining industries

Nitrate

45 mg/L

Main source are fertilizers, sewage and animal farm waste

Selenium

10 µg/L

naturally occurring geologic sources, sulphur, and coal-burning

Silver

1.1 mg/L

Enters environment from ore mining and processing, product fabrication,
photography industry, electroplating, alloy, and solder

Hemochromatosis i.e. effects liver, pancreas and heart
effects blood, delays development in children, affects blood
pressure and has carcinogenic effect
It affects neural health like loss of memory and affects motor
skills
Effects kidney and can cause nervous system disorders,
causes Minamata disease
Damages heart and liver
reduces oxygen carrying capacity of blood and causes
anaemia (methemoglobinemia) also called blue baby
syndrome
Causes acute and chronic toxic effects in cattle called blind
staggers
Cause argyria, a blue-grey colouration of the skin, mucous
membranes, eyes, and organs in humans and animals with
chronic exposure.

Sodium

200 mg/L

geologically from leaching of minerals and human activities like washing products

Sulphate

250 mg/L

Saltwater intrusion, mineral dissolution, and domestic or industrial waste.

effects on heart patient
laxative effect

Thallium

2 µg/L

from electronics, pharmaceuticals manufacturing, glass, and alloy industry

Damages kidneys, liver, brain, and intestines

Zinc

5 mg/L

Found naturally and metal plating and is a major component of sludge.

Nausea, Vomiting followed by bleeding and abdominal
cramps

8

Fluoride is another contaminant that has geogenic origin. Singh and Mahipal (2018) [27]
reported that groundwater in 19 states of India has fluoride above the permissible limit given by
WHO [26]. A limited quantity of fluoride ions in the human body helps improve the strength of
bones and adds an acid-resistant protective layer of fluorapatite (Ca5(PO4)3F). But prolonged
consumption of fluoride contaminated water leads to formation of calcium deca-fluoride
(Ca5F10) which makes bone brittle
fluorosis

[30]

[28, 29]

and results in dental fluorosis followed by skeletal

. Ayoob and Gupta (2006) reported 25 nations in the world have issues of high

fluoride affecting 200 million people [31].
The main source of nitrate to groundwater is excessive use of fertilizers [32] and decaying
organic waste (agriculture and domestic)

[33]

. The nitrates from fertilisers solubilizes with

recharging water and enter the water cycle. The nitrate ion (>45 mg/L) is known to cause
methemoglobinemia i.e. nitrogen from nitrate irreversibly binds to the oxygen binding site of
haemoglobin decreasing the oxygen-carrying capacity of blood hence leading to anaemia. This
condition is also known as blue baby syndrome in the case of infants. Nitrate also leads to
enlargement of thyroid, cancer, birth defects, and hypertension

[34]

. Ward et al. (2005)

[35]

,

reported increased cases of stomach cancer due to consumption of high nitrate water.
High nitrate is reported in shallow aquifers in 15 states of India namely Punjab, Haryana,
Andhra Pradesh, Delhi, Bihar, Karnataka, Rajasthan, West Bengal, Uttar Pradesh, Tamil Nadu,
Kerala, Maharashtra, Madhya Pradesh, Himachal Pradesh and Orissa. Shomar et al. (2008) [36]
reported high nitrate concentration in Gaza strip with 90% of the samples having nitrate above
the permissible limits. Janjevic (2017)

[37]

reported 196 out of 700 sampled wells had nitrate

above the permissible limit in Germany. Beutel et al. (2017) [38] reported that the eastern alluvial
sub-region in central valley California has higher nitrate concentrations.
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Iron is yet another contaminant, which when consumed in excess causes
hemochromatosis i.e. it gets stored in spleen, liver etc and impacts their functioning. High iron
concentrations are reported in groundwater of Assam, Orissa, West Bengal, Chhattisgarh and
Karnataka with pockets in northern, north-eastern India [39].
Salinity is caused due to high salt content in groundwater. High salinity both inland and
coastal is also reported by CGWB in India. Inland salinity is mostly affecting the arid and semiarid regions of India. Inland salinity is mainly caused due to ill-managed irrigational practices.
Chowdary et al. (2008) [40] reported that about 2.5-million-hectare area under water irrigation
projects in the world are waterlogged and face issues related to salinization. The other reason
for salinity is due to seawater intrusion. Most of the coastal aquifers of India are affected due to
coastal salinity with Tamil Nadu and Saurashtra coast amongst the most affected regions.
Werner et al. (2013) [41] reported that the hydraulic gradient at the coastal site can be reversed
due to excessive pumping of groundwater leading to seawater intrusion. The coastal aquifers of
the world namely Queensland Australia, Florida USA, the coastline of Spain and Lebanon are
most affected.

1.3 Uranium Contamination
Uranium is ubiquitous in biosphere, lithosphere, hydrosphere and atmosphere. Uranium
is last naturally occurring radionuclide with atomic number 92 and mass number of 238.03 amu.
The various isotopes of uranium with their half-life and abundances are given in Table 1.3.
Siegel & Bryan (2004) [42] estimated average concentration of uranium in t
about 2.7 mg/L.
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Table 1.3 Isotopes of uranium with their half-life and abundances
Isotope

Half-Life

Abundance

Specific Activity

238

U

4.5 X 109years

99.28%

12.3 Bq/mg

235

U

7.04 X 108years

0.72%

0.57 Bq/mg

234

U

2.5 X 105 years

0.005%

12.3 Bq/mg

233

U

1.6X 105 years

Trace

-

236

U

2.3 X 107 years

Trace

-

Uranium is present as oxide (Uraninite, Pitchblende), Carbonates (Rutherfordine),
silicate (Coffinite) and phosphate (Autunite, Torbernite) ores. The concentrations of uranium in
various rocks are given in Table 1.4. Recife, Brazil has the highest reported uranium
concentration of 30-500 mg/kg. The concentration of uranium varies in water i.e. seawater (3.3
µg/L), surface water (0.02 to 6 µg/L) and groundwater (world average of 2 µg/L) [43].
Table 1.4 Uranium concentrations in various rocks [44]
Rock Type
Igneous Rock
Acid igneous
Basic igneous
Ultrabasic igneous
Granite
Basalts
Sedimentary Rock
Unconsolidated sedimentary
Limestone
Dolomite
Sandstone
Black shale
Shale with oil
Phosphate rocks
Metamorphic Rock
Gneiss

U (µg/g)
2.2-6.1
1.1
0.03
1-13
0.6
1.7
1.3
0.03-2
0.68-3.1
1.7-6.6
10-56
77-143
0.8-9.4
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The contamination due to uranium can be from natural sources i.e. release from the high
uranium source into groundwater due to rock-water interaction, geochemical changes etc. Apart
from natural sources, human interferences also impact the release of uranium into the
environment. Uranium is released into the environment at various stages of nuclear fuel cycle
like milling, mining, fuel fabrication etc

[45]

. It is also added to environment during fuel

reprocessing and waste disposal. The abandoned mining sites also pose risk to the environment.
The depleted uranium is used in making bullets and shielding material. The mishandled disposal
of these uranium products contaminates the environment. One of such example is the use of
depleted uranium in Gulf war of 1991 which has left long terms effect on the health of the
soldiers [46].
1.3.1 Health effects
Uranium is known to be both chemical as well as radiological toxic to human being and
the chemical toxicity being more compared to later [47]. The chemical toxicity of uranium is due
to its heavy metal nature. The heavy metal binds to proteins, enzymes of the body and replaces
the useful mineral which impacts their normal functioning. WHO (2011) established the
drinking water limit for uranium to be 30 µg/L taking into account both chemical and
radiological toxicity, considering an average human being has an intake of 2 litres of water daily
and exposure limit of 0.1mSv/yr [26]. The guidance value given by Atomic Energy Regulatory
Board (AERB) is 60 µg/L which is calculated based on the radiological toxicity of uranium.
The annual effective does of uranium is calculated using Equ. 1.2 [48]
(1.2)
Where D is the annual effective dose
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C= uranium concentration
DWI is daily water intake
DCF is dose conversion factor
The dose conversion factor as given by IAEA is 4.8x10-8 Sv/Bq

[49]

. Sharma et al 2020

[50]

,

reported annual effective dose due to uranium in range of 20-208 µSv/year in Bathinda district
of Punjab which is higher than the WHO limit (2003) [51] of 100 µSv/year.
Most of the occupational hazard is due to inhalation of uranium dust while for general
public ingestion is the main mode for exposure. Bioaccumulation of contaminant along the food
chain is well known, concentration factor for uranium depends on species, stage of life, exposure
pathway, environment and physiology
compared to other parts

[53]

[52]

. In plants, the accumulation is dominant in roots

. Muller et al. (1997) [54] established that cauliflowers, cucumber,

mushrooms, and carrots have higher concentrations of uranium compared to other vegetables.
Bergmann and Graça (2019) [55], states that bioaccumulation in aquatic animals is low.
As per the report by ASTDR (2013)

[56]

, the daily intake of uranium through food is

about 0.9 to 1.5 µg/day out of which 70% of the annual average uptake is from potatoes, meat,
fishes and bakery products

[57,58]

. ASTDR 1999

[45]

established the annual uptake of U from

water to be 1.5 µg. Apart from food and water, uranium can also enter the human body through
wind. Wind erosion can mobiles uranium particulates from soil/rock sources and makes then
airborne with concentration varying from place to place and the global average value of about
1 µBq/m3for 238U [59]. WHO (2012) [60] estimated annual intake of uranium through inhalation
to be 4.5mBq of 238U.
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Fisenne et al. (1988) [58] established through his study that skeleton holds up to 57% of
uranium followed by muscles (20%), fats (16%), blood (3.5%) and remaining 3.5% is spread in
liver, lungs and kidney. Thorne and Wilson (2015)

[61]

updated the maximum intake limit for

uranium to be 2 µg/Kg/day from the earlier value of 0.5 µg/Kg/day [62].
The uranium is known to affect the kidney, bone degeneration, lungs etc. The retention
and absorption of uranium in human body depend on the chemical compound it is present in
and the organ. The kidney is the most affected part due to uranium exposure. Wrenn et al (1985)
[63]

established that out of the ingested uranium 66% is secreted out through the kidneys.

Uranium causes necrosis of the proximal tubular glomeruli and its epithelium

[64]

. Uranium is

retained in the kidney for longer in acidic condition of urine. As in acidic condition, the
complexes dissociate and the free uranium formed binds to the epithelial tissue of the kidney.
This affects the sodium reabsorption, increased excretion of protein, glucose and other essential
ions from the body

[65]

. Inside the cell, uranium binds with phosphate present in lysosomes

making them ineffective for functioning and also effects the functioning of mitochondria.
Bone is the other part known to be affected due to exposure to uranium. A study by
Ubios et al. (1991) [66] has shown that bone growth and formation is affected due to the acute
dose of uranium. Milgram et al. (2008)

[67]

showed that uranium dose on bone also effects

osteoblast, increases reactive species, decreases alkaline phosphatase and causes genomic
instability. In the exposed human population, biomarker of bone formation like osteocalcin,
procollagen (amino-terminal pro-peptide-Type I), Carboxy-terminal telopeptide etc are formed
and results showed a positive correlation between uranium exposure and these markers [68].
Uranium distribution and its removal from the lungs depend on the solubility of the
compound. Uranium exposure causes congestion, haemorrhage, bronchopneumonia, fibrosis,
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genotoxic lesions and tumour

[69]

. Gueguen et al. (2014) [70] studied the impact of uranium

exposure on liver and they found that uranium causes hepatotoxicity, interferes with cholesterol
metabolism and modifies xenobiotic detoxification enzymes like cytochrome P450 (CYP3A).
When the brain is exposed to uranium, its effects locomotors activities, perturbs sleep and wake
timing, decreases memory and increases anxiety. Uranium perturbs neurotransmitter level in
hippocampus, cerebellum and frontal cortex thus affecting the brain activity. The exposure also
increases the oxidative stress by producing free radical and other reactive species [71]. Uranium
exposure is chemically genotoxic and mutagenic as it inhibits DNA binding protein and causes
breaks and lesions due to the generated oxidative stress [72].
1.3.2 Uranium Mobilization
Release/mobilization of uranium in groundwater is the combined effect of multiple
physico-chemical processes and numerous controlling factors like geology, aquifer
characteristics and lithology. The physicochemical parameters include oxidation state of
uranium, pH condition of the aquifer, type of ligands (NO3-, CO32-, HCO3-, humic acid, fulvic
acid etc), aquifer condition (oxidative or reductive) etc. Uranium has oxidation states in the
range of +3 to +6 but mostly exists either in +4 or +6 state [45]. Uranium in its +4 state is sparingly
soluble/insoluble, mostly found in rocks, sediments etc while in the higher oxidation state of
+6, it is soluble and found in groundwater, surface water etc as uranyl complexes. Much of the
aqueous geochemistry of uranium work has been done by Fox et al. (2007) [73], Burns and Finch
(2018) [74] etc.
In acidic conditions (pH < 4), the solubility of uranyl ion is more while at high pH, the
uranyl ions have high absorption on the iron-oxide present in the aquifer matrix but due to
presence of carbonate ions, uranyl ions form stable and soluble carbonate complexes. Edwards
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et al. (1995) [75] observed that the mobility of uranium is restricted due to the presence of clay
and organic matter.
The bicarbonate and nitrate ions act as hydrochemical drivers for release of uranium
from aquifer matrix to water. The nitrate ion is known to act as an oxidizing agent that helps
convert U(IV) to U(VI)

[76]

.
[77]

[78]
[79]

Research work by Lopez et

al (2020) [80] suggests that nitrate play a major role in uranium mobilisation. When oxygen from
the system is consumed, the nitrate comes into play and act as the next electron acceptor, which
is followed by manganese, iron and sulphate present depending on their availability in a given
system. The study carried out by Riedel and K beck (2018) [81] in south west-Germany also
concluded that there are many factors that influence the uranium mobilization in the
groundwater considering its complex geochemistry. They observed weathering and desorption
of uranium from mineral surface are the main processes controlling U mobilization, which is
supported by presence of calcium, nitrate, iron and sulphate reducing moieties.

UO2(CO3), UO2(CO3)22-,
UO2(CO3)34- and UO2(CO3)46-. The other ion that helps mobilize uranium is calcium ion. The
similarity in the size of UO22+ (~100pm) and Ca2+ (~100pm) ions favors their ion-exchange i.e.
removal of the Ca2+ ions from water in exchange of UO22+ from aquifer matrix. The mobilized
ions are then stabilized by complexing with ligands like bicarbonate, phosphates etc. Aquifer
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characteristics like aquifer matrix (i.e. the concentration of uranium mineral, type of mineral
etc), pore size, residence time of water are also important factors that help understand the
concentration of uranium in the aquifer.
1.3.3 Uranium contamination in groundwater
1.3.3.1 World scenario
There are many studies carried out by different researchers in the world on uranium
concentrations in groundwater around the world. The dissolved uranium concentrations are
summarized in Table 1.5.
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Table 1.5 Concentration of uranium in groundwater around the World
S. No.

Country

Uranium in
water (µg/L)

1

Finland

0.01-3410

2
3
4
5
6

Sweden
Norway
Los Ratones Mine, Spain
France
Switzerland

0.2-470
0.02- 170
<1 - 104
0.18-37.2
0.05-92

7

Canada

0.02-2020

8
9

Connecticut, USA
High Plain Aquifer, USA
Central Valley Aquifer,
USA
Jordan
United States
Egypt, Central Eastern
Desert
Faisalabad, Pakistan
Bangladesh

0.2-7780
0.5-2674

UNSCEAR 2000 [53]
Stalder et al. 2012 [87]
Larivière et al. 2013 [88]; Betcher et al.
1988 [89]
Magdo et al 2007 [90]
Nolan and Weber 2015 [76]

0.5-5400

Nolan and Weber 2015 [76]

0.04 1400
0.01-652

Smith et al. (2000) [22]
Cothern and Lappenbusch (1983) [91]

67-547

Dawood et al. (2004) [92]

1.34- 24
3.7 - 47.5

Akram et al. (2003) [93]
Khatun et al. (2012) [94]

10
11
12
13
14
15

Reference
Turtiainen et al 2011 [82]; Prat et al.
2009 [83]
Salih et al. 2002 [84]
Banks et al. (1995) [85]
[86]

1.3.3.1 Indian scenario
There is much work done in India regarding the groundwater concentration of uranium.
The concentrations of uranium in groundwater in India are summarized in Table 1.6. The
concentrations with the help of bubble plot in various aquifer formations of India are shown in
Fig. 1.3

18

Fig. 1.3 Different aquifer of India showing uranium concentration above the WHO limit (30
µg/L) [60] and AERB limits (60 µg/L) [95] (modified from CGWB 2020 [96])
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Table 1.6 Concentration of uranium in groundwater in India
S.No.

Place

234

U/238U

District

Range

1

Amritsar

18 -20

2

Bathinda

12-114

3

Amritsar

3.2-46

Singh et al. 2003 [98]

4

Southwest (Bathinda, Mansa)

0.6-472

Kumar et al. 2011 [99]

5

Bathinda

<2-212

6

Hoshiarpur

5-11

7

Nawanshahr

3-14

8

BudhaNulla

2-22

9

Bathinda

<2-212

10

Malwa Region

14-173

11

Bathinda

0.5-572

12

Hoshiarpur

1-20

13

Jalandhar

4-67

14

Kapurthala

2-22

15

Shaheed Bhagat Singh

3-37

16

Bathinda

8-324

17

Mansa

6-645

Faridkot

8-376

Mansa

0.13-1340

20

Mohali

0.6-24

21

Fatehgarh

2.8-58

22

Bathinda

9.7-186

23

Bathinda

8 -374

24

Mansa

6-645

25

Faridkot

8-376

26

Tarn Taran

3-316

27

Hoshiarpur

0.5-25

28

Amritsar

1-43

29

Bathinda

0.5-572

30

Mansa

1.3-579

31

Faridkot

2.4-476

32

Ferozpur

2.8-468

33

Bathinda

22-352

34

Mansa

29-261

35

Muktsar

30-284

36

Faridkot

12-172

18
19

Punjab

Reference
Singh et al. 1994 [97]

Bhalla et al. 2011 [100]

Alrakabi et al. 2012 [101]
0.94-1.85

Tripathi et al. 2012 [102]
Singh et al. 2013 [103]

Krishan et al. 2014 [104]

Saini et al. 2016 [48]
Sharma and Singh 2016
[105]

Virk et al. 2016 [106]
Virk 2016 [107]

Saini and Bajwa 2016 [108]

Bajwa et al. 2017 [109]

Rishi et al. 2017 [110]
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Sharma et al. 2017 [111]

37

Bathinda

2.4-529

38

Southwest (Bathinda, Mansa)

0.13-676

39

Northeast (Hoshiarpur)

0.11-28

40

Southwest (Bathinda, Mansa)

2.3-357

Sharma et al. 2017 [113]

41

Fazilika

122-366

Virk 2017 [114]

42

Bathinda

31-261

43

Muktsar

1.8-237

44

Jalandhar

1.5-50

Kumar et al. 2019 [116]

45

Jammu

0.2-21

Kumar et al. 2016 [117]

Kathua

0.3-22

Hamirpur

1.7-28

48

Kangra

0.6-19

49

Kathua

0.3-22

50

Bikaner

2.5-77

51

Jhunjhunu

0.9-140

52

Jodhpur

2.4-90

53

Nagaur

15-167

Hanumangarh

4-87

55

Sikar

3-136

56

Sri Ganganagar

2.5-171

57

Churu

13-95

46
47

54

Jammu and
Kashmir

Rajasthan

58
59

Gujarat

Saini et al. 2017 [112]

Singh et al. 2018 [115]

Singh et al. 2016 [118]
Sharma et al. 2017 [119]

Mittal et al. 2017 [120]

Duggal et al. 2017 [121]

BDL-320

1.53-3.97

BDL-86

0.98-3.82

Coyte et al. 2018 [122]

60

Bhiwani

19-43

61

Fatehabad

10-18

62

Hisar

9-17

Sirsa

6-25

64

Fatehabad

0.3-110

65

Hisar

9-17

66

Fatehabad

1-113

Duggal et al. 2017 [125]

Guntur

0.5-410

Singh et al. 2002 [126]

Guntur

5.5-2075

Gupta et al. 2015 [127]

Nalgonda

0.2-118

Brindha et al. 2013 [128]

Nalgonda

3-370

Keesari et al. 2014 [129]

Nalgonda

0.6-521

Kolar

0.3-1443

Babu et al. 2008 [131]

Bangalore

0.1-2027

Mathews et al. 2015 [132]

Madurai

0.4-68

Adithya et al. 2016 [133]

Madurai

BDL-113

Thivya et al. 2016 [134]

63

67
68

Haryana

Andhra
Pradesh

69
70

Telangana

71
72
73
74
75

Karnataka
Tamil Nadu

Kansal et al. 2011 [123]

Singh et al. 2014 [124]

Raghavendra et al. 2014
[130]
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Singh et al. (1994) [97] estimated the dissolved uranium concentration and reported higher
concentrations in Bathinda compared to Amritsar. A study by Tripathi et al. (2012) [102] in Malwa
region of Punjab concluded that uranium concentrations were in the range of 14-173 µg/L and
the elevated concentration are attributed to increased pCO2 due to agricultural activity that leads
to increased bicarbonate ions which mobilize uranium. The estimated activity ratio of 234U/238U
in the study area was 0.94 to 1.85 with an average of 1.1. The slight disequilibrium was
attributed to selective leaching of

234

U. Patnaik et al. (2015) studied the fossil, palaeosol, rock

and soil samples collected from Jammu Kashmir to Himachal Pradesh. They reported the
uranium activity associated with Palaeosol samples in the range of 46-214 Bq/kg, while for
fossil samples to be 208-4837 Bq/kg

[135]

. They proposed that high uranium concentration in

Malwa region are due to i) uranium-rich water percolating from Himalayan foothills that are
feeding groundwater or ii) uranium-rich paleochannels of an ancient river buried below the
water table keeps feeding uranium to groundwater.
Rishi et al. (2017) [110] studied the distribution of uranium in groundwater of south-west
Punjab. The spatial trend showed that uranium is more in east, west and north while the central
part of the study area had a lower concentration of dissolved uranium. They attributed the high
uranium to increased bicarbonate ions. Bajwa et al. (2017)

[109]

worked in Bathinda, Mansa,

Faridkot and Ferozpur district of Punjab. They analyzed 498 groundwater samples and found
the dissolved uranium was above the permissible limit of WHO in 68% of samples. They
attributed the increased concentration to leaching from the granitic base rocks and the
anthropogenic activities in the area. Krishan and Chopra (2015) [136], assessed water logging
issue in Muktsar district of Punjab. They estimated the maximum rise of 18.1 m in Middu Khera
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followed by 15.3 m in Brind Khera and 12.7 m in Lambi block of the district. Saini and Bajwa
(2016) [108] estimated uranium concentration in groundwater from Mansa, Bathinda and Faridkot
districts of Punjab and concluded that industries like cement, fertilizer and thermal power plant
might be the possible sources for increased uranium concentration. They also attributed the
increased concentration to leaching of uranium from the granitic basement [48]. Saini et al. (2016)
[112]

worked in the Malwa region of Punjab related to fluoride and nitrate contamination. They

observed higher contamination in shallower depth and attributed contamination of fluoride and
nitrate to geology and excessive fertilizer usage, poor sanitization and ill-managed irrigation.
Saini et al. (2016) [48] worked in Punjab covering Bathinda, Mansa, Faridkot, Tarn Taran,
Hoshiarpur and Amritsar, and assessed uranium concentration and the associated risk of cancer
and found that 41% of sampled location are at higher risk of cancer from south-west region of
Punjab while only 10% of sampled locations were at risk from west Punjab and no risk was
found for the locations from northeast Punjab. Sharma et al. (2017) [137] worked on the suitability
of groundwater for irrigation purposes from Faridkot and Muktsar district of Punjab. They
concluded that water quality is not fit for its use for irrigation. Sharma et al. (2017) [111] studied
the distribution of uranium in groundwater of Bathinda and Mansa district of Punjab and
reported a decrease in uranium concentration along the depth. They attributed the uranium
concentration to leaching due to oxidative condition and bicarbonate ions.
Duggal et al. (2017) [121] studied the uranium concentration in groundwater of Shri Ganganagar,
Hanumangarh, Churu and Sikar district of Rajasthan and found the uranium concentration in
the range of 2.5 171 µg/L. They concluded that the source of high uranium was geogenic with
anthropogenic activities, urbanization and excess use of phosphate fertilizer as the source. Coyte
et al. (2018) [122] reported uranium in groundwater of Rajasthan and Gujarat. They concluded
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that bicarbonate ions help in oxidation and complexing uranium. The declining water trends
make the aquifer condition oxic which help in further enrichment. The uranium activity ratio
(234U/238U) showed disequilibrium, which was attributed to selective leaching of 234U. Coyte et
al. (2019) [138] studied Barmer and Jodhpur district of Rajasthan for various contaminants like
fluoride, nitrate and uranium. They concluded that uranium and fluoride are released due to
weathering from rock and their concentration increases due to evapotranspiration, irrigation
return flow and ion-exchange. Both these factors combined have led to increased concentration
of uranium in groundwater of Rajasthan.
Rahman et al (2020) [139] studied the quality of groundwater in Sanganer block of Jaipur.
They concluded the groundwater quality is not fit for both drinking and irrigational purposes.
Ion-exchange and silicate weathering are the major ions contributors. Mondal et al. (2016) [140]
studied the water quality of Dausa district of Rajasthan and attributed pollution of groundwater
to the mixing of anthropogenic contaminant and the occurrence of rock weathering in the region.
The quality of water was also found to be unfit for its use for the purpose of irrigation and
drinking. Aggarwal (2016) [141] worked on nitrate contamination in Rajasthan and estimated the
concentration in the range of 10-415 mg/L and attributed the higher concentration to excessive
use of NPK fertilizer.
The groundwater of Jaipur and Dausa districts has issues of salinity and high
concentrations of NO3- ions, Cl- ions, F- ions and iron. As per the CGWB reports [142,143], issues
of high salinity in groundwater (EC >2000µS/cm) is observed in Bassi, Chaksu, Dudu, Phagi
and Sambhar block of Jaipur and Dausa and Mahwa blocks of Dausa district. All the blocks of
Jaipur and Dausa districts have the issue of NO3- ions (> 45 mg/L) and F- ions (> 1.5 mg/L)
above the permissible limit for drinking laid by BIS (2012)

[144]

. The blocks showing NO3-
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>100mg/L are Dudu, Phagi, Govindgarh and Jamwa Ramgarh under Jaipur district and Dausa
and Mahwa blocks of Dausa district. F->3mg/L were observed Dudu, Phagi and Sambhar blocks
of the Jaipur district. High F- ion contamination was reported in Dausa, Mahwa and Sikrai blocks
of Dausa district. The high concentration of Fe 3+>1 mg/L is observed in Dudu, Phagi, Sanganer,
Chaksu, Bassi, Amer and Jamwa Ramgarh blocks of Jaipur district and Bandikui and Lalsot
blocks of Dausa district.

1.4 Limitations and motivation for the study
India consists of different type of formations like alluvial, sandstone, Laterite, Basalt,
Shale, Limestone, Charnockite, Khondalite, Gneiss, Quartzite, Schist, BGC, Granite and
Intrusives. The study by CGWB (2020) [96] shows the concentration of uranium in the shallower
aquifer of different formations (Fig. 1.3). The dissolved uranium concentrations in the shallow
aquifers of different states with dominant formations are given in Table 1.7. Since the
distribution of uranium is not associated with any particular region or formation, it is important
to conceptualize uranium mobilization into groundwater considering the local geological and
hydrological conditions. The studies done in India estimates the dissolved uranium
concentrations and mostly deal with the quality of water in terms of its suitability but there is
no holistic approach for understanding the reasons for uranium mobilization. The sources and
processes responsible for higher concentration of uranium in groundwater are also not well
established. The relative impact of source and release mechanism i.e. the high concentration is
due to the source (aquifer matrix or anthropogenic sources) or due to the geochemical conditions
is not well perceived. Hydrochemical drivers such as nitrate, bicarbonate and oxygen favor
uranium mobilization while other geochemical processes like ion exchange, leaching, sorption,
desorption etc alter the uranium distribution in groundwater. There is no clarity on how these
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factors behave in different formations. There is no mechanistic understanding of uranium
release/mobilization in Indian groundwaters. A thorough understanding of aquifer
geochemistry, geochemical processes, source and mechanism of groundwater recharge and its
dynamics, source of uranium and uranium isotopic ratios are needed to achieve a better
understanding of uranium mobilization in groundwater. Establishing a holistic picture of the
uranium release mechanism throughout India is need of the hour considering the number of
locations uranium contamination is found in groundwater. Thus, the study was taken up
employing basic aspects of geology, hydrogeology and hydrochemistry of the aquifers of two
different states with varied geological features as well as advanced tools such as environmental
isotopes, residence time tracer and uranium isotopes to study the uranium mobilization process
in selected Indian waters.
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Table 1.7 Principle aquifer system with dissolved uranium concentrations and percent samples exceeding the WHO permissible limits
(compiled from CGWB report 2020 [96])

588

% exceeding
WHO limits (30 µg/L)
5

0.3-2875

Alluvium and BGC with sandstone and Shale at few locations
Alluvium with BGC and Sandstone

454
634

0
2

0-10.7
0-57

BGC, Sandstone, Gneiss, Shale and limestone dominant
Alluvium with few locations in Quartzite
Basalt, Alluvium in dominance
Alluvium with few places under Sandstone and Quartzite
Schist, Sandstone, Limestone and Quartzite
Sandstone, Granite, Shale and Alluvium
BGC, Schist and Alluvium
BGC, Basalt, Schist and Charnockite
Charnockite, Gneiss, Khondalite and Alluvium
Basalt, Sandstone, BGC, Alluvium and Shale
Basalt, Gneiss and alluvium
BGC, Alluvium, Khondolite and Charnockite
Alluvium and Sandstone
alluvium, Sandstone, BGC, Gneiss and Shale
Gneiss, Charnockite, Alluvium, Sandstone and BGC
BGC, Shale, Sandstone, Alluvium, Granite, Schist
Schist, Alluvium, Quartzite, Gneiss and BGC
Alluvium and BGC
Alluvium, Laterite and BGC

917
60
543
451
122
314
399
737
423
1191
1085
1114
302
671
1208
345
186
826
935

1.3
12
0.92
20
0.82
0
1.5
1.9
0
1.3
0.3
0.4
24
7.2
1.6
10
0
2.7
0.11

0-138
0-89
0-57
0-131
0-71
0-24
0-70
0-201
0-1.5
0-234
0-48
0-59
0-160
0-181
0-302
0-158
0-24
0-189
0-34

State

Principle Aquifer

No. of samples

Andhra Pradesh

BGC, Shale, Sandstone, Alluvium, Granite and Schist

Assam
Bihar
Chhattisgarh
Delhi
Gujarat
Haryana
Himachal Pradesh
Jammu and Kashmir
Jharkhand
Karnataka
Kerala
Madhya Pradesh
Maharashtra
Odisha
Punjab
Rajasthan
Tamil Nadu
Telangana
Uttarakhand
Uttar Pradesh
West Bengal

Range
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Two different geographic locations i.e. Punjab (Muktsar and Faridkot districts) and
Rajasthan (Jaipur and Dausa districts) were chosen for the thesis work (Table 1.8). All the
districts under study are agriculture dominant with extensive irrigation by groundwater, high
evapotranspiration, irrigation return flow and use of fertilizer.
Table 1.8 Characteristics of the study area (compiled from CGWB reports [145-148])
Parameters

Faridkot

Muktsar

Jaipur

Dausa

618008

902702

6626178

1634409

Climate

Semi-Arid

Semi-Arid

Semi-Arid

Semi-Arid

Rainfall

449mm

431mm

591mm

659mm

Temperature

-

-

-

-

200%

200%

140%

155%

waterlogged

declining

declining

Nitrate,

Nitrate, Iron,

Nitrate, Iron,

Fluoride,

Fluoride,

Fluoride,

Salinity

Salinity

Salinity

Alluvial +

Alluvial +Hard

Hard Rock

rock

Population
(Census 2011)

Cropping
Intensity

Was
waterlogged
Water

now

scenario

showing
declining
water trends
Nitrate,

Contamination

Iron,
Fluoride,
Salinity

Formation

Alluvial

Alluvial
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1.5 Objectives
The broad objectives of the study are
i)

To understand uranium contamination in the different geological formation

ii)

Assessment of groundwater quality and its suitability to potable and irrigation
purposes

iii)

Identification and understanding the geochemical processes leading to the chemical
characteristic of groundwater

iv)

To find the source and origin of groundwater

v)

To delineate the uranium-rich and poor zones

vi)

To study uranium mobilization process and its plausible reason or favoring factor

vii)

Propose a mechanism for uranium release.
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1.6 Thesis outline
To achieve the above objectives Muktsar and Faridkot districts of Punjab and Dausa
and Jaipur districts of Rajasthan were chosen. The work done is described in the following
chapters
Chapter 2 outlines the importance of chemistry, environmental isotopes,
geochemical and statistical modelling in understanding groundwater characteristics for
sustainable management of these resources. Water samples were mainly collected from
major water-bearing formations of the study area namely, alluvium in Muktsar and Faridkot
region of south-west Punjab; alluvial and hard rock formation in Jaipur and Dausa districts
of Rajasthan. The water sampling from the hand pump, tube wells, and canals in the study
area of Punjab was done during October 2016 (70 samples, postmonsoon) and May 2017
(37 samples, premonsoon). The samplings from Rajasthan study area was carried out during
March 2017 (72 samples, premonsoon) and November 2017 (33 samples, postmonsoon).
The physicochemical parameters were measured in-situ in the field and the samples for
major ion chemistry (60ml), stable isotopes (30ml), tritium (500ml), total dissolved uranium
(20ml) and uranium isotopes (1L) were brought to the laboratory for the measurements. The
measurement procedure and instrumental details are included in this chapter.
Chapter 3 includes a brief description of the geological and hydrogeological of the
study area in Punjab, viz., Faridkot and Muktsar districts followed by general water
chemistry. It also includes the groundwater scenario of the region in terms of quality and
quantity. The results are provided in this chapter with detailed interpretation using various
graphical representations. The geochemical processes involved in the study area were
established using ionic ratio plots. The uranium in the study area ranges from 1-610 µg/L in
shallow zone and 21-260 µg/L in the deep zones with 79% and 90% samples above the
permissible limits respectively in premonsoon season. For postmonsoon season, uranium
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concentration ranges from 10-565 µg/L in shallow and 16-135 µg/L deep zones with 71%
and 62% samples above the permissible limits respectively. The uranium contour helped in
demarcating contaminations zones with higher concentrations in south- west and northern
region of the study area. The stable isotope indicates three signatures in the shallower zones
namely i)
5

18

O values due to canal water interaction, ii) values between -8

indicating precipitation recharge and iii) evaporative signature (-4

to -2

to -

) indicating

irrigation return flow. The deeper zone samples fall near to GMWL indicating precipitation
recharge and their tritium values indicate long residence times and possible contribution
from regional groundwater flows. Uranium shows a positive correlation with EC,
bicarbonate and nitrate. The uranium activity ratio (234U/238U) is in range of 0.85-1.05 for
shallow zone and 0.89-0.96 for deep zones. Uranium isotopes data was correlated with
uranium concentration and it was interpreted that uranium concentration is due to leaching
in the shallower zones while in the deeper zone it is mainly due to the mixing process. The
mobilization of uranium from mineral is a combined effect of nitrate as oxidizer and
bicarbonate as a mobilizing agent.
Chapter 4 includes the brief description of geological and hydrogeological of the
study area in Rajasthan, viz., Dausa and Jaipur districts followed by general water chemistry.
The geochemical processes involved were assessed using ionic ratio plots. The stable
isotopes indicate towards two main recharge sources i.e. precipitation and irrigation return
flow. The uranium concentration ranges from 0.4-177 µg/L in alluvial formation and 0.5142 µg/L in hard rock formation with 33% and 53% samples above the permissible limit in
premonsoon season respectively. For postmonsoon season, uranium concentration ranges
from 5.3-142 µg/L for alluvial formation and 5.2-145 µg/L for hard rock formation with
61% and 58% samples above the permissible limits respectively.
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Uranium shows a positive correlation with EC, bicarbonate and nitrate, which is
more in postmonsoon season. Uranium isotope data was correlated with uranium
concentration and it was interpreted that uranium concentration is mainly due to leaching.
High uranium activity ratio (234U/238U) i.e. 1.44-2.85 for alluvial formation and 1.38-2.97
for hard rock formation is observed in the samples from the study area, which reflect the
prevalence of alpha recoil phenomenon towards uranium release into groundwater. Once the
uranium releases into groundwater, it gets oxidized and then complexes to form stable
compound and migrates too far off distances.
Chapter 5 consists of a detailed evaluation of similarities and dissimilarities in
aquifer systems of both the study areas (Rajasthan and Punjab). The role of hydrochemical
drivers like nitrates, pCO2, bicarbonates towards uranium leaching, complexation and
migration is studied considering the varied geological and hydrogeological differences in
these study regions. The seasonal and temporal variations in contaminant concentrations are
also studied for both the study area in light of varying groundwater dynamics. Based on the
hydrochemical, isotope and modelling inferences, conceptual models are prepared for the
uranium mobilization processes in both the aquifer systems and presented in this chapter.
Finally, summary and conclusions along with future scopes are provided at the end of these
chapters.
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To fulfill the objectives a work plan was emulated which included i) sampling ii)
measurement and iii) data interpretation. The physicochemical parameters were measured
in the field and samples were collected for chemical analysis, isotopic analysis (

18

O,

2

H

and 3H), uranium and its isotopes (234U and 238U) from both the study areas. The sampling
procedure and analytical technique used are explained in this chapter.

2.1 In situ analysis
The location parameters like latitude, longitude, elevation etc were measured using
in-build global positioning system and physicochemical parameters like electrical
conductivity (EC), pH, total dissolved solids (TDS), temperature, dissolved oxygen (DO)
etc were measured in situ in the field using HI 9829-11042 multiparameter meter with GPS,
PH / ORP / EC / DO / Turbidity and 4m probe (Fig. 2.1). The pH sensor of the system is
made of durable polyetherimide (PEI) body. It has two compartments, one containing
Ag/AgCl reference electrode and glass pH sensing tip in gel electrolyte and the external
compartment containing reference wire. This double jacket system ensures that no silver is
leaked from the electrode to the sample or precipitated at the junction. The range of
measurement is 0 to 14 with the resolution of ± 0.01/± 0.1mV and accuracy of ± 0.02/
±0.5mV.
The conductivity probe is made up of ABS (Acrylonitrile Butadiene Styrene) sensor
body containing 4 ring electrodes made up of AISI 316 stainless steel that prevents
polarization or surface coating effects. It works on the polarographic measurement principal.
The range of measurement is 0 to 200 mS/cm with a resolution of 1 µS/cm for lower values
and 0.1 mS/cm for higher conductivity values and accuracy is ±1% of reading. The dissolved
oxygen sensor consists of a silver cathode and zinc anode with an HDPE membrane
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containing the zero DO solution. The range of measurement is 0 to 50 ppm (500%) with a
resolution of 0.1% and an accuracy of ± 1.5%.

Fig. 2. 1 Field sampling along with in-situ field parameter measurement
Titration method was followed to measure alkalinity in the field. 10 ml of the
groundwater sample was titrated using 0.02N H2SO4 with methyl orange as an indicator.
Change of orange colour to pink colour determines the endpoint of the titration. As the pH
of the groundwater samples is neutral to alkaline, the alkalinity values are used to calculate
bicarbonate concentration by multiplying the measured titer value with the factor of 122.

2.2 Major ion chemistry
The main ions analyzed in the water samples are sodium (Na+), potassium (K+),
calcium (Ca2+), magnesium (Mg2+), chloride (Cl-), nitrate (NO3-), sulphate (SO42-),
bicarbonate (HCO3-) and fluoride (F-). From the field, approximately 60 ml water sample
was filtered through 0.45 µm filter paper and collected in tarson make bottles for both cations
and anions. To avoid precipitation of major cations, the samples are preserved by adding
ultrapure concentrated nitric acid

[149]

. Major ions can be measured with the help of UV-

Spectrophotometer, atomic absorption spectrophotometer, flame photometry and
inductively coupled plasma optical emission spectroscopy (ICP-OES). For the study, Dionex
DX-500 ion chromatography (IC) system was used to measure ionic species (Fig. 2.2).
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Fig. 2.2 Dionex ion chromatography system
Chromatography is an analytical technique used to separate a mixture of chemical
components. The different component of the mixture can swap from one phase to another
and the rate of migration depends on the affinity of each component towards the stationary
phase, its charge and size. Ion chromatography works on the principle of reversible ion
exchange between the stationary phase and mobile phase. Thus, the time required to pass
through the stationary phase is characteristic to each component and is known as retention
time that depends on species type and size.
2.2.1 Working principle
The eluent is pumped into the analytical column with the help of a pump under a
typical pressure of 1100 psi for cations and 650 psi for anions. The measurement is carried
out in gradient mode for anions using 3 15 mN NaOH while in the isocratic mode for cations
using 21 mN H2SO4 as eluent. The sample is injected into the sample loading loop and with
the eluent flow, 25 µL of sample is taken into the system. The sample then passes through
the guard column which protects the main column from getting contaminated and removes
impurities.
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For cations, the resin contains sulphonic or carboxylic acid groups and for anions
quaternary ammonium salts. The analytical column for anion is AS-11+AG-11 and the cation
is CS12A+CG12A. The mobile phase contains ions i.e. H+ and OH- that create high background
conductivity, making it difficult to measure analyte ions. This is overcome by selectively
removing the ions generated by the mobile phase after the analytical column and before the
detector. This is accompanied by converting the mobile phase ions to a neutral form or
removing them with the eluent suppressor, which consists of ion-exchange column or
membranes. For cations, the eluent used is H2SO4 (conductivity due to H+) which is suppressed
by the suppressor eluent that supplies OH-. The SO42- is removed by the suppressor column or
membrane. The same principle holds for anion analysis. The mobile phase is usually NaOH
(conductivity due to OH-) and the suppressor eluent supplies H+ to neutralize OH- ions.
The ion detection is done in conductivity mode after eluent suppression with an
electrochemical detector (ED 40). The concentration of analyte ions is calculated from the
area under the peak (Fig. 2.3). The instrument performance is checked by running blanks
and calibrations standards after every 10 samples. Accuracy of the chemical analysis is
checked using charge balance error (CBE) as shown by Equ. 2.1. The CBE was within the
allowed limit of ± 5% [150].
(2.1)

Fig. 2.3 A typical ion chromatograph for a) anions and b) cations
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2.2.2 Applications
Hydrochemistry plays role in defining the quality of water and the impact of
geogenic and anthropogenic activity. The characterization of water spatially and temporally
provides insights into the changes occurring and factors influencing changes

[145,146]

.

Numerous studies have been carried out in India on the role of hydrochemistry on water
quality, its suitability for drinking and irrigation etc

[151-157]

. The major ion data is used to

analyze i) suitability of water for drinking as well as irrigational purposes, ii) geochemical
evolution and processes involved.
2.2.2.1 Suitability of water
The concentration of ions in water determines its suitability for drinking and irrigation.
A) Drinking:
Suitability of groundwater for the purposes of domestic activity mainly drinking is
determined based on permissible limits given by the BIS (2012) [144] and the WHO (2011)
[26]

. The respective permissible values are given in the result part of chapter 3 and 4.

B) Irrigation
The suitability of water for irrigation is determined based on EC, TDS, sodium
absorption ratio (SAR), percent sodium (%Na), permeability index (PI), residual sodium
carbonate (RSC), magnesium hazard (MH), Kelley's ratio (KR) and corrosion ratio (CR).
The desired values for these parameters are given in the result part of chapter 3 and chapter
4. The formula to calculate the parameters is given in Table 2.1
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Table 2.1 Irrigation quality parameters calculation formulas
Parameter

Formula and values taken in
, meq/L

SAR
Percent sodium
Residual sodium
carbonate

Reference
Richard 1954 [158]
,

meq/L
, meq/L

Permeability Index
Magnesium Hazard

, meq/L
, meq/L
, meq/L

Corrosivity ratio

, meq/L

Wilcox 1948 [159]
Ragunath et al.
1987 [160]
Doneen et al. 1964
[161]

Szabolcs and Darab
1964 [162]
Kelley 1946 [163]
Balasubramanian
1986 [164]

C) Composite water quality index
Composite parameters give a realistic view of water quality compared to impact by
individual parameter. Weighted means of the parameters as per the suitability standards are
used to calculate the drinking water quality index (DWQI) and irrigation water quality index
(IWQI) [165]. The parameter considered for DWQI (WHO standards) [26] and IWQI [166] along
with their weighting factors is calculated using Equ. 2.2 to 2.5 and are given in Table 2.3
and Table 2.4.
(2.2)

Where Wn is the unit weight of nth parameters, calculated using Equ. 2.3
(2.3)

K = constant of proportionality and calculated using Equ. 2.4
(2.4)
And qn is the quality rating calculated as (Equ. 2.5)
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(2.5)
Where,
n = represents parameters
qn = quality rating of the nth parameter
Vn = value of the sample
Sn = standard value of the nth parameter
Vi0 = ideal value of the nth parameter in pure water
Table 2.2 Parameters and standards for DWQI
Parameters

Standards (WHO 2011) [26]

Wn

pH
EC
TDS

8.5
1500
1000

0.1416
0.0008
0.0012

Ca2+

300

0.004

Mg2+

100

0.012

Cl-

250

0.0048

SO42-

250

0.0048

NO3-

50

0.0241

F-

1.5

0.8023

total alkalinity

600

0.002

Table 2.3 Parameters with their weighting factor and standards for IWQI
Parameters

Standards [166]

Wn

MH
RSC
Na%
SAR
EC
PI

50
2.5
60
18
2250
85

0.0396
0.793
0.033
0.1101
0.0009
0.0233

2.2.2.2 Geochemical processes
The water while traversing interacts with the aquifer matrix through different process
like ion-exchange, sorption/desorption, dissolution and precipitation. There are different
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indices and plots to identify the geochemical processes. One such plot is Gibbs plot, TDS
vs. Na+/ (Na+ + Ca2+) and Cl-/ (Cl-+HCO3-) that helps to ascertain the mechanism, processes
and type of reactions responsible for the chemical constituent of water via main governing
processes like evaporation, precipitation and water-rock interaction [152].
Rock-weathering has three major processes that govern the groundwater chemistry
of the study area namely carbonate weathering, silicate weathering and evaporate dissolution
[167]

. To understand the rock- weathering mechanism, bivariate mixing between Na+-

normalized Ca2+ versus Na+ normalized HCO3- and Na+ normalized Mg2+ are done. Mineral
dissolution and weathering occur due to interaction with carbonic acid water formed due to
dissolution of pore CO2. The ionic ratios also give insight into the process like ion-exchange,
weathering etc. The ratio of Ca2+/Mg2+ and Na+/Cl- is used to get insight into geochemical
processes like weathering ion-exchange, evaporative enrichment, dissolution etc. Similarly,
phical representation for evaluating the
hydrochemical processes [168].

2.3 Uranium and its isotopes
Uranium is the last naturally occurring radioactive element with atomic number 92.
Its isotopes along with half-

mentioned in Table

1.3.
2.3.1 Total Uranium determination
For uranium measurement, approximately 20 ml of groundwater sample were
collected after filtration through 0.45µm filter paper in pre-leached (soaked in 10% HNO3
solution overnight) tarson bottles. Uranium in groundwater samples is analyzed using LED
fluorimeter i.e. UA1, Quantalase (Fig. 2.4). The fluorimeter works in the range of 0.5-1000
µg/L with a minimum detection limit of 0.2 µg/L.
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Fig. 2.4 LED fluorimeter i.e. UA1, Quantalase
2.3.1.1 Measurement
For uranium measurement, 5ml of samples is taken in the cuvette and 500µL of 5%
w/v sodium pyrophosphate (Na4P2O7.10H2O) solution is added. The pH of the mixture
maintained at 7 by adding ortho-phosphoric acid. The uranyl phosphate complex thus
formed has enhanced stability and fluorescence. The standard addition method with three
successive increments of 10 µg/L each (Sigma Aldrich supplied 100 mg/L natural uranium)
is added to nullify the matrix effect. The same procedure is followed for distill water to
estimate the background count, which are subtracted from the sample for background
correction. The plot for the concentration of successive addition vs. fluorescence output is
made for each sample to obtain the uranium concentration in the sample. The measurement
is carried out at neutral pH as uranyl phosphate complex is stable at neutral pH. The higher
or lower pH leads to quenching of fluorescence. The sodium pyrophosphate solution acts as
a buffer and maintains the pH of the solution.
2.3.1.2 Working principle
The LEDs with a wavelength of 410 nm are arranged in floret of 7 LEDs on both the
sides with a pulse power of 1.4 watts of peak powered pulse. The group of LEDs can give
100 mW in pulses shorter than 100 µS and with the duty cycle of less than 0.1. This excites
the uranyl complex and fluorescence is measured using PMT placed at 90º to the incidence
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pulse. The fluorescence lifetime of organics is about 100 ns and fluorescence peak at 400
nm. The fluorescence lifetime for uranyl complex is 200 µS and its fluorescence peak ranges
from 464-565 nm with a maximum at 510 nm [169]. This causes interference in fluorescence
estimation. Hence, two modifications have been introduced into the instrument i.e. timegated technologies that allow transmission only for 100µs period starting from 30 s after
the LED pulse, so that pulse due to organics is cut off. The second modification is the optical
filter at 450 nm that again cuts off the contribution of organic matters [170].
2.3.2 Uranium isotope determination
For isotopic measurement of uranium, 1 litre sample after filtration with 0.45µm
filter paper is brought from the field. To preserve the sample approximately 2ml of ultrapure
concentrated nitric acid is added. As the uranium concentration is low hence preconcentration is carried out followed by separation, electroplating and counting using an
alpha spectrometer.
2.3.2.1 Measurement
The pre-concentration is carried out by evaporating 1L sample and uranium is
separated from all the other ions through column separation. To know the recovery and
efficiency of separation

232

U standard is added to each sample at the beginning of the

procedure. For column preparation, approximately 2g of Dowex 1x8 anionic resin with 100200 mesh size is soaked for overnight. The Dowex is packed into the cylindrical glass
column of dimension 20cm x 0.8 cm and is pre-conditioned with 8M HCl (5mL x 5times)
with a flow rate of about 1.5 to 2 mL/min (Fig. 2.5).
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Fig. 2.5 Stages of column preparation and uranium stripping
The precipitate formed by evaporating the water sample is then re-dissolved in aquaregia (1:3 HNO3: HCl). The stock/loading solution is prepared in 8M HCl

[102]

. The stock

solution is loaded into the conditioned column. As uranium forms an anionic complex with
HCl i.e. UO2Cl42-, it exchanges with Cl- ion present in the conditioned resin. The uranium is
stripped from the column with help of 1M HNO3 (5mL x 5times), as uranium forms a neutral
complex with nitrate ion i.e. UO2 (NO3)2 hence it is released from the column. The stripped
uranium is then converted to the electroplating solution using the steps shown in the flow
diagram (Fig. 2.6).

Fig. 2.6 Flow diagram showing step involved in preparation of electroplating solution
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The solution was then transferred to deposition assembly (Fig. 2.7) which consists
of cathode i.e. stainless steel planchets with 2.5 cm diameter and 0.5 mm thickness and anode
i.e. platinum wire of 10 cm length and 2 mm diameter. For electroplating, the voltage of 6V
and 0.3A of current is applied for 2.5 hours

[171]

. The reaction at cathode and anode are

mentioned in Equ. 2.6 and 2.7 respectively.
At cathode: stainless steel (-ve):
(2.6)
At anode: Platinum wire (+ve):
(2.7)
After completion electroplating, 2 mL of ammonium was added into the solution. So,
the platted uranium is not released back to the solution after switching off the current due to
the acidic condition of the plating solution. The planchet is then washed with ethyl alcohol
and burned to fix the activity on the disc. This is followed by counting in an alpha
spectrometer for 24 hours under vacuum condition (Fig. 2.7).

Fig. 2.7 Electroplating setup and alpha spectrometer
2.3.2.2 Working principle
Alpha spectroscopy system consists of passivated ion-implanted planar
semiconductor detector (PIPS) with an area of 450mm2. PIPS detector is made by
introducing doping impurities at the surface of the semiconductor by exposing that surface
44

to a beam of ions produced by an accelerator. This method is known as ion implantation and
can be used to form n+ or p+ layers by hitting the surface with accelerating particles, for
example, either phosphorus or boron ions respectively [172]. The advantages of ion-implanted
detectors are thinner depletion zone with rugged front contact, better energy resolution and
lower electronic noise. The counting is done in a vacuum to reduce attenuation hence
increasing the resolution of the system. The signal is then amplified and the resultant signal
is displayed on the computer. The area under the peak is used to calculate the cpm which is
converted to activity by applying the efficiency parameter of the system.
Calibration is done using a standard alpha source containing two or more distinct
alpha energies. We use a mixed standard of

239

Pu and

241

Am (5.15 MeV and 5.486 MeV

respectively) in the same geometry as that of the sample. The pulse height spectrum of the
standard alpha source is recorded. Using the energies and respective position (channel no.)
of the peaks calibration of the analyzer is carried out. Assuming, the energy and position
have a linear relationship, the calibration factor is calculated by the following Equ. 2.8.
(2.8)
Where E1 and E2 are the energies and peak channels are n1 and n2 respectively.
For quantitative estimation of activity of the sample, it is essential to know the
efficiency of the spectrometer as a function of energy. The efficiency of the system in
percentage can be calculated as follows (Equ. 2.9)
(2.9)
Where cps is the count rate in the region of interest (area under the peak) and dps is the
activity (disintegration/sec) of the standard source.
2.3.3 Applications
The study of uranium isotopes serves as a tool to study radioactive pollution and is
widely used for tracing groundwater over the long period. Studies by many researchers
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indicated that disequilibrium between
sediments

[174,175]

and seawater

[176]

234

U and

[178,179]

U occurs in groundwater [173], its related

. The application of activity ratio of

demonstrated by Osmond et al in 1968
thereafter

238

[177]

234

U/238U was

and became a well-established technique

. Activity ratio (234U/238U) of uranium act as a fingerprint to trace water

masses under different environmental conditions. The main reason for disequilibrium is
alpha recoil i.e. daughter nuclide is displaced by 20nm through mineral and the alpha tracks
formed makes mineral more vulnerable to leaching. This alpha recoil phenomenon makes
insoluble species (230Th, 234Th) also mobile for a short time enhancing disequilibrium
The recoiled thorium nuclide then decays to
234

[180]

.

234m

Pa by beta decay which further decays to

U. The uranium due to the presence of oxidizing species like nitrate and oxygen in water

oxidizes to U6+ state and is mobilized in water.
The AR (234U/238U) of uranium varies from 0.7 to 20 based on the aquifer conditions
[181]

. Under oxidizing conditions, the concentration of dissolved uranium is high as uranium

converts to U6+ state i.e. highly mobile and the AR is mostly upto 1 i.e. equilibrium condition
as uniform leaching occurs due to oxidizing condition and selective leaching is minimal i.e.
water is in augmenting regime (Fig. 2.8). This scenario is mostly at the beginning of recharge
zones or in unsaturated zones. The water then travels further and comes in contact with the
redox front i.e. change from oxidizing to reducing conditions. The dissolved uranium (U6+)
converts to reduced (U4+) state which is insoluble hence precipitates and reduction in
uranium concentrations are observed. Over a long period, the redox front shows a secondary
deposit of uranium mineral

[182]

. The AR shows values ranging from 2 to 20 in the redox

front region. The increase in AR in reducing condition is attributed to alpha recoil and
selective leaching of

234

U. Long residence time in reductive condition leads to decay of

uranium. The decay of 234U is more compared to 238U due to their half-life difference hence
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decrease in AR is observed i.e. water is in decaying regime (Fig. 2.8). Hence by measuring
uranium concentration and AR one can predict the aquifer condition [183].

Fig. 2.8 Variation in uranium concentration and AR (234U/238U) with distance from
recharge
From the plot of inverse uranium concentration versus AR, one can predict the
processes leading to the release of uranium from the aquifer system. The plot has various
trend lines and the sample following a particular trend line defines the process of uranium
release. For example, if uranium is mobilized due to leaching it will follow the brown colour
trend line shown in Fig. 2.9.

Fig. 2.9 Uranium mobilization processes (modified from Osmond and Cowart [177])
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From the plot of inverse uranium concentration versus AR, one can predict the
process leading to release of uranium from aquifer system. The plot has various trend lines
and the sample data following a particular trend line defines the process of uranium release.
The blue colour trend line shown in Fig. 2.9 indicates dilution process, in which only the
concentration of dissolved uranium will decrease while the activity ratio (234U/238U) is not
be affected. Hence sample data fall along the blue trend line. In the case of mixing between
two samples having different concentrations and different activity ratios (234U/238U), the
sample data fall between the two end members, as shown by the yellow trend line. In case
of radioactive decay, the activity ratio (234U/238U) shows a decrease due to difference in half
lives of two uranium isotopes. During the recoil process,

234

U will be selectively available

for mobilization hence the activity ratio (234U/238U) increases and sample data fall on the
orange trend line. Brown trend line shows the process of leaching, in which the activity ratio
is high due to selective leaching of readily available 234U and the concentration of dissolved
uranium also increases.

2.4 Environmental isotopes of water ( 2H and

18

O)

Isotopes are elements having the same atomic number but different mass number i.e.
have different physical property and slightly different chemical property. This leads to a
difference in the abundance of isotopes which is represented as (Equ. 2.10)
(2.10)
The relative abundance of isotopes varies from one physical phase to other or one
chemical state to others. This phenomenon is known as isotopic fractionation. Fractionation
occurs during physical processes like evaporation, diffusion etc due to difference in mobility
of lighter and heavy isotope and chemical processes due to difference in binding energies.
For example, evaporation of water from ocean,

18

O being heavy has lower mobility and

prefers to stay in water phase compared to vapour phase and chemical dissolution of calcium
carbonate with acid, Ca12CO3 dissolves faster than Ca13CO3 in acidic medium. This
difference in abundances due to different processes acts as a potential tool for hydrological
applications. But these processes lead to smaller differences making it difficult to determine
48

the absolute values, for example, average abundance of oxygen-18 is close to 2000 ppm
while it ranges from 1900 to 2100 ppm from compound to compound due to fractionation
[1]

. For isotope hydrology studies, the relative abundance is more important than absolute

values. The relative difference is called value and is defined as (Equ. 2.11)
(2.11)
Where, R represents the isotope ratio of a sample (2H/1H, 13C/12C, 18O/16O, etc) and
Rstd represents ratio in a standard. As these values are small, they are generally expressed in
). The universal standard used for
Standard Mean Oceanic Water (VSMOW) with

18

O and

2

18

O and

2

H is Vienna

[184]

.

Craig in 1961 collected the precipitation samples over the whole globe and analyzed
them for

18

O and

2

H [185]. The samples fitted in a straight line with a slope of 8 and intercept

of 10, it is known as Global Meteoric Water Line (GMWL). The line serves as a reference
line to understand physicochemical processes i.e. evaporation, condensation, rock-water
exchange etc (Fig. 2.10). The various shifts from the GMWL are depicted in Fig. 2.10
depending on the environmental conditions. For example, the meteoric water line shows a
shift towards left in case of humid environment and right in case of arid environment. The
samples having depleted values are due to cooler temperature, higher latitude or altitude
while the enriched values are due to warmer climate, lower latitude and altitude. The samples
from lagoons fall in the enriched region due to evaporation. The enrichment is observed in
18

O due to exchange under high temperature conditions like in geothermal water. The

exchange in

2

H is observed when the exchange is with clay or hydrocarbons in the aquifer

this occurs in case of paleowater.
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Fig. 2.10 The scatter plot of

18

O and

2

H indicating phenomenon leading to change in

isotopic values.
The degree of depletion in heavy isotope is also related to parameters such as latitude,
altitude and distance from the coast and fraction precipitated from the vapour mass. Latitude
effect is decrease or depletion of the heavy isotopic concentration when going from lower to
higher latitude. Rainwater from the northern and southern hemispheres is depleted in
and

2

18

O

H compared to those located near the equator. This occurs due to successive rainouts

from the clouds during moisture transport [186]. A depletion of about latitude for

18

O was observed over the North American continent by Yurtsever, 1975

As the moisture moves inland depletion in
continental effect. A decrease in

18

O and

2

18

[187]

.

2

O and

H content with increasing altitude is observed.

The magnitude of the altitude effect depends on local climate and topography. An altitude
m for
eastern Himalayas

[188]

2

. Seasonal variation of

18

18

O and

2

O were observed in

H is related to seasonal variation

in temperature. These are predominant in places far away from coastal stations. A strong
negative correlation between

18

O or

2

H and the amount of rainfall is observed. This is due

to the evaporation of the falling raindrops and exchange with atmospheric water vapour
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during periods of light rain. This combined effect of these phenomena provides an isotopic
signature to the water molecule which is exploited for isotope hydrological applications.
2.4.1 Stable Isotopes (

18O

and

2H)

2.4.1.1 Measurement
The samples are collected in 60 ml tarson bottles for stable isotope analysis using
Isotope Ratio Mass Spectrometer (IRMS- Isoprime100). While collecting the sample a
-proof to avoid
fractionation of the sample due to evaporation. The first IRMS was developed by Alfred
c sector. The basic design of the system has not been
changed, just improvement in the optics. In 1988, advancement in IRMS came with the
introduction of continuous flow unit to the mass spectrometer. With the advancement in the
off-axis integrated cavity output spectroscopy (OA-ICOS) lasers were used
for isotopic analysis. The instrument works on the principle of spatial separation by
reflections through highly reflective mirrors that extend average optical path length to 3000
m. For measurement i) either the gas is prepared offline by reducing water in presence of
ter or ii) equilibration
method is followed.
For our analysis, we used mass spectrometer attached to Multi-flow unit which is an
2

18

O in aqueous samples

(Fig. 2.11). In the lab, automated sample equilibration and analysis of 60 sample vials in
each batch is carried out. The batch consists of samples bracketed with standard vials i.e.
18

O analysis 200 µl of aqueous sample

is equilibrated with a gas having the composition of 5% CO2 in Helium at two bar pressure
with a flushing time is 5 min. per sample. Equilibration temperature is maintained at 300 C
for 6 hours

[189]

. The temperature is maintained uniformly using an automated system as
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fractionation is temperature depended phenomenon. After the equilibration, the headspace
gas is sampled with the needle and passed to the Isoprime for isotopic analysis. The
equilibration reaction can be written as (Equ. 2.12)

Fig. 2.11 Multiflow-IRMS-Isoprime100 system
(2.12)
2

H, around 1 ml of the water sample is equilibrated with mix gas (10% H2 in

He) at two bar pressure in presence of reusable Hokko bead platinum catalyst. Equilibration
temperature is maintained at 50ºC for 90 minutes

[189]

. The equilibrated gas present in the

headspace is then introduced into the mass spectrometer. The analysis is done using pure
reference H2 gas. The equilibrium reaction can be written as (Equ. 2.13):
(2.13)
The measured values are then normalized on VSMOW scale. Precision is measured
by comparing the spread in the ratio for standards. For accuracy, the deviation in isotopic
ratio of standard from the calibrated value i.e. true value is done for each batch. Quality
assurance is done by participating in IAEA inter-comparison exercises. The precision of
measurement for

2

H is ±

). The precision of measurement for

18

(2 ).
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2.4.1.2 Working principle
The mass spectrometer has four parts namely ionisation source, separation system,
detector and data system. The ionisation source, separation system and detectors are under
high vacuum. The vacuum reduces ion scattering due to the collision of the ion with residual
gas molecules that modifies their trajectories, resulting in peak broadening. And it also limits
contamination by residual gases in the ionising chamber. The equilibrated gas then enters
the IRMS through flight tube. The ionization is through an electron beam source which
bombards the gas and ionizes it. The ionized gas formed is collimated and accelerated with
the help of the electric field. The beam enters a magnetic field applied perpendicular to the
beam direction, which deflects the ions into circular paths based on its mass/charge ratio. In
the collector, ions of the selected mass are transmitted and detected by a Faraday cup. The
ion current from the cup is proportional to the number of incident ions and therefore to the
partial pressure of the equivalent isotopic molecular species in the sample gas. Multiple
faraday cups are often used to obtain simultaneous detection of different isotopes. Amplifiers
connected to the collectors then convert the ion currents into voltages by using very high
resistance. The voltages are next converted to frequencies that are counted by a counter for
a fixed time to get respective numbers. The ratios of the numbers are taken as isotope ratios.
2.4.2 Radioisotope (Tritium (3H))
Water exists in 18 different isotopic combinations out of which HTO is one of the
forms. Tritium being an integral part of the water system plays an important role in isotope
hydrology. Tritium is produced in the stratosphere by spallation of cosmic-ray neutron on
nitrogen atom present in the environment with a steady-state inventory of 3.6 kg [190]. From
stratosphere tritium enter troposphere through spring leak. It takes approximately 11-15 days
for tritium to enter the water cycle. It is also produced in lithosphere by the spallation of
neutron on lithium-6 atom. Tritium was also added to the environment via anthropogenic
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activities of nuclear bomb testing carried out in the stratosphere. It is also a byproduct of the
paint industry a
The concentration of tritium atom being low i.e.

3

H/1H=10-18 hence, pre-

concentration of tritium needs to be done before determining its content at environmental
levels. After enrichment, it is counted either by liquid scintillation counter or using gas
proportional counters. For gas counting, water is reduced using magnesium forming
hydrogen gas which is converted to ethane by reacting it with dead ethylene in presence of
nickel. The procedure for sample preparation is tedious involves high temperature of around

2.4.2.1 Measurement
For measurement, approximately 500 ml of the sample is brought to the lab from the
field in airtight polyethene tarson make bottles. The procedure for electrolytic enrichment
(preconcentration) of tritium is as follows [191-192].

Fig. 2.12 Tritium electrolytic enrichment setup
The first step is distillations of sample (Fig. 2.12A) to bring its EC to avoid corrosion
followed by addition of sodium peroxide to make water conducting. 250g by weight of this
solution is added to electrolytic cells. Enrichment is done in the batch of twenty cells out of
these three are the standard spiked solution of known concentration, three are background
samples and fourteen are the sample cells (Fig. 2.12B). A total of 705 AH are passed to attain
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enrichment factor of 19. The reactions of electrolytic enrichment process are given in Equ.
2.14 and 2.15
Anode (+): 2OH-

H2O+1/2 O2 + 2e-

Cathode (-): 2H+ + 2e-

H2

(2.14)
(2.15)

Enrichment is followed by neutralization of solution by adding lead chloride (~2g)
(Equ. 2.16

collected through closed

system setup (Fig. 2.12C).
2NaOH + PbCl2

2NaCl + Pb(OH)2

(2.16)

14 ml of Scintillator is added to the 8g of the enriched sample in high-density
polythene scintillation vials are counted in Quantallus 1220 liquid scintillation counter (Fig.
2.12D). The sample is counted for 500 min. each (50 min each sample for 10 cycles). After
counting, the cpm values are obtained by selecting the channel that has the best figure of
merits (square of efficiency /background). For quality assurance of the lab generated data in
every batch spiked samples and distilled water samples are added to keep the check on the
consistency of measurement. Secondly, we regularly participate in IAEA inter-comparison
studies. The tritium values are reported in terms of tritium Units (TU) where 1 TU is equal
to 0.118 Bq/Kg or 3.19 pCi/Kg.
2.4.2.2 Working principle
The basic principle of LSC is the measurement of scintillation caused by the
interaction of radionuclide with the scintillator material. The radiation emitted by analyte
excites the solute molecule in the scintillator mixture. The solute molecule transfers the
energy to secondary solute that acts as a wavelength shifter and brings the fluorescence in
the detection range of the PMT. These scintillations are measured with the help of the
photomultiplier tube (PMT). The main advantage with Quantallus 1220 liquid scintillation
counter is their reduced backgrounds due to asymmetric lead shield that reduces the entry of
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natural radiation into the counting area. Secondly, its coincidence and anticoincidence
system which help in background cancellation. After background cancellation, the counts
are sent to ADC and registered into MCA. The minimum detection limit for tritium after

2.4.3 Applications
Environmental isotopes act as tracers for movement of water over time and space both short
term and long term. These isotopes are also useful in understanding
1. Source and origin of groundwater [193,194]
2. Groundwater interconnections with surface water [195,196]
3. Recharge of groundwater [197,198]
4. Recharge to spring water [199]
5. To understand atmospheric circulation patterns [200,201]
6. Source and origin of contamination [202]
7. Residence time of water [203,204]
8.

To quantify infiltration rates [205]

9. To identify primary recharge seasons [206]
10. To identify the pathways of groundwater [207,208]

2.5 Spatial, geochemical and statistical Methods
2.5.1 Geographic Information System (GIS)
The software is used to make geographic location maps for the sampling site and also
used for spatial display of data in form of contours. We used Quantum GIS (Q-GIS) for our
work. It was developed by Gary Sherman in python, Qt and C++ language. Its desktop-based
software that supports shape files, coverage, personal geodata bases, dxf files, map-info,
post-GIS, and other formats. Location maps and various spatial contour plots were made
using this software.
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2.5.2 Aquachem
The software AQUACHEM 3.70 was used for Piper, Stiff, Durov, Schoeller Wilcox
diagrams as well as and statistical plots such as box and whisker and histogram. This
software allows preparation of multiple plots simultaneously from the same data set. The
software also helps in calculating charge balances, unit transformations and statistical
analysis.
2.5.3 Origin
Origin (version 8.0) is data analysis and graphical software with a wide range of
plotting options. It was used to make scatter plots, box plots and for statistical analysis.
2.5.4 WATEQ4F
It is a chemical speciation code used for natural water to estimate distribution of
aqueous species, ionic activities and mineral saturation indices. It uses the field and
analytical parameters like temperature, EC, PH, TDS, alkalinity and dissolved ions present
in the groundwater. The code works on the assumption of homogenous phase and
equilibrium condition for non-redox species.
The thermodynamic stability of mineral in groundwater provides insight into the
saturation index value. There are a considerable number of algorithms and programs for
calculating chemical equilibrium by using the computer, which introduces either of the two
ways of simulating water-rock interactions: (a) computation by using the equilibrium
constants of chemical reactions, and (b) calculation by the method of free energy
minimization.
The value of ionic activity product (IAP) for a mineral equilibrium reaction in natural
water may be compared with the value of Ksp, the solubility product of the mineral. If a
mineral dissolve according to the reaction (Equ. 2.17)
(2.17)
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IAP is given by Fetter (1988) [209] as (Equ. 2.18):
(2.18)

2.19)
(2.19)
Where

i

is the activity coefficient of ionic species i, Zi is the charge of ionic species

i, I is the ionic strength of the solution. A is a constant equal to 0.5085 at 25ºC, B is a constant
equal to 0.3281 at 25ºC, and ai is the effective diameter of the ion.
The WATEQ4F code uses continued fraction method to solve nonlinear mass
balance equations given by Wigely (1977) [210] and uses Davies (1962) equation to estimate
activity coefficients for solute species required for Debye Huckel equation [211].
r)

of a reaction is the difference between the sum of the

free energy of the products and the sum of the free energy of the reactants. It is also given
as (Equ. 2.20)
(2.20)
Where R is the gas constant and equal to 0.00199 kcal/(mole· K), T is the temperature
r

Ksp

r

have been measured for many reactions, the value of

is known [209].

Saturation indices are given as log (IAP/Ksp) if; i) SI = log IAP/Ksp = 0; ii)
equilibrium state SI = log IAP/Ksp< 0; under saturation state (mineral dissolution condition)
and iii) SI = log IAP/Ksp> 0; oversaturation state (mineral precipitation condition). The
software is used for theoretical calculation of probable species based on the chemical data.
For our study, we calculated the probable species of uranium present in the system. These
theoretical species help us in predicting the role of ions on the release and mobilization.
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2.5.5 Multivariate analysis

and factor analysis, which includes principal component analysis (PCA). The software
allows advanced statistical, provides machine learning algorithms for analysis. It helps in
data validation, anomaly detection. The software uses python and R language.

The correlation coefficient is to measure the strength of association between the two
variables. It is mostly calculation through linear regression. The value ranges from -1 to 1.
Where -1 mean strong negative correlation and 1 means a strong positive correlation
between the vari
distinguish between dependent and independent variable. We need to have prior knowledge
about the dependence of two variables. It is calculated using the Equ. 2.21 [212]
(2.21)
Where n is the sample size, X is the first variable, Y is the second variable.
2.5.5.2 Principle Component Analysis (PCA)
When data consist of a large number of interrelated variables, PCA helps to reduce
the dimensionality of a data set keeping the information of data intact. The first step to PCA
is standardization of the variables. This is an important step as it brings the data to the same
level hence each variable contributes equally towards component generation i.e. each
variable is normalized to unit variance [213]. This is calculated using formula (Equ. 2.22) for
every variable.
(2.22)
The second step is generation of the matrix. This helps us to understand how the
variables of the input data set are varying from the mean with respect to each other i.e.
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correlation among variables. The third step is to compute eigenvalue and eigenvector

[214]

.

After applying PCA to the data set we generate the principal components (PCs), which are
non-correlated (orthogonal) to each other and carry the information of the original data set.
Thus, larger the covariance carried by a line more the information about the data set carried
by the particular component. The principal component score is obtained by projecting the

generation are called principal component loadings. Varifactors (VFs), a new group of
variables that are obtained by rotating the axis. This is done with the help of singular value
decomposition (SVD). In varimax rotation, dispersion of PC loading values is maximized
by minimizing the coefficients

[215]

. Th

components helps provide insight into the data and is very useful for data interpretation.
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3.1 Study area description
Under this study, two districts of Punjab viz. Faridkot and Muktsar were chosen.
Both the districts have a semi-

e monsoon season stretches

between the end of June and September with 79% of the rainfall received from the southwest
monsoon while remaining 21% is received via western disturbances. The annual average
rainfall during year 2010 to 2019 was 459 mm for Faridkot district and 369 mm for Muktsar
district [216].
Faridkot district is located in the south-west part of Punjab. It is bounded by Moga
& Bathinda districts (east), Ferozpur district (North & West) and Muktsar district (South).
N latitudes

E longitudes covering

a total area of 1419 km2. The district is divided into 2 administrative blocks with a total
population of 6,18,008 [217]. The district is devoid of the natural stream but is covered by the
canal on the east, west and north side of the district namely Rajasthan feeder, Sirhind feeder
and Bikaner canal.
Out of the total area of the district, the area under cultivation is 1282 km2 with the
cropping intensity of 198%. Out of the remaining area, the forest cover is 20.04 km2, fallow
land is 22.4 km2, barren land is 45 km2, pastures cover is 52 km2, land not good for
cultivation is 356 km2, remaining land of 170 km2 is used for non-agricultural activities like
school, houses etc. The main source of irrigation in the district is canal water mainly the
Sirhind feeder, which covers the length of about 228.4 km [142].
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Muktsar district is located in the south-west part of Punjab. It is bounded by Bathinda
district (east), Ferozpur district (North-west and eastern side), Faridkot district (North and
North-east) and Hanumangarh district (Rajasthan) & Sirsa district (Haryana) on the south.

covering a total area of 2630 km2. The district is divided into 4 administrative blocks with a
total population of 9,02,702 [211]. The district is devoid of the natural stream but is covered
by canal feeders namely Sirhind feeder and Bathinda branch canal.
Out of the total area of the district, the area under cultivation is 2240 km2 with the
cropping intensity of 193%. Out of the remaining area, the forest cover is 20.04 km2, fallow
land is 170 km2, barren land is 55 km2, pastures cover is 45 km2, land not good for cultivation
is 400 km2, remaining land of 150 km2 is used for non-agricultural activities like school,
houses etc. The district uses groundwater and canal water as irrigational sources. The Sirhind
feeder is the main canal, which covers the length of about 523 km [143]. The area irrigated by
canal water is 2000 km2 and by groundwater is 250 km2.
Geologically, the study area consists of thick Quaternary deposits of younger, older
alluvium and aeolian deposits. The older alluvium belongs to the middle to late Pleistocene
period while younger alluvium belongs to Holocene period. The older alluvium is composed
of reddish clay, sand, silt and coarse kankar which are calcareous and the young alluvium
mainly consists of mica sand with clay.
Hydro-geologically, Faridkot district falls under Sutlej basin and is composed of
sand, silt, silty clay with an occasional patch of mica flakes with an elevation of about 226m
amsl and a slope towards the south-west. The bands of silty clay with kankar deposits and
lenticular clay are found at various depths. A lithological cross-section of deposits with depth
is shown in Fig. 3.1. The exploratory studies by CGWB (2013) in Faridkot district revealed
a multiple aquifer system upto the depth of 408m bgl with the first aquifer upto the depth of
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57 m separated by a thick clay layer of about 10m followed by the second aquifer which
goes down upto 120m

[142]

. After the depth of 120 m, the study area has semiconfined to

confined multiple aquifers with thin sand layers alternating with a thick clay layer.

Fig. 3 1 Lithological cross-section of Faridkot district a) transect A-A' and b) transect B-B'
Muktsar district falls on the Indus basin with both confined and unconfined aquifers
with alluvial thickness upto 416m bgl at Nagaur and an elevation of 200 m amsl with a gentle
slope towards south to the south-west. The study area has a multiple aquifer system with a
maximum depth of 300m. The area consists of sand, silt and clay with mostly saline water
except for a few freshwater pockets. The aquifer system has granular structures alternating
with thick and thin clay lenses or layers. A lithological cross-section of deposits with depth
is shown in Fig. 3.2. The exploratory work by CGWB (2013) in Muktsar district indicates
that unconfined aquifer exists up to 30m bgl [143]. The second and third aquifers are separated
by 10m thick clay layer.
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Fig. 3.2 Lithological cross-section of Muktsar district a) transect A-A' and b) transect B-B'

3.2 Sampling
The sample location selection was done by dividing the total area into 1km X 1km
grid. At least one sample from each grid was collected depending on the availability of water

premonsoon during May 2017 (70 nos.) and postmonsoon seasons during October 2016 (39
nos.). Samples were collected from shallow zone tapping depths from 3 m to 50 m and deep
zone tapping the depth of 60 m to 250 m. The percentage of samples collected from shallow
and deep zones are given in Table 4.5
Table 3.1 Percentage of samples from the different depths
Depths
Shallow (3m- 50 m)
Deep (60m-250m)

% samples
Premonsoon
86
14

Postmonsoon
79
21
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40% of the collected samples were from tube wells and 60% were from handpumps
for the premonsoon season. For postmonsoon, the samples from tube wells were 30% and
from handpumps were 70%. The sampling locations are shown in Fig. 3.3. Before sample
collection, the wells were flushed so that a representative sample is collected. In general,
three well volumes are pumped out before samples are collected.

Fig. 3.3 Sample location map for Muktsar and Faridkot districts showing different colour
for samples collected only in premonsoon (Blue), postmonsoon (Green) and collected in
both the seasons (Red)
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The sample location details like latitude, longitude, elevation etc along with date and
time of sampling were noted for every sample. Physico-chemical parameters like EC, pH,
temp., DO etc. were measured in the field using a hand-held multiparameter probe
(HANNA-HI9829-11042). Samples for major ion, environmental stable isotopes (18O and
2

H), environmental radioisotope (3H), total dissolved uranium and its isotopes were collected

and brought to the lab for their respective measurements. The details of the measurement
protocol and instruments used are given in chapter 2.

3.3 Results and discussion
3.3.1 General water quality
The summary of field parameters and chemical parameters of groundwater samples
from shallow and deep zones for both pre and postmonsoon season of Muktsar and Faridkot
districts of Punjab are shown in Table 3.2.
3.3.1.1 Physicochemical parameters
The pH values for the shallow zone ranges from 6.8 to 9.3 with an average of 7.7 for
premonsoon season and 6.1 to 8.9 with an average of 7.3 for the postmonsoon season. The
value in the deep zone is 7.4 to 9.8 with an average of 8.3 for pemonsoon season and 6.7 to
8 with an average of 7.6 for the postmonsoon season (Fig.3.4). The WHO (2011) [26] and
BIS(2012) [144] permissible limit for pH are 6.5

8.5, 7% of the samples from shallow zone

and 30% samples from the deep zone in premonsoon season are above the suggested limits,
while for the postmonsoon season all the samples are in permissible limits for both the zones.
The variation in pH values is more in the shallow zone compared to the deep zone, which
indicates the vulnerability of shallow zone to changes due to recharging water.
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Fig. 3.4 Box plot for physiochemical parameters a) premonsoon of the shallow zone, b)
premonsoon of deep zone c) postmonsoon of the shallow zone and d) postmonsoon of the
deep zone
The averaged EC value for premonsoon and postmonsoon season from the shallow
zone is 3588 µS/cm (Fig. 3.4a) and 3106 µS/cm (Fig 3.4c) while for the deep zone is 1830
µS/cm (Fig. 3.4b) and 1973 µS/cm (Fig. 3.4d) respectively. The exceptionally high EC value
at the location from Muktsar block (Khuade Halal) having the value of 11500 µS/cm
(premonsoon) and 11390 µS/cm (postmonsoon) was observed, which may be attributed to
local contamination like leakage in household pipes etc. The decrease in average EC values
of shallow groundwater during the postmonsoon season is observed, which can be attributed
to dilution with the recharging water. A slight increase in average EC is observed for deep
groundwater during the postmonsoon season, which can be attributed to slow recharge to
deeper zones.
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Table 3.2 Summary of physicochemical and chemical parameters for both the seasons of shallow and deep zones

Parameters
pH
EC (µS/cm)
TDS (mg/L)
TH (mg/L)
Alkalinity (mg/L)
F- (mg/L)
Cl- (mg/L)
NO3- (mg/L)

Min.
6.8
513
303
9.08
82
0.23
14
6.5

Shallow zone
Premonsoon
Postmonsoon
Max.
Mean
Min.
Max.
Mean
9.3
7.7
6.1
8.9
7.3
11500
3588
857
11390
3106
5785
1675
429
7290
1538
7858
1716
26
1311
446
1230
559
66
1407
784
12
2.1
0.13
9
1.8
2020
405
27
1040
217
710
124
8
365
89

Min.
7.4
891
446
14
102
0.6
17
0.62

Deep zone
Premonsoon
Postmonsoon
Max.
Mean
Min.
Max.
Mean
9.8
8.3
6.7
8
7.6
2826
1830
1189
2765
1973
1251
861
590
1173
844
288
117
47
402
163
900
522
410
938
648
2.88
1.36
0.13
2.88
1.01
232
114
37
185
95
77
27
0.72
51
15

SO42- (mg/L)

28

2500

642

41

1477

374

59

606

271

78

526

224

HCO3- (mg/L)

100

1500

682

528

1716

979

125

1098

637

500

1144

791

Na (mg/L)

32

1900

555

100

1200

393

181

553

346

236

450

330

K+ (mg/L)

1

492

44

2.22

386

43

0.8

8.1

4.04

2.7

18

6.3

Mg (mg/L)

1.6

348

75

4

170

52

1.7

44

19

6.4

48

23

Ca2+(mg/L)
Uranium (µg/L)
DWQI

1
1.02
22

408
610
645

93
120
132

3.8
10
12

292
565
490

93
90
108

3
21
51

43
260
177

16
95
91

8.3
16
15

85
135
166

28
43
62

+

2+
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The spread in EC values indicates the variability of leaching and dilutions due to
recharging water, which is further linked to variation in soil type and other agriculturerelated activities in the study area. From the depth profile of EC (Fig 3.5), the decreasing
trend is observed. The shallow zones have more spread and the higher concentration of EC,
which can be attributed to dissolution of salts from the vadose zone with the recharging
water and contribution form irrigation return flow. The deep zones are less affected by the
salinity and are fresh. This also indicates that the two zones are not interconnected. The study
carried out by Sharma et al (2017) [137] found that the average pH values for Faridkot district
were 7.5 (pre) and 7.6 (post) while for Muktsar district were 7.5 (pre) and 7.8 (post). This
change in pH was attributed to recharging water. The average EC values for Faridkot district
was 1760 µS/cm, which increased to 1963 µS/cm while for Muktsar district was 2566
µS/cm, which increased to 2976 µS/cm. The slight increase in concentration during the
postmonsoon season is attributed to the salts dissolved by the recharging water as per the
authors [137].
The average alkalinity for pre and postmonsoon seasons in the shallow zone is 559
mg/L (Fig. 3.4a) and 784 mg/L (Fig. 3.4c) respectively. The average value of alkalinity for
the deep zones for pre and postmonsoon seasons is 522 mg/L (Fig. 3.4b) and 648 mg/L (Fig.
3.4d) respectively. 88% of samples from shallow zone and 64% of samples from deep zone
show increase in alkalinity. This increase in average alkalinity value for postmonsoon
samples can be attributed to carbonate weathering or dissolution of pCO2 generated due to
root respiration and organic matter decay. A larger spread is observed in the shallow zone
compared to the deep zone, which can be attributed to more inputs from unsaturated zones
to the shallow region with recharging water compared to the deeper zone. The groundwater
alkalinity shows a decrease with increasing well depths. This again corroborates that
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contamination is limited to shallow zone and the deep zone are comparatively less affected
by anthropogenic activities.

Fig. 3.5 Depth profile for physicochemical parameters a) EC, b) alkalinity and c) pH for
premonsoon season and d) EC, e) alkalinity and f) pH for postmonsoon season of both the
zones
3.3.1.2 Chemical parameters
The major cations are in the order of Na+>>Ca2+>Mg2+>K+ for both the seasons of
the shallow zone.The order of major cations for the deep zone is Na+>>Mg2+

2+

>K+ and

Na+>>Ca2+>Mg2+>K+ for pre and postmonsoon seasons respectively. The major anions for
the shallow zone are in the order of HCO3-

4

2-

>Cl->NO3- and HCO3-> SO42->Cl-> NO3-

for pre and postmonsoon seasons respectively. The order for anions in deep zone is HCO 3>>SO42->Cl-> NO3- for both pre and postmonsoon seasons. The box plots for various major
ions present in the groundwater of shallow and deep zones of the study area for both the
seasons are shown in Fig. 3.6. The health effects of the ions and the permissible
concentrations are mentioned in Chapter 1 Table 1.2.
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The Na+ ion concentration in shallow zone range from 32-1900 mg/L with an average
value of 555 mg/L for the premonsoon season while 100-1200 mg/L with an average value
of 393 mg/L for the postmonsoon season (Table 3.2). The Na+ ions in the deep zone range
from 181-553 mg/L with an average value of 346 mg/L for the premonsoon season while
236-450 mg/L with an average value of 330 mg/L for postmonsoon season (Table 3.2.2).
The average concentration of Na+ ion decreases in the shallow zone in postmonsoon season
which can be attributed to dilution with percolating water. The deep zone doesn't show much
variation seasonally which indicates that deep zone is less prone to local environmental
changes. The average Na+ ion concentration is reported as 177 mg/L in premonsoon, which
is increased to 190 mg/L during the postmonsoon season for Faridkot district while for
Muktsar district the average concentration for premonsoon is 183 mg/L which increased to
210 mg/L. The increase in concentration is attributed to dissolution of salts from the
unsaturated zone by recharging water, as per the authors

[137]

. The K+ ions in the shallow

zone ranges from 1-492 mg/L with an average value of 44 mg/L for premonsoon while for
postmonsoon the range is 2.2-386 mg/L with an average of 43 mg/L. The concentration of
K+ ion in deep zone ranges from 0.8-8 mg/L with an average value of 4 mg/L for premonsoon
season while for postmonsoon season the concentration ranges from 2.7-18 mg/L with an
average value of 6.3 mg/L. The high concentration of K+ ion in the shallow zone can be
attributed to excessive use of fertiliser in the study area for agricultural activities. High
concentration of K+ ion in the shallow zone were also reported by Sharma et al. (2016) [134]
in Muktsar (upto 869 mg/L) and Faridkot (upto 108 mg/L) districts.
The Ca2+ ions in the premonsoon season ranges from 1-408 mg/L with an average
value of 93 mg/L while 3.8-292 mg/L with an average of 93 mg/L for the postmonsoon
season in the shallow zone of the study area (Table 3.2). For deep zone, the concentration
range for Ca2+ ion is 3-43 mg/L with an average of 16 mg/L for premonsoon while 8.3-85
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mg/L with an average of 28 mg/L for postmonsoon season (Table 3.2). The Mg2+ ion
concentration in shallow zone ranges from 1.6-348 mg/L with an average value of 75 mg/L
for the premonsoon while 4-170 mg/L with an average of 52 mg/L for the postmonsoon
season (Table 3.2). The Mg2+ ion concentration for the deep zone is in range of 1.7-44 mg/L
with an average of 19 mg/L for the premonsoon season while 6.4-48 mg/L with an average
of 23 mg/L in postmonsoon season (Table 3.2). The shallow zone shows a decrease in the
average concentration of Mg2+ ion in the postmonsoon season which can be attributed to
dilution due to recharging water. The deep zone shows an increase in the average
concentration of Ca2+ and Mg2+ in postmonsoon season, which is attributed to long residence
time leading to more rock water interactions thus increasing the concentrations.

Fig. 3.6 Box plot for major ions present in groundwater from shallow and deep zone in
both the seasons
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The HCO3- ion concentration in the shallow zone is in the range of 100-1500 mg/L
with an average value of 682 mg/L for the premonsoon season while 528-1716 mg/L with
an average value of 979 mg/L for the postmonsoon season (Table 3.2). The HCO3- ion
concentration for the deep zone in premonsoon season are 125-1098 mg/L with an average
value of 637 mg/L while 500-1144 mg/L with an average value of 791 mg/L for the
postmonsoon season (Table 3.2).
The Cl- ion concentration in shallow zone ranges from 14-2020 mg/L with an average
value of 405 mg/L for the premonsoon season while 27-1040 mg/L with an average value of
217 mg/L for the postmonsoon season (Table 3.2). The deep zone has Cl- ion concentration
in the range of 17-232 mg/L with an average value of 114 mg/L for the premonsoon season
while 37-185 mg/L with an average value of 95 mg/L for postmonsoon season (Table 3.2).
The SO42- ion concentration for the premonsoon season in the shallow zone are 282500 mg/L with an average value of 642 mg/L while 41-1477 mg/L with an average value
of 374 mg/L for postmonsoon season (Table 3.2). The SO42- ion concentration for the deep
zone are 59-606 mg/L with an average value of 271 mg/L for the premonsoon season while
78-526 mg/L with an average of 224 mg/L for the postmonsoon season (Table 3.2).
The shallow zone has concentration of NO3- ion in the range of 6.5-710 mg/L with
an average of 124 mg/L for the premonsoon season while 8-365 mg/L with an average of 89
mg/L for the postmonsoon season (Table 3.2). The deep zone has NO3- ion concentration in
the range of 0.6-77 mg/L with an average of 27 mg/L for the premonsoon season while 0.751 mg/L with an average of 15 mg/L for the postmonsoon season (Table 3.2). The higher
NO3- ion concentration in the shallow zone is attributed to the excess use of NPK fertilizer
by Tripathi et al. (2000) [12] and decaying organic which is waste product of agriculture and
domestic waste by David and Gentry (2000) [13]. Sharma et al. (2016) [137] reported NO3- ion
concentration upto 600 mg/L in Muktsar district and 128 mg/L in Faridkot district.
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The F- ion concentration in the shallow zone are in the range of 0.23-12 mg/L with
an average of 2.1 mg/L for the premonsoon season while 0.13-9 mg/L with an average value
of 1.8 mg/L for the postmonsoon season (Table 3.2). The F- ion concentration in the deep
zone are 0.6-2.9 mg/L with an average of 1.4 mg/L for the premonsoon season while 0.13
2.9 mg/L with an average of 1 mg/L for the postmonsoon season (Table 3.2).
The concentration of cations and anions decreases in postmonsoon season except for
HCO3- ions. The decrease can be attributed to dilution with recharging water while the
content of HCO3- ions is increased which is due to the dissolution of pCO2 generated due to
root respiration and organic matter decay in the soil along with percolating water.
The depth profile for NO3- and F- ions indicates that contamination is localized to
shallow zone (Fig.3.7). Few samples from the deep zone have concentration above the
permissible range which can be attributed to some mixing with shallow zone or vertical
leakage in the wells.
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Fig. 3.7 Depth profile for a) NO3- ion concentration in premonsoon b) F- ion concentration
in premonsoon c) NO3- ion concentration in postmonsoon and d) F- ion concentration in
postmonsoon season
3.3.2 Suitability of water
3.3.2.1 Suitability for drinking
Suitability of groundwater for drinking was assessed by comparing the concentration
of ions with permissible limits given by the BIS (2012)

[144]

and WHO (2011)

[26]

. The

compiled data for water quality for both seasons of the shallow and deep zones is shown in
Table 3.3.3. According to the permissible limits laid by BIS (2012) (Table 3.3), it was
observed that contamination in the study area is mainly caused by NO3- ions (63%) followed
by SO42- ions (57%), TH (57%) and F- ions (47%) in shallow zone. In the deep zone, the
contamination due to NO3- ions (30%) and F- ions (30%) is observed during the premonsoon
season. High NO3- ions (55%), SO42- ions (29%), TH (29%) and F- ions (26%) are found in
the shallow zone while the deep zone shows contamination by F- ions (13%) and NO3- ions
(13%) for the postmonsoon season. According to the permissible limit of ions in drinking
water given by WHO (2011) [26] (Table 3.33), in the premonsoon season, the contamination
is due to Na+ ions (82%), TDS (73%) followed by SO42- ions (65%), NO3- ions (60%), TH
(60%) and F- ions (47%) while for the postmonsoon season, the major contamination is due
to Na+ ions (77%), TDS (61%), NO3- ions (55%), SO42- ions (48%) in shallow zone. For the
deep zone, the contamination in premonsoon season is due to Na+ ions (90%), SO42- ions
(60%) and TDS (40%) while in postmonsoon season contamination by Na+ ions (100%),
TDS (25%) and SO42- ions (38%).
The decrease in the number of contaminated samples is observed in both the zones
during the postmonsoon season which is attributed to dilution with recharging water. The
main source of NO3- ions is the excess use of nitrogen fertilizers, use of manure and irrigation
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with wastewater [218]. NO3- ions are highly soluble and easily leache with percolating water
[219]

. Saxena et al. (2014) [220] correlated the amount of rainfall with NO3-contamination and

concluded that low rainfall areas mostly have higher NO3- contamination as the dilution
effect is low. Mondal et al. (2009)

[221]

attributed high NO3-ion concentration to prolonged

leaching from the minerals via rock-weathering present in the aquifer matrix.Vikas (2009)
[222]

attributed a higher concentration of contaminants in groundwater to increased alkalinity,

semi-arid conditions and mineral in the aquifer matrix. The exchange reaction for F-ions is
(Equ. 3.1)
(3.1)
Kumar et al. (2007) [153] reported the NO3- ion concentration of 7.5-120 mg/L for
premonsoon and 15-120 mg/L for postmonsoon with 60% samples above the permissible
limit of 45 mg/L in Muktsar district and they attributed the high concentration of NO3- ion
to extensive use of fertilisers. Their study concluded that the contamination is increasing in
postmonsoon season. Sharma et al. (2016)

[155]

, also found high F- and NO3- ions

contamination in the alluvial formation from the adjacent district of Bathinda. They reported
72% of the samples having F- ion concentration above the permissible limit of WHO which
decreased to 50% in the postmonsoon season while 22% of the samples show contamination
due to NO3- ions during both seasons.
Another parameter for determining the suitability of water for drinking is total
hardness (TH) which is determined using the equation given by Todd in 1980 (Equ. 3.2) [223]
and its values are expressed in mg/L of CaCO3.
(3.2)
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Table 3.3 Compiled water quality data for shallow and deep zones of the study area for both the seasons

Parameter

Permissible
Limits
BIS

WHO

6.58.5
600
2000

6.58.5
500
1000
200
20

Ca2+

200

300

Mg2+

100

100

pH
TH
TDS
Na+
K+

Shallow
% of samples
exceeding BIS
Pre
Post
60
31

Deep

% of samples
exceeding WHO
Pre
Post
60
31

% of samples
exceeding BIS
Pre
Post
10
8

% of samples
exceeding WHO
Pre
Post
10
8

7

0

7

0

30

0

30

0

57
28
0

29
16
0

60
73
82

32
61
77

0
0
0

0
0
0

0
40
90

0
25
100

0

0

42

29

0

0

0

0

15

23

7

0

0

0

0

0

25

10

25

10

0

0

0

0

F-

1.5

1.5

47

26

47

26

30

13

30

13

Cl-

1000

250

10

3

48

23

0

0

0

0

45

50

63

55

60

55

30

13

20

13

400

250

57

29

65

48

10

13

60

38

NO3

-

SO42-
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Table 3.4 Suitability of water for drinking and irrigation on basis of TDS, TH and EC
Shallow
Water class

< 500
500-1000
1000-3000
> 3000

Desirable for drinking
Permissible for drinking
Useful for Irrigation, Unfit for drinking
Unfit for drinking as well as irrigation

< 60
60-120
121-180
> 180

Soft
Moderately hard
Hard
Very Hard

< 250
250-750
750-2000
2000-3000
> 3000

Excellent
Good
Permissible
Doubtful
Unsuitable

% of samples
in premonsoon
60
TDS (mg/L)
3
23
62
12

Deep

% of samples
in
Postmonsoon

% of samples in
premonsoon

% of samples
in
Postmonsoon

31

10

8

6
32
55
6

10
60
30
0

0
75
25
0

13
10
6
71

20
50
10
20

13
38
25
25

0
0
35
29
35

0
0
60
40
0

0
0
50
50
0

TH (mg CaCO3/L)
2
5
5
88
EC (µS/cm)
0
3
30
20
47
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According to TH [224], only 2% samples are soft which increases to 13% during the
postmonsoon season for shallow zone. For the deep zone, 20% samples are soft for the
premonsoon season while 13% of the samples remains soft during the postmonsoon season
(Table 3.4)

Fig. 3.8 TDS vs TH plot to understand water type.
From the plot of TDS vs TH (Fig. 3.8), it can be interpreted that the groundwater is
mostly moderately hard to very hard with brackish to saline nature thus making it unsuitable
for its use for drinking purposes. EC is yet another parameter that defines the quality of water
for drinking. According to EC, 33% of the samples fall in the permissible range which
increases to only 35% samples for the shallow zone (Table 3.4). For deep zone, 60% of
samples are in the permissible range which reduces to 50% during the postmonsoon season.
3.3.2.2 Suitability for irrigation
EC, TDS, SAR, Na%, PI and RSC are the parameters used to determine the
suitability of water for its use in irrigation. The compiled data for these parameters are given
in Table 3.4 and Table 3.5. The water classification given by Richards (1954) [158] for EC is
shown in Table 3.4.5 and it is observed that 47% of the samples are unsuitable for irrigation
purpose for premonsoon which decreases to 35% for the postmonsoon season for the shallow
zone. For deep zone, the water is suitable for its use for irrigation as per EC. Based on TDS,
12% of samples are unsuitable for their use for irrigation for the premonsoon season which
decreases to 6% for the postmonsoon season for the shallow zone. The deep zone samples
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are good for their use for irrigation as per TDS for both the seasons. The water classification
based on other parameters such as SAR, RSC and Na% for both seasons is shown in Table
3.6.
A) Sodium absorption ratio (SAR)
The calculationof parameter is done using equation given in Chapter 2 (Table 2.1). The SAR
values range from 0.99-51 with an average value of 12.6 for premonsoon and 1.5-38.5 with
an average value of 12.5 for postmonsoon of shallow zone. The values for deep zone are
9.1-31 with an average value of 16 for premonsoon season while for the postmonsoon season
are 7.9-23.8 with an average value of 13 (Table 3.5). According to the classification based
on SAR, it was observed that 8% of samples are unsuitable for their use in the premonsoon
season which increases to 16% for the postmonsoon season in shallow zone. For the deep
zone, 10% of samples from premonsoon season and no sample from postmonsoon season
fall under the unsuitable category (Table 3.5). This corroborates the fact that recharging
water is decreasing the alkalinity related hazard making the water fit for irrigation purpose.
The United States Salinity Laboratory plot (USSL)

[225]

between sodium hazard and

conductivity of samples collected for both seasons for the shallow and deep zones is shown
in Fig. 3.9.

Fig. 3.9 USSL plot of groundwater from a) shallow and b) deep zones for premonsoon and
postmonsoon seasons
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Table 3.5 Compiled irrigation water quality data for shallow and deep zones of the study area for both the seasons
Shallow
Parameters
Min.

Pre
Max.

Mean

Min.

Deep
Post
Max.

Mean

Min.

Pre
Max.

Mean

Min.

Post
Max.

Mean

SAR
Na%
PI
RSC
MH
KR
CR
IWQI

81

Table 3.6 Suitability of water for irrigation on basis of SAR, Na% and RSC
Shallow
Water class

% samples in
premonsoon
57

< 10
10-18
18-26
> 26

Excellent
Good
Doubtful
Unsuitable

50
32
10
8

< 20
20-40
40-60
60-80
> 80

Excellent
Good
Permissible
Doubtful
Unsuitable

0
10
27
35
28

< 1.25
1.25-2.5
>2.5

Good
Doubtful
Unsuitable

23
0
77

Deep
% samples in
Postmonsoon

21
Alkalinity Hazard (SAR)
61
10
13
16
Percent Sodium
3
16
26
19
36
Residual Sodium Carbonate
0
20
80

% samples in
premonsoon

% samples in
Postmonsoon

15

12

20
60
10
10

37.5
37.5
25
0

0
0
0
20
80

0
0
0
50
50

0
0
100

23
0
77
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The premonsoon samples of the study area shows scatter from medium to very high
salinity hazard and low to very high sodium hazard for shallow zone while for the
postmonsoon season, sample fall in high to very high salinity and sodium related hazards
zones. During the postmonsoon season salinity related hazard tends to increase. For deep
zone, less scatter is observed with samples falling in the high range of salinity and low to
high zones for sodium related hazard. During the postmonsoon season decrease in scatter is
observed related to alkalinity and salinity for the deep zone.
B) Sodium percentage (Na%)
Sodium percent is calculated using equation given in Chapter 2 (Table 2.1). The Na%
values for premonsoon are in the range of 24%-99% with an average of 67% for premonsoon
while for the postmonsoon season the values ranges from 19.7%-97% with an average of
64% for the shallow zone (Table 3.5). For deep zone, the Na% value ranges from 76.5%98% with an average value of 87% for premonsoon while for the postmonsoon season the
values range from 68%-94% with an average value of 82%. A decrease in Na% is observed
in the postmonsoon season of both the zones. The value for Na% is more in deep zone which
can be attributed to increased rock water interaction due to longer residence time. 37% of
samples from shallow zone for premonsoon falls in the permissible range which increases
to 45% samples during the postmonsoon season (Table 3.6). None of the samples fall in
permissible range for the deep zone in both the seasons. The high values of Na% and high
EC both can play a key role as they decrease the osmotic activity of plants limiting the
absorption of water and nutrients from the soil.
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Fig. 3.10 Wilcox plot of groundwater from a) shallow and b) deep zone for premonsoon
and postmonsoon seasons
The Na% is plotted against EC i.e. Wilcox plot (Fig. 3.10), it is observed that all the
postmonsoon samples fall in doubtful to the unsuitable range while premonsoon samples
show much larger scatter ranging from excellent to permissible to the doubtful and
unsuitable range for shallow zone. Only 23% of the samples fall in permissible category for
the premonsoon period which decreases to 13% in postmonsoon season. For deep zone, most
of the pre and postmonsoon samples fall in permissible to doubtful to unsuitable category.
Only 20% of samples fall in the permissible range which increases to 37.5% during the
postmonsoon season.
C) Residual sodium carbonate (RSC)
It is calculated using equation given in Chapter 2 (Table 2.1). The RSC values for
premonsoon season ranges from -42 to 23 meq/L with an average value of 0.42 meq/L while
for postmonsoon the values range from -9.6 to 21 meq/L with an average value of 7 meq/L
for the shallow zone. For deep zone, the value ranges from 1.3 to 16 meq/L with an average
value of 8 meq/L for the premonsoon season while for the postmonsoon season, the value
ranges from 4.7 to 14 meq/L with an average value of 10 meq/L (Table 3.5). The samples
are categorised in three groups: i) value < 1.25: good for irrigation, ii) values in the range of
1.25 to 2.5:doubtful and iii) values > 2.5: unsuitable. For the premonsoon season, only 40%
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of samples are suitable for irrigation which decreases to 23% during postmonsoon season
for the shallow zone. This indicates, degradation of water quality with recharging water. For
deep zone, none of the samples is suitable for its use during both the seasons.
D) Permeability index (PI)
It is calculated using equation given in Chapter 2 (Table 2.1). For shallow zone, the
PI values range from 44.5 125 with an average value of 81 while for the postmonsoon
season the value ranges from 34-120 with an average value of 84. For deep zone, the values
range from 88-123 with an average value of 106 for the premonsoon season while for the
postmonsoon season, the values range from 82-117 with an average value of 104 (Table 3.5).
PI is classified into three categories i) class I: suitable for irrigation, ii) class II: marginally
suitable for irrigation and iii) class III: unsuitable for irrigation (Fig.3.11). For the shallow
zone, 33% of samples fall under class I which decreases to 32% for the postmonsoon season
while 54% of samples fall under class II which falls to 23% in postmonsoon season and 13%
of samples fall in class III which increases to 45% during the postmonsoon season. This
indicates the increase in unsuitability of water for irrigation during postmonsoon season in
shallow zones. For deep zone, none of the samples falls under class I for both the seasons
while 10% of samples fall in class II which increases to 25% during the postmonsoon season
and 90% of the samples fall in class III which decreases to 75% of samples. This indicates
that during the postmonsoon season the water is becoming less unfit for deep zone.
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Fig. 3.11 Permeability index of groundwater from a) shallow and b) deep zones for
premonsoon and postmonsoon seasons
E) Magnesium Hazard (MH)
It is calculated using equation given in Chapter 2 (Table 2.1). The MH for the shallow
zone ranges from 34%-81% with an average value of 59% for the premonsoon season and
21%-92% with an average value of 53% for postmonsoon season. 77% of samples exceed
the permissible MH value in premonsoon season that decreases to 71% of samples in the
postmonsoon season for the shallow zone. For deep zone, the values range from 48%-82%
with an average of 64%and 90% of the samples unsuitable for their use in the premonsoon
season. For the postmonsoon season, the values range from 43%-70% with an average value
of 57% and 75% of the samples unsuitable for their use in the deep zone. The suitability of
water as per MH increases in the postmonsoon season for both the zones.

It is calculated using equation given in Chapter 2 (Table 2.1). KR < 1 indicates the
suitability of water to irrigation while KR>1 is harmful. The KR values range from 0.35- 74
with an average value of 4.8 for the premonsoon season while for postmonsoon the values are
in the range of 0.25-38 with an average of 6.2 for the shallow zone. 78% of the premonsoon
samples and 81% of the postmonsoon samples are harmful as per KR ratio for the shallow
zone. For deep zone, the KR values range from 3.23 41 with an average of 10.6 for the
premonsoon season while for the postmonsoon season the values range from 2.2-17 with an
average value of 6.6. 100% of the samples from both the seasons for deep zone are unsuitable
for their use.
G) Corrosive Ratio (CR)
It is calculated using equation given in Chapter 2 (Table 2.1). For shallow zone, the
values range from 0.07 12.5 with an average of 2.2 for the premonsoon season while for the
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postmonsoon season the values range from 0.08 2.9 with an average of 0.7. 45% of the samples
are fit for their use in the premonsoon season which increases to 81% for the postmonsoon
season. For deep zone, the values range from 0.35- 1.96 with an average of 0.8 for the
premonsoon season while for the postmonsoon season the values range from 0.17 1.04 with
an average of 0.49. 90% of the samples from premonsoon season are suitable for their use
which falls to 88% for the postmonsoon season.
3.3.2.3 Composite water quality index
Composite water quality index is calculated for drinking (DWQI) and irrigation
(IWQI) using Equ. 2.2 to Equ. 2.5 (Chapter 2). Parameters used to calculate DWQI were;
pH, EC, TDS, TH, total alkalinity, Mg2+, Cl , F , SO4 and NO3 based on WHO standards.
IWQI is calculated based on MH, RSC, EC, Na%, PI and SAR. The weighting factor along
with standard values for DWQI and IWQI are given in Table 2.2 and Table 2.3 respectively.
The DWQI values range from 22-645 with an average of 132 for the premonsoon season
and 12-490 with an average of 108 for postmonsoon season for the shallow zone (Table 3.2).
For deep zone, the values range from 51-177 with an average of 91 and 15-166 with an
average value of 62 for postmonsoon season (Table 3.2). The IWQI values range from -21.7
to 34.2 with an average of 11.3 for the premonsoon season and -1.4 to 30.4 with an average
of 15.7 for postmonsoon season for the shallow zone (Table 3.5). For deep zone, the values
range from 11 to 27 with an average value of 18 for the premonsoon season and 12.8 to 23.3
with an average value of 18 for postmonsoon season (Table 3.5). According to the composite
parameters for drinking, for shallow zone 57% of samples are suitable in premonsoon season
which increases to 71% in postmonsoon season. For deep zone, suitable samples for the
premonsoon season are 70% that increases to 88% for postmonsoon season. The suitability
of water increases in postmonsoon season which may be attributed to dilution with
recharging water. The composite parameter for irrigation indicates that 100% of samples are
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unsuitable for their use in premonsoon and postmonsoon seasons respectively for both the
zones. The study by Sharma et al. (2017)

[137]

in Muktsar and Faridkot district of Punjab

concluded that the water quality is unsuitable for the uses in majority of the locations. The
study carried out in nearby districts of Bathinda by Sharma et al (2016) [156] concluded that
parameters like F-, TH, NO3-and SO42- are above the permissible limit at most of the sampled
locations. The irrigation parameters also indicate increased unsuitability during the
postmonsoon season.
3.3.3 Geochemical evolution
From the piper trilinear plot [168] (Fig. 3.12), overall facies observed for shallow zone
were Na-HCO3 (10%), Ca-HCO3 (12%), Na-Cl (38%), Mixed Ca-Mg-Cl (15%) and Mix
Ca-Na-HCO3 (25%) water type for the premonsoon samples. The facies observed for
postmonsoon samples were Na-HCO3 (23%), Ca-HCO3 (23%), Na-Cl (6%), Mixed Ca-MgCl (6%) and Mix Ca-Na-HCO3 (43%) water type. The dominance of HCO3- type water is
observed in postmonsoon season. This is a clear indication of increase in the pCO2 as a result
of root respiration and decaying organic etc with percolating water. The same is corroborated
with increased HCO3- ions (average values: Pre: 682 mg/L and Post: 979 mg/L) and decrease
in Cl- ions (average value: Pre: 405 mg/L and Post: 217 mg/L) during the postmonsoon
(Table 3.2).
The deep zone shows Na-HCO3 (80%) and Na-HCO3-Cl (20%) as dominant water
type for premonsoon and Na-HCO3 (88%) and Na-HCO3-Cl (12%) water type for
postmonsoon. A clear observation of ion change/addition can be made from the changing
water types. The same is corroborated with increased HCO3- ions (average values: Pre: 637
mg/L and Post: 791 mg/L) and decrease in Cl- ions (average values: Pre: 114 mg/L and Post:
95 mg/L) during the postmonsoon season (Table 3.2). A clear dominance of HCO3- ions is
observed in pre and postmonsoon seasons for both the zones which can be attributed to
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extensive agricultural activity of the area. This also indicates the contribution of irrigation
return flow to the groundwater. The major water type reported by Sharma et al. (2016) [156]
for the Bathinda district were Na Mg Cl, Na Mg HCO3 and Mg Na(Ca) HCO3 in the premonsoon and Na Mg Cl, Ca Mg HCO3 and Mg Ca HCO3 in the post-monsoon. A similar
variation in water facies were found in this study.

Fig. 3.12 Piper trilinear plot showing water facies for a) shallow and b) deep zones during
both the seasons
It is clear from the Gibbs plot

[152]

that rock-weathering and evaporation are the

dominant processes in the premonsoon and postmonsoon seasons for the shallow zone (Fig.
3.13 a, b). Deep zone groundwater shows rock weathering as the dominant process in both
the seasons (Fig. 3.14 a, b).
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Fig. 3.13 Gibbs plot a) cationic and b) anionic for both the seasons in the shallow zone

Fig. 3.14 Gibbs plot a) cationic and b) anionic for both the seasons in the deep zone
Rock-water interaction has three major processes that govern the groundwater
chemistry of the study area namely carbonate weathering, silicate weathering and evaporate
dissolution [167,226]. To understand the rock-water weathering mechanism, bivariate mixing
plots between Na+-normalized Ca2+ versus Na+ normalized HCO3- and Na+ normalized Mg2+
were used. From the plot, Na+-normalized Ca2+ versus Na+ normalized HCO3- (Fig. 3.15 a,
b) and Na+-normalized Ca2+ versus Na+ normalized Mg2+ (Fig. 3.15c, d), it can be interpreted
that silicate weathering is the dominant process for both premonsoon and postmonsoon
seasons of shallow and deep zones. The formation of carbonic acid and subsequent
weathering of silicate minerals is shown as follows (Equ.3.3& 3.4) [227]:
(3.3)
(3.4)

90

Fig. 3.15 Bivariate plots a) Shallow: Na+-normalized Ca2+ versus Na+ normalized HCO3-,
b) Deep: Na+-normalized Ca2+ versus Na+ normalized HCO3-, c) Shallow: Na+-normalized
Ca2+ versus Na+ normalized Mg2+ and d) Deep: Na+-normalized Ca2+ versus Na+
normalized Mg2+
The value of Na+/Cl- ratio i) near to 1 is indicative of evaporation, ii) ratio between
1 and 3 is indicative of evapotranspiration and irrigation return flows (enrichment from
recirculated water) and iii) higher ratio (>3) is indicative of ion exchange or silicate
weathering [150]. From the plot (Fig.3.16), it is clearly seen that most of the samples fall in
the field having ratio > 3 which indicates ion exchange or silicate weathering as a dominant
process in the study area. For shallow zone in the premonsoon season, 10% of the samples
show evaporation effect while 43% of the samples indicate the occurrence of evaporative
enrichment and 48% of the samples indicate the occurrence of ion exchange or silicate
weathering process. In the postmonsoon season, the effect of evaporation decreases i.e. 7%
of samples indicates evaporation process while 29% of the samples shows sign of
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evaporative enrichment and 64% of the samples shows ion exchange or silicate weathering
as the dominant process. In case of deep zone, for premonsoon season none of the samples
has Na+/Cl- the ratio of one while 10% samples indicate evaporative enrichment or irrigation
return flow and 90% indicates ion exchange or silicate weathering as the dominant process.
During the postmonsoon season 100% of samples indicate ion exchange or silicate
weathering. In the postmonsoon season of both the zone, the contribution due to ion
exchange or silicate weathering shows an increase, this could be due to increased rock-water
interactions. Due to longer residence time of water in the deep zone, the processes like ion
exchange and silicate weathering are dominant compared to the shallow zone.
The Ca2+/Mg2+ratio of equals 1 is indicative of the dissolution of dolomite while a
higher ratio is because of the dominance of calcite dissolution

[228]

. The molar ratio of

Ca2+/Mg2+ > 2 indicates the dissolution of calcite minerals or calcium silicate weathering,
while the ratio < 1 is indicative of magnesium silicate weathering

[229]

. These reactions

contribute Ca2+ and Mg2+ to the groundwater. From the trends observed in the Ca2+/Mg2+
ratio plot (Fig. 3.16), it can be inferred that dolomite dissolution process occurs in 22% and
10% of the samples from the shallow and deep zones in premonsoon season which increases
to 32% and 25% respectively during the postmonsoon season. This is corroborated with
increased alkalinity in the postmonsoon season of both shallow and deep groundwater.
Calcite weathering occurs in 10% of shallow zone samples from the postmonsoon season.
In the study area, magnesium silicate weathering is the dominating process in 78% and 90%
of the samples from shallow and deep zones from premonsoon which decreases to 58% and
75% respectively in the postmonsoon season. This is again corroborated with enhanced
pCO2 leading to formation of carbonic acid with percolating water leading to enhanced
weathering.
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Fig. 3.16 Plot of Ca2++Mg2+ vs Na+ + K+ of groundwater samples from the study area
3.3.3.1 Ion Exchange
Ion exchange encompasses reactions between the aquifer minerals especially clay
minerals and groundwater, which play a significant role in influencing the water quality [150].
Ion exchange processes are interpreted using chloro-alkaline indices (CAI 1 and 2)
calculated using Equ. 3.5 and Equ. 3.6 [230].
(3.5)
(3.6)
If both the indices are positive, it indicates exchange between Na+ or K+ in water with
Ca2+ or Mg2+ in clay and reverse exchange takes place when both the indices will be negative
[231]

.
For shallow zone, the CAI-1 values range from -27 to 0.4 for the premonsoon season,

while the values range from -23.03 to 0.22 for the postmonsoon season. The CAI-2 for
premonsoon and postmonsoon samples ranges from

1.08 to 0.62 and -0.93 to 0.09

respectively in the shallow zone. For deep zone, the CAI-1 values are in the range of -15.5
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to -1.87 for premonsoon season and -9.54 to -2.37 for postmonsoon season while the range
for CAI-2 is -0.83 to -0.58 for premonsoon season and -0.79 to -0.52 for the postmonsoon
season. The values indicate that the exchange of Na+ or K+ from rock to water in place of
Ca2+ and Mg2+ from water is the dominant process in 92% of samples from premonsoon
which increases to 97% in shallow zones. In the deep zone, the exchange of Na+ or K+ from
rock to water in place of Ca2+ and Mg2+ from water is the dominant process in 100% of
samples during both pre and postmonsoon seasons. The ion exchange can be written as Equ.
3.7
(3.7)
The plot of (Ca2+ + Mg2+) (HCO3- + SO42-) versus (Na+-Cl-) is used to ascertain the
ion exchange process occurring in the aquifer system. The linearity of this plot with a
negative one slope is an indicator of the dominance of the ion exchange process [232].

Fig. 3.17 Plot of (Na+ Cl-) vs. (Mg2+ + Ca2+)

(HCO3- SO42-) illustrating reverse ion

exchange
The groundwater samples from the shallow zone of the study area fall on the slope of -0.79
and -1.007 for premonsoon and postmonsoon seasons respectively. The samples from deep
zone fall on the slope of -1.23 and -1.2 in pre and postmonsoon seasons respectively (Fig.
3.17). The tendency of deep samples is more towards the slope of -1 indicating the
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dominance of exchange reaction in the deep zone. The same is also corroborated from
Na+/Cl- ratio (Fig. 3.16) and CAI values.
3.3.3.2 Carbonate Weathering
The recharging water from irrigation or rainfall has led to high concentrations of
HCO3- ion and moderately higher amounts of Ca2+ and Mg2+ ions in groundwater. The
samples lie close to equline (i.e. 1:1) in the plot of (Ca2+ + Mg2+) vs. (SO42- + HCO3-) when
the dissolution of calcite, dolomite and gypsum are the dominant processes occurring in the
aquifer. The shift in the samples either to left and right is observed due to processes like ion
exchange, reverse ion exchange and silicate weathering [232, 233].

Fig. 3.18 Plot of (Ca2+ + Mg2+) vs. (SO42- + HCO3-) of groundwater samples from the study
area
From the plot (Fig. 3.18) of (Ca2+ + Mg2+) vs. (SO42- + HCO3-), it was observed that
most of the samples fall below the equimolar line indicating more concentration of SO42- +
HCO3- over Ca2+ + Mg2+. This higher HCO3- ions is attributed to the reaction of feldspar
minerals with carbonic acid [234] or organic matter oxidation and root respiration leading to
higher pCO2 in soil pores. The higher SO42- ions can be due to pyrite oxidation or gypsum
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dissolution from the use of fertilizers. The SO42- ions solubilize with irrigation return flow
and groundwater shows SO42-/Cl- ratio >0.05

[235]

which is observed in samples from both

shallow and deep zones. The other reason for the shift to SO42- + HCO3- is the exchange of
Ca2+ and Mg2+ ions in water for Na+ and K+ ions in the aquifer matrix. The inference from
Fig. 3.17 confirms that ion exchange process is controlling the alkaline earth metal
concentration in the groundwater. Few samples lie close to equiline which indicates dolomite
dissolution and samples lying above equline indicates the exchange of Ca2+ and Mg2+ from
rock to water in place of Na+ in water.
3.3.3.3 Silicate Weathering
The silicate weathering process is an important process that controls the groundwater
chemistry and can be evaluated by the relationships among the major ions present in the
groundwater. In the study area, alkali metals (Na+ + K+) ions dominate over alkaline earth
metal ions (Ca2+ + Mg2+) which are clear from Fig. 3.19.

Fig. 3.19 Plot of (Na+ +K+) vs (Ca2+ + Mg2+) for groundwater samples from the study area
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The lower concentration of alkaline earth metals is also corroborated from Fig. 3.16.
Thus, excess of HCO3- and SO42- (Fig. 3.18) is balanced by ions due to silicate weathering
or evaporate dissolution. To ascertain the silicate weathering occurring in these
groundwaters, the relationship between the total ion concentration and the sum of Na+ and
K+ (Fig. 3.20) is evaluated, the samples fall on or above 1:1 line. This indicates that Na and
K- silicate weathering is not the dominant process contributing alkali metal ions to
groundwater.

Fig. 3.20 Plot of TZ+ vs Na+ + K+ of groundwater samples from the study area
Hence it can be concluded that Na+ ions from the aquifer matrix is replaced with Ca2+
and Mg2+ ions from water. Thus ion-exchange is the source for Na+ ions. The source of Mg2+
ions is magnesium silicate weathering and Ca2+ ions is the result of calcite or dolomite
dissolution. Similar geochemical processes were observed by Kumar at el. (2007) in Muktsar
district of Punjab [152].
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3.3.4 Source and recharge mechanism of groundwater
The environmental deuterium ( 2H) in the groundwater ranges from -7

2

samples from shallow zone. The
are -

-3

H ranges for the premonsoon and postmonsoon season

-

-

zone. The environmental oxygen-18 (
of -

-

18

ely in samples from the deep

O) in the groundwater from shallow zone is in range

-

season ranges from -

18

-

O values in samples from deep zone for

premonsoon and postmonsoon samples are in the range of -

-

-

to spread is seen in shallow zone compared to the deep zone in both the seasons (Fig. 3.21)
indicating multiple sources contributing to the recharge of the shallow zone groundwater.

Fig. 3.21 Box plot for a) Deuterium and b) Oxygen-18 for both the seasons and both the
zones
Deuterium excess (Dexcess

2

18

O) assesses the control of the relative humidity

and evaporation of precipitation in a given area
evaporative enrichment and values >10

[190]

. Dexcess values <10

represent

represent the contribution of recycled moisture.

The Dexcess value for samples in the shallow zone of the study area ranges from -
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zone, the Dexcess

and

postmonsoon seasons respectively. The samples can be categorized based on the D excess
values and they were grouped into categories i.e. <5
The variations in the Dexcess values of groundwater depend on characteristic local hydrometeorological processes. 11% and 27% of the premonsoon and postmonsoon samples
respectively have Dexcess <5

from the shallow zone (Fig. 3.22a). For deep zone, none of

the premonsoon samples has Dexcess
Dexcess <5

le 11% of the postmonsoon samples have

(Fig. 3.22b). The samples having Dexcess between 5

15

zone are 52% and 68% for premonsoon and postmonsoon seasons respectively (Fig. 3.22 a).
For deep zone, 20% of premonsoon and 78% of the postmonsoon samples fall under the
category of Dexcess in range of 5

15

(Fig. 3.22 b). The samples having Dexcess >15

are 37% and 5% for the pre and postmonsoon seasons respectively for shallow zone while
for the deep zone are 80% and 11% respectively (Fig. 3.22 a, b).

Fig. 3.22 Dexcess vs

18

O plot for both the seasons from the shallow and deep zones

The samples having Dexcess
water line (GMWL) established by Rozanski et al. (1992) [236] and local meteoric water line
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(LMWL) for Chandigarh

[237]

.

The equation for GMWL and LMWL are given as Equ. 3.8

and Equ. 3.9 respectively (Fig. 3.23).
2

18

O + 10.35(±0.65) n= 206; r2= 0.99

2

Chandiga

18

O + 4.4 (±0.50) r2= 0.95

(3.8)
(3.9)

Fig. 3.23 Stable isotope plot for a) shallow and b) deep zone for both the seasons
The BFL for premonsoon having Dexcess <5

. 3.10

to Equ. 3.12 for the shallow zone (Fig. 3.23 a).
2

Dexcess
Dexcess

18
2

-

18

H=

2

Dexcess

O -3.03(±0.51) n= 7; r2= 0.99

18

(3.10)

O + 8.26 (±0.51) n= 32; r2= 0.93

(3.11)

O + 11.36 (±0.51) n= 23; r2= 0.88

(3.12)

The BFL for postmonsoon having Dexcess <5
3.13 to Equ. 3.14 for the shallow zone (Fig. 3.23 a).
2

Dexcess
Dexcess

-

18
2

O -10.63(±0.51) n= 10; r2= 0.91
18

O -0.41 (±0.51) n= 25, r2= 0.94

(3.13)
(3.14)

Dexcess

100

The BFL for premonsoon having Dexcess

postmonsoon samples having Dexcess
e (Fig. 3.23 b).

Dexcess
Dexcess

2

-

18

2

18

O + 9.9 (±0.51) n= 8; r2= 0.8

(3.15)

O -11.78 (±0.51) n= 7; r2= 0.72

(3.16)

From these plots, it can be concluded that post precipitation evaporation and mixing
while passing through the soil are the reasons for the observed isotopic signatures in
groundwater of this region. Similar trend lines were observed by Gupta et al. (2004) in
central India [238]. The precipitation water gets modified isotopically before it recharges the
aquifer via processes like mixing and evapotranspiration. Mixing is a process in which
different rainfall events gets mixed before recharging. Precipitation while passing through
the soil zone involves diffusion and dispersion, expansion and drainage of soil moisture
storage and vapour phase movement. As a result of these processes, the isotopic composition
of groundwater at any location tends to reach a characteristic value.
The samples showing Dexcess

slope of 6.84 and

intercept of -3.03 for the shallow zone which may be due to evaporation of soil moisture
before adding to the groundwater (Fig. 3.23a). Gupta et al. (2004) observed the slope of 6.5
and intercept of -2.8 which is close to observation made in the study

[238]

. They also

concluded the evaporation of moisture before recharging the aquifer system. In the
postmonsoon, the slope and intercept are 6.01 and -10.63 respectively, more evaporation
effect is observed for the postmonsoon season in the shallow zone. The premonsoon samples
with Dexcess values between 5

to 15

is very close to the LMWL with the slope of 7.6 and intercept of 4.4 indicating precipitation
as a source of recharge to the shallow zone (Fig. 3.23a). Postmonsoon samples have a slope
of 6.7 and intercept of -0.41, which indicates slight evaporation of water before contributing
to the groundwater. The BFL of premonsoon samples with Dexcess >15
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zone have the slope of 6.99 and intercept of 11.36, the samples show slight enrichment but
fall close to GMWL indicating contribution of regional groundwater flow. Postmonsoon
samples also follow a similar trend. This indicates that few samples are receiving recharge
from regional flow in both the seasons in the shallow zone.
For the premonsoon season of the deep zone, the slope and intercept of BFL of
samples having Dexcess values in the range of >15
close to GMWL. These samples also show slight enrichment and have the signatures of
regional groundwater. In the postmonsoon, samples from deep zone having Dexcess in range
of 5

12

-11.78. These samples show the

evaporation effect and contribution from slight mixing with the shallow zones.
Hence, it can be concluded that the source of recharge to groundwater in shallow
zone is evaporated local rain i.e. irrigation return flow, direct local precipitation and minor
contribution from regional groundwater flow. The recharge source to deep zone is regional
groundwater flow and minor contributions from irrigation return flow through vertical
leakage.
The chemical inferences like Na+ ions and TDS etc corroborate the same. The
average value for Na+ ion in the premonsoon and postmonsoon seasons for deep zone is 346
mg/L and 330 mg/L respectively while for TDS are 861 mg/L and 844 mg/L. The high
concentration of Na+ and TDS indicates long residence time hence increased rock-water
interaction leading to increased concentrations (Table 3.2).
Keesari et al. (2017), worked in the south-west region of Punjab and observed the
recharge source to shallow groundwater as canal influence and recharge by precipitation and
irrigation return flow [239]. The deep zone receives the recharge from the regional flow.
The BFL of the samples indicated evaporation of water before recharging the
groundwater as it had a slope of 5.3 and intercept of -15. Sharma et al. (2017) [240] worked in
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Bathinda and Mansa district of Punjab and observed multiple sources contributing to the
shallow zone of the study area namely irrigation return flow, canal contribution, precipitation
etc. The BFL of their samples had a slope of 5.7 and intercept of -12.1 which is indicative
of evaporation effect. The results from their finding corroborate results of this study.
The precipitation signature of south-west Punjab was taken from Keesari et al (2017)
[239]

. The canal water isotopic signature values were taken from Sharma et al. (2017) [240].

From the depth profile of

18

O (Fig. 3.24), it can be concluded that sample from shallow

zone lie in three regions i.e. i) close to canal water which is indicative of mixing with canal
water (-10

to -9

), ii) in the region of precipitation i.e. in

18

O between -8

to -6

which indicates precipitation as the recharge source and iii) samples showing evaporative
signature (-4

to -2%) which is indicative of evaporated local rain i.e. irrigation return flow.

The deep zones show the signature of slight mixing with shallow zone due to vertical well
leakage and precipitational recharge. As observed from Fig. 3.24b during the postmonsoon
season the contribution from irrigation return flow is reduced which can be attributed to
increased regional flows during the postmonsoon season flushing out the signature of
irrigation return flow. This is also corroborated by the BFL for Dexcess values >15
postmonsoon season of both shallow and deep zones.

Fig. 3.24 Stable isotope plots for a) shallow and b) deep zones for both the seasons
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The tritium values range from 1.5 TU to 8.2 TU in shallow zone while for deep zone,
the tritium content is in range of 1 TU to 2.5 TU. One deep zone sample shows high tritium
content of 4 TU which may be attributed to vertical leakage (Fig. 3.25). Presence of modern
tritium in both the zones indicate modern recharge but the shallow zone is more dynamic
compared to deep zones. This is also corroborated from the increased Na+ and TDS values
for the deep zones, which is the result of enhanced rock-water interactions due to long
residence time.

Fig. 3.25 Depth profile for tritium for shallow and deep zones
From the stable isotope and tritium values, it can be concluded that shallow zone is
getting recharged from evaporated local rain i.e. irrigation return flow, local precipitation,
canal contribution while deep zone gets recharged by regional flow and some location shows
the signature of mixing with shallow zone. The same can be corroborated from increased
NO3- ion concentration in the few samples from deep zones. The schematic diagram for the
groundwater system and flow is given in Fig. 3.26

104

Fig. 3.26 Schematic diagram for groundwater recharge and flow
3.3.5 Factors impacting uranium distribution in groundwater
3.3.5.1 Uranium distribution: Spatial and Temporal
A) Uranium distribution and seasonal variation
The total dissolved uranium ranges from 1-610 µg/L with an average value of 210
µg/L for the premonsoon season and 10-565 µg/L with an average value of 90 µg/L for the
postmonsoon season for the shallow zone. For deep zone, the dissolved uranium
concentration ranges from 21-260 µg/L with an average of 95 µg/L for the premonsoon
season while for postmonsoon the value ranges from 16-135 µg/L with an average value of
3 µg/L (Table. 3.2). The deep zone has a low average concentration of dissolved uranium
compared to shallow zone in both the seasons (Fig. 3.27). This indicates that deep zones are
comparatively less vulnerable to local anthropogenic activities/contamination. The decrease
in uranium concentration in the postmonsoon season of both the zones can be attributed to
dilution with recharging water.
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Fig. 3.27 Box plot of uranium in both the zones and both the seasons
The drinking water permissible guidelines as per WHO [60] and AERB [95] are 30 µg/L
and 60µg/L respectively. 79% and 49% of the samples are above the guidance values of
WHO [60] and AERB [95] for the premonsoon season while for postmonsoon season 71% and
45% of the samples are above the guideline values respectively for the shallow zones (Fig.
3.28). In deep zones, 90% and 60% of the samples are above the permissible limits by WHO
[60]

and AERB

[95]

respectively for premonsoon season which decreases to 62% and 12%

respectively in postmonsoon season. A decrease in uranium contamination can be is
attributed to dilution with recharging water or decrease in the physico-chemical parameters
promoting release of uranium from aquifer matrix to groundwater. Similar uranium
concentration was reported by researchers in different districts of Punjab [97-116].
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Fig. 3.28 Percent samples above a) WHO and b) AERB limits
B) Spatial distribution
Spatial distribution of dissolved uranium concentration is shown in Fig. 3.29. During
the premonsoon season, the high uranium concentration is observed in the northern, eastern
and southern part of the study area with patches in the central region (Fig. 3.29a). The highest
concentrations are observed in the south-west locations of the study area. During the
postmonsoon season, the trend remains more or less the same with an increased
concentration in the south-western location and dilution in the central and eastern locations
of the study area (Fig. 3.29b). Similar spatial trends for uranium were observed by Rishi et
al. 2017 [110] for south-west Punjab.

Fig. 3.29 Spatial distribution of dissolved uranium a) premonsoon and b) postmonsoon
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From the spatial distribution of HCO3- ions, higher concentration is observed in the
northern, eastern and southern location with patches in central locations which are similar to
the uranium spatial trends during the premonsoon season. For the postmonsoon season, high
concentration of HCO3- ions is observed in the northern, eastern and central locations. During
the postmonsoon season, increased HCO3- ion concentration is observed in south-east
location and central locations. From the spatial distribution, an increase in HCO3concentration during the postmonsoon season is observed that is attributed to the increased
dissolution from the root zone CO2 percolating along with recharging water (Fig. 3.30). A
correlation between HCO3- ions and uranium can be observed in the premonsoon season
which corroborated the high concentration of uranium during the premonsoon season while
during the postmonsoon season a weak correlation can be seen from the spatial distribution
plot. Thus, decreasing the uranium concentration during the postmonsoon season (Fig. 3.29
b).

Fig. 3.30 Spatial distribution of HCO3- in a) premonsoon and b) postmonsoon seasons
The NO3- ion concentration is found to be high in the south-west, south-east, northern
and patches in west and east locations of the study area during the premonsoon season. The
NO3- ion concentration from premonsoon season again corroborate high uranium
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concentration at similar locations. In the postmonsoon season, high NO3- ion values are
observed in the northern, central and eastern part of the district. During the postmonsoon
season, the correlation between uranium and NO3- ions is very weak. This corroborates the
decrease in uranium concentration observed in the postmonsoon season. It is clear from the
spatial trends in pre and postmonsoon seasons that location having high uranium either has
high HCO3- ions or high NO3- ions or both.

Fig. 3.31 Spatial distribution of NO3- in a) premonsoon and b) postmonsoon seasons
A similar interpretation was made by Sharma et al. 2017 [111] in Bathinda and Mansa
district of Punjab. They concluded that HCO3- ions help in complexing uranium and
migrating to far regions. Tripathi et al. (2012) [102] attributed the elevated concentration to
increased pCO2 due to agricultural activity that led to increased HCO3- ions which mobilize
uranium.
C) Depth profile
The depth profile (Fig. 3.34) of uranium indicates that the contamination due to
uranium is limited to shallow zone with few patches in the deep zone. The high value in
uranium in the deep zone can be attributed to mixing from the shallow zone at few locations.
During the postmonsoon season, a decrease is observed in for both shallow and deep zones.
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Fig. 3.32 Depth profile of uranium for a) shallow and b) deep zone for both the seasons
From the correlation plot between uranium and HCO3- ions, a positive correlation is
inferred for the premonsoon season, which decreases during the postmonsoon season for
both shallow and deep zones (Fig. 3.33).

Fig. 3.33 Correlation of uranium with HCO3- ions in a) premonsoon and b) postmonsoon
seasons for both the zones
From the plot of NO3- ions vs. uranium (Fig. 3.34), a strong positive correlation is
observed in the premonsoon season which is also corroborated from the spatial distribution
(Fig. 3.31). For postmonsoon season correlation is not much evident.
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Fig. 3.34 Correlation of uranium with NO3- ions in a) premonsoon and b) postmonsoon
seasons for both the zones
Uranium also shows a positive correlation with EC (Fig. 3.35) during both the
seasons in both the zones. The correlation decreases in postmonsoon season.

Fig. 3.35 Correlation of uranium with EC in a) premonsoon and b) postmonsoon season.
The HCO3- ions, NO3- ions and EC all show decreased correlation for the postmonsoon
season of both shallow and deep zones. Thus, corroborating the decreased uranium
concentration for the postmonsoon season. The details on the release mechanism is given
under chapter 5
From the depth profile of

18

O (Fig. 3.24), it is observed that shallow zone samples show

signatures of irrigation return flow and precipitational recharge. The irrigational return flow
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and precipitation water mostly has high NO3- ions and HCO3- ions, which leaches the
uranium from the minerals. Hence attributing to contamination in the shallower zone of the
study area. The high concentration of uranium at few deep locations is attributed to mixing
or vertical well leakage taking along-with HCO3- ions and NO3- ions leading to increased
leaching. This is also corroborated by stable isotope signature.
3.3.5.2 Correlations of uranium

major ions are shown with the help of bar graph (Fig. 3.36). For the shallow zone samples
(Fig. 3.36 a), it was observed that uranium shows a positive correlation with almost all
parameters except Ca2+ ions (-0.13) in premonsoon season. The correlation is dominant with
F-ions (0.62) followed by Na+ ions (0.52), HCO3- ions (0.48) and NO3- ions (0.42) in
premonsoon. The average concentration of HCO3- ions in premonsoon season of the shallow
zone is 682 mg/L. Thus, the high concentration of uranium in the premonsoon season of
shallow zones can be linked to the combined role of NO3- ions, Ca2+ ions and HCO3- ions.
Thus, it can be concluded that uranium is released from the aquifer matrix under the
influence of NO3-, HCO3- and Ca2+ ions explained in details under chapter 5
For the postmonsoon season of the shallow zone, a negative correlation with Ca2+
ions (-0.24) and NO3- ions (-0.09) is observed and a positive correlation with HCO3- ions
(0.48). Thus, it can be inferred that the release of uranium from the aquifer matrix is
controlled mainly by only Ca2+ ions via the process of ion-exchange. The released uranium
ion is stabilized by HCO3- ions. The decrease in concentration in postmonsoon can be
justified by the decrease in NO3- ion concentration during the postmonsoon season i.e. 89
mg/L compared to premonsoon concentration of 124 mg/L. Thus, decrease in available
U(VI) in the aquifer matrix for ion exchange leading to decrease in contaminated locations.
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In the deep zone, during the premonsoon season uranium shows a positive with
HCO3- ions (0.78) followed by Na+ ions (0.61) and negative correlation with NO3- ions (0.33) and weak correlation with Ca2+ ions (-0.15). Thus, a low concentration of uranium in
the deep zone is justified as explained for the postmonsoon season of the shallow zone. The
high concentration pocket in the deep zone can be attributed to mixing with shallow zones
at few locations which are corroborated with stable isotope signature bringing along-with
NO3- ions and HCO3- ions that help in mobilizing uranium.
For the postmonsoon season, weak correlation with HCO3- ions is observed
compared to premonsoon season and positive correlation with Ca2+ ions both these factors
combined acts negatively for uranium dissolution. Thus, low uranium concentrations in the
postmonsoon season for deep zones.

Fig. 3.36 Correlation of physicochemical parameters and major ions with uranium for a)
shallow and b) deep zones for both the seasons
Rishi et al. (2017) [110] also attributed the high uranium to increased HCO3- ions in
the south-west region of Punjab. Sharma et al. 2017

[111]

worked in Bathinda and Mansa

districts of Punjab and attributed the uranium concentration to leaching due to oxidative
condition and HCO3- ions.
The high uranium concentrations in the shallow zone are associated with Na-HCO3Cl (19%), Na-Cl-HCO3 (14%), Na-HCO3 (41%) and Na-Cl (26%) type in a premonsoon
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while for the postmonsoon Na-HCO3-Cl (50%), Na-Cl-HCO3 (7%) and Na-HCO3 (43%)
type. For deep zone, all the contaminated samples had Na-HCO3 type water in both seasons.
The highest values of uranium have Na-HCO3-Cl type water in both the zones and both the
seasons. Thus, corroborating that Cl- and HCO3- ions influence mobilization of uranium.
3.3.5.3 Factor analysis or Principal Component Analysis
On applying PCA to the data set, thirteen variables namely EC, temperature, pH,
Na+, K+, Ca2+, Mg2+, F-, Cl-, NO3-, SO42-, HCO3- and Uranium were considered as they had
commonalities more than 0.7. Hence, all these variables were suitable for loading on the
principle components. Kaiser normalization was followed to select the PC covering the
maximum variance of the data [241].
A) Shallow zone
For samples from the shallow zone, five components were found that covers 80.7%
of the variance for premonsoon season. PC1 corresponds for 37.5% of the variance and it
shows high correlation with EC, Ca2+, Mg2+, Cl- and SO42-. The PC1 represents the
anthropogenic contamination caused due to excess use of fertilizer for agricultural activity.
The high correlation of PC1 with Ca2+ and SO42- indicates anthropogenic contamination
from gypsum-based fertilizers. The PC2 corresponds to 18.9% of the variance and shows a
positive correlation with uranium, Na+, F- and NO3- ions while a negative correlation with
Ca2+ ions. The positive correlation of PC2 with NO3- ions indicates oxidation of uranium in
aquifer matrix from U(IV) to U(VI) with NO3- ions as an oxidizer. The role of NO3- ions for
uranium mobilization is studied by many researchers and they concluded positive correlation
[78]

. The negative correlation with Ca2+ indicates ion exchange (discussed under chapter 5).

This is also corroborated with the dominance of ion exchange reaction in the study area (Fig.
3.17) and CAI 1 and CAI 2 (Chapter 3 section 3.3.3.1). The positive correlation with Na+
and Cl- ions indicates the role of EC in leaching of uranium. PC3 corresponds to 9.3% of the
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variance and is positively correlated to K+ and F-ions indicate towards rock weathering,
fertilizers and brick industry as a source for these ions. PC4 and PC5 correspond for 7.8%
and 7.3% of the variance and show a weak correlation with the variables.
For the postmonsoon season, four components with a total variance of 74.9% were
estimated. PC1 corresponds to 34.9% of the variance and shows a strong positive correlation
with EC, Na+, SO42-, Cl-, NO3- and HCO3- ions which indicates ion-exchange between Ca2+
and Mg2+ ions from the water with Na+ ions from aquifer matrix. The increased SO42(fertilizer), NO3- (fertilizer) and HCO3- (soil pore CO2) ions correlation with PC1 indicate
irrigation return flow. The PC2 component with 22% variance shows a positive correlation
with Ca2+ and Mg2+ ions which indicate dolomite dissolution as the source for the ions. The
PC3 component with 10% variance shows a positive correlation of uranium with HCO3- ions
and negative with Ca2+ ions which indicates ion exchange with Ca2+ ions followed by
stabilization of uranyl ion as uranyl-carbonate complexes. The same is corroborated with the
uranium and HCO3- correlation plot (Fig. 3.33). The PC4 corresponds for 7.8% of the
variance and has a positive correlation with NO3- and K+ ions which indicate irrigation return
flow bringing along dissolved NO3- and K+ ions from fertilizers. The same is corroborated
with stable isotopic value for the postmonsoon season.
B) Deep zone
For the deep zone during premonsoon season four-component were identified with a
total variance of 90.95%. The PC1 corresponds for 50.8% of the variance. It has a positive
correlation with Ca2+, Mg2+, Cl-, SO42-, K+ ions and EC which can be due to anthropogenic
contamination from gypsum-based fertilizer [235]. Similarly, high correlation with K+ again
indicates anthropogenic contamination from excess use of NPK fertilizers

[242]

. The PC2

correspond for 20.8% of the variance. It has a positive correlation with uranium F-, Na+ and
HCO3- ions while the weak negative correlation with Ca2+ ions which indicates mobilization
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of uranyl ion via the process of ion exchange and stabilization as uranyl carbonates, which
is corroborated by correlation plot (Fig. 3.33). PC3 and PC4 correspond for 10.7% and 8.7%
of the variance and have weak correlations.
For the postmonsoon season, PCA yielded a total variance of 95.4% with four
components. The PC1 corresponds to 50.8% of the variance and has a positive correlation
with Na+, K+, NO3- and HCO3- ions which indicates irrigation return flow adding dissolved
fertilizer components like K+, NO3- and SO42- ions and dissolved CO2 as HCO3- ions. The
PC2 corresponds to 22.5% of the variance and has a positive correlation with Mg2+, Ca2+,
Na+, Cl-, SO42- which points to dolomite, gypsum and halite dissolution. The PC3
corresponds to 14.7% variance and correlates with uranium while the weak correlation with
other variables. This explains the low uranium in the deep zones during the postmonsoon
season. PC4 corresponds for 7.5% of the variance and show very weak correlations with
variables.
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Table 3.7 PCA output Varimax rotated for the shallow and deep zones for both the seasons
Parameters
/Components
Cond.
HCO3
U
Na
K
Mg
Ca
F
Cl
NO3
SO4
Temp
pH
Eigen Values
% Variance
Cumulative %

Shallow
Premonsoon
PC1 PC2 PC3 PC4 PC5
.813 .476 .163 .043 .156
-.126 .685 .093 -.401 .262
-.060 .753 .497 .095 -.035
.599 .739 .068 -.090 .136
.317 -.096 .809 .039 .089
.860 -.052 .122 .345 -.040
.900 -.150 .009 -.090 -.076
.032 .455 .723 -.059 -.073
.911 .145 .050 .220 .052
.323 .645 -.091 .159 -.155
.860 .292 .142 -.036 .027
-.055 .086 .079 -.061 .893
-.353 .164 .337 -.339 -.512
5.24 2.64 1.30 1.09 1.02
37.46 18.89 9.31 7.79 7.26
37.46 56.35 65.66 73.46 80.71

Postmonsoon
PC1 PC2 PC3
.946 .220 .101
.500 .090 .628
.094 -.205 .863
.920 -.166 .242
.271 .322 -.207
.231 .811 -.161
.152 .859 -.088
-.198 -.281 .810
.662 .536 -.139
.597 .115 -.196
.863 .339 -.024
.573 -.480 -.154
.065 -.663 .358
4.89 3.09 1.41
34.94 22.07 10.04
34.94 57.00 67.04

Deep
Premonsoon
Postmonsoon
PC4 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
.089 .690 .524 .188 .193 .739 .555 .130 .321
-.071 .209 .867 .323 -.206 .899 .073 .275 -.047
-.042 .038 .819 .107 -.186 .229 -.183 .934 -.172
.041 .448 .791 .143 .284 .663 .655 -.072 .243
.628 .848 .493 .061 -.161 .867 .326 .106 -.138
.270 .970 .141 .117 -.040 .507 .646 .424 -.239
.012 .944 -.250 .172 .045 -.060 .873 .448 -.178
.098 .062 .852 .179 .216 -.102 -.455 -.884 -.030
.308 .619 .316 .330 .574 .220 .964 -.064 .131
.554 -.188 -.186 -.920 .018 .992 .051 -.024 -.098
.027 .791 .145 .292 .501 -.010 .994 -.018 .062
-.101 -.075 -.527 -.804 .137 -.135 .069 -.124 .972
.041 -.052 .125 .196 -.944 -.861 -.183 -.148 .326
1.10 7.11 2.91 1.49 1.22 7.10 3.15 2.05 1.05
7.84 50.81 20.79 10.66 8.69 50.73 22.51 14.65 7.51
74.88 50.81 71.60 82.26 90.95 50.73 73.25 87.90 95.41
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Table 3.8 The correlation of components with the various variables in both shallow and deep zones for both the seasons
Com
pone
nts

Shallow

Deep

Premonsoon

Postmonsoon

Premonsoon

Postmonsoon

PC1

Positively correlated
with EC, Ca2+, Mg2+,
SO42-, ClPositively correlated
with U, Na+, NO3- and
HCO3-

Positively correlated with
EC, Ca2+, Mg2+, Na+, SO42-,
Cl-, K+
Positively with HCO3-, F-,
Na+ and U
Negatively correlated with
Ca2+ and temp.

Positively correlated with EC,
HCO3-, Mg2+, Na+, NO3-, Cl-, K+
weak with U

PC2

PC3

Positively correlated
with K+ and F-

Positively correlated with
EC, Na+, SO42-, Cl-, NO3-,
HCO3Positively correlated with
Mg2+, Ca2+
Negatively correlated with
pH
Positively with HCO3-, F-,
U
Negatively correlated with
Ca2+

PC4

PC5

Positively correlated
with Mg2+
Negatively correlated
with pH and HCO3Positively correlated
with temperature
Negatively correlated
with pH

Positively correlated with
NO3- and K+

Negatively correlated with
HCO3- and temp.
Positively with Cl- and
SO42Negatively correlated with
pH

Positive with Na+, Ca2+, Cl-, SO42-,
Mg2+
Positive with U, HCO3Negative with F-, Ca2+, Mg2+
Positive with temp.
Negative with pH
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Thus, it can be observed that uranium shows a correlation with PC2 during the
premonsoon season for both shallow and deep zone while it shows a correlation with PC3
during the postmonsoon season for both shallow and deep zones which corroborated by the
decrease in uranium concentration during the postmonsoon season in both the zones. The
correlation for the premonsoon season is high for shallow zone compared to deep zones thus
corroborating the high concentration of uranium in the shallow zones compared to deep
zones. PCA also indicates the role played by EC, NO3- and HCO3- ions in uranium
mobilisation. This is explained in details under chapter 5
3.3.5.4 Uranium Speciation
The uranyl ion when mobilized to groundwater complexes with various ligands such
as HCO3- ions, hydroxyl ions, phosphate ions, fulvic acid etc. The complexes formed either
solubilizes or precipitates depending on the solubility of the complex formed. The
complexation depends on factor like uranium concentration, pH, concentration of ligands,
stability constants of the product being formed etc. The mobilization of uranyl ion depends
on its complexation and is more mobile in the complexed state than in free uranyl ionic state.
It has been studied that uranium-carbonate complexes like UO2(CO3)2, UO2(CO3)22-,
UO2(CO3)34- and (UO2)3(CO3)66- have greater solubility [243] with stability constant of 9.94,
16.61, 21.84 and 54 respectively. They are most commonly occurring species in groundwater
with pH in the range of 6.5 to 8.5

[244]

. Uranyl ion also forms complexes with NO3- ions,

SO42- ions etc. The commonly found species are UO2(NO3) +, UO2(NO3)2, UO2(NO3)3-,
UO2(SO4) and UO2(SO4)22- with log
[245]

.
The species of uranium were estimated using WATEQ4F software. Only those

uranium species having a concentration in µg/L (ppb) range were selected and the results
are compiled in Table 3.9.
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Table 3.9 Various species formed by uranyl ion in groundwater from both the zones
Zone
Shallow
Deep

UO2(CO3)22- (µg/L)
Min.
Max
Average
0.5
140
49
2
129
22
5.5
139
28
3.6
25
15

Season/
Species
Pre
Post
Pre
Post

UO2(CO3)34-(µg/L)
Min.
Max
Average
2
980
410
6.4
931
174
18
487
182
26
232
63

The main uranium species found in the groundwater of the study area are
UO2(CO3)22- and UO2(CO3)34-. Similar complexes in groundwater of in alluvial formation
were reported by researchers

[99, 111]

. The UO2(CO3)34- complex is dominant species in pre

and postmonsoon season of both the zone. The concentration of UO2(CO3)22- and
UO2(CO3)34- complex is more in the premonsoon season compared to postmonsoon which
can be attributed to the availability of uranyl ion and complexing ions. Despite the high
concentration of ions like NO3- ions, SO42- ions etc their complexes with uranyl ions were
not identified as they have lower stability compared to carbonate complexes. The
complexation reactions are discussed later in chapter 5
3.3.5.5 Saturation Index
Uranium is mostly found as UO3(C), gummite, coffinite, uraninite, rutherfordine,
schoepite, etc. All the common occurring uranium minerals were considered while
estimating the saturation index by WATEQ4F. Uraninite is uranium oxide mineral having
formula UO2 but due to oxidative condition, it is mainly found in variable oxidation state
like pitchblende i.e. U3O8. Rutherfordine is uranyl carbonate mineral having the formula as
UO2CO3. It is usually formed from uraninite by the process of weathering. When uraninite
mineral is exposed to the hydrothermal condition it forms schoepite. Its empirical formula
(UO2)8O2(OH)12.12(H2O). The silicate mineral of uranium is coffinite with the empirical
formula of [U(SiO4)

(OH)4x]. Coffinite is known to occur with uraninite, pyrite, clay
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minerals. Gummite is an amorphous mixture of uranium as oxides, silicates, and hydroxides
etc. The generated output for the shallow and deep zones is represented in the box plot (Fig.
4.37). The saturation index values indicate that the groundwater is tending to supersaturation
with respect to uraninite in premonsoon of both the zones. The decrease in saturation index
i.e. unsaturation is observed for uraninite in the postmonsoon season compared to the
premonsoon season for both the zones. This can be attributed to decreased uranium
concentration in postmonsoon season. The other uranium minerals like Rutherfordine,
Schoepite, UO3(c), UO2(a), B-UO2(OH)2 and Gummite are undersaturated (Fig. 3.37). As
the water is undersaturated w.r.t uranium minerals, it is more prone to contamination in the
study area. The favorable condition can lead to further U contamination in both the zones of
the study area.

Fig. 3.37 Box plot of saturation indices for common uranium minerals for a) shallow and
b) deep zones for both the seasons
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3.3.5.6 Uranium isotopes
The uranium activity ratio (234U/238U) ranges from 0.85 to 1.05 with an average value
of 0.96 in the shallow zone and 0.89 to 0.96 with an average value of 0.90 in the deep zone.
Activity ratio in the range of 0.94 to 1.85 with average of 1.1 was estimated by Tripathi et
al. (2012) [102] in Malwa region of Punjab. Authors attribute the slight disequilibrium to
selective leaching of 234U. The activity ratio of 234U/238U from this study showed equilibrium
condition. Thus, dissolution of uranium can be considered as a result of oxidative leaching
process that shows an activity ratio of 1 representing equilibrium condition.
From the depth profile (Fig. 4.40), it is observed that spread in AR is larger in the
shallow zones which can be attributed to variability in the U isotopic composition of the
local sediments. In the case of deeper zones, the spread is less i.e. 0.885 to 0.89 except for
one sample showing AR of 0.96 which could be due to mixing between the two zones. This
is also corroborated with pockets of high uranium concentration in the depth zone of 60m to
100 m.

Fig. 3.38 Depth profile for AR (234U/238U)
A study by Yamaguchi (2009) [248] concluded that the nature of the soil, dilution by
ploughing, hydrochemical characteristics lead to accumulation of uranium in the soil. The
study area is agriculture intensive with extensive use of fertilizers. The phosphate fertilizer
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is known to have a high concentration of uranium up to 100-150 ppm [247]. Thus, there is a
high chance of uranium accumulation in the shallow zone of the soil. A study by Sharma et
al. 2017

[249]

concluded that sediment from the agricultural field and non-agricultural field

had the same uranium concentrations i.e. in the natural sediment range. The depth profile of
the uranium in sediment also showed not much variation. So, the authors conclude that the
increased uranium concentration in water is controlled by water chemistry, redox condition
etc.
Comparing the plot of activity ratio versus inverse uranium concentration with the
standard plot by Osmond and Cowart (Chapter 2, Fig. 2.9), it is observed that leaching of
uranium from its mineral is the main process responsible for uranium concentration in the
shallow zone of the study area (Fig. 4.41). The samples from deep zone fall on the mixing
trend line which was also corroborated from chemical and isotopic data of the study area.

Fig. 3.39 Activity ratio vs. inverse concentration plot to identify the process for uranium
mobilization for both the zones

3.4 Conclusions
The water from shallow and deep zones are both unsuitable for the purpose of
drinking and irrigation. According to DWQI, 43% of the premonsoon samples are unsuitable
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which decreases to 29% in postmonsoon season for the shallow zone. For the deep zone,
30% of the samples are unsuitable for premonsoon which decreases to 12% in the
postmonsoon period. According to the IWQI parameter, 100% of the samples from both the
seasons and zones are unsuitable for their use. The shallow zone and deep zones seem to be
separate (apart for few pockets) as a decreasing trend in contamination along the depth is
observed for NO3- ions, uranium and F- ions. The geochemical processes occurring in the
study area are i) ion-exchange which is mainly responsible for Na+ ions in the water, ii)
magnesium silicate weathering is responsible for Mg2+ ions and iii) calcite dissolution that
increases Ca2+ ions. The
it is in range of -71.07

2

H ranges from -68.24
to -29.29

premonsoon season are in range of value ranges from -11

-

to -18.41

for premonsoon season while

for the postmonsoon season. The
-

18

O values for
season the

The source of recharge to groundwater for the

shallow zone is i) precipitation, ii) canal recharge and iii) irrigation return flow while the
recharge source to the deep zone is the regional flow along with mixing with shallow zone
at few locations. The irrigation return flow signature is diluted by the percolating rain in the
postmonsoon season. The uranium concentration in the study area ranges from 1-610 µg/L
for premonsoon season while for the postmonsoon season the values are 10-565µg/L. As per
the permissible limit given by WHO, 78% of the premonsoon samples are above which
decrease to 68% in postmonsoon season. The decrease in concentration can be attributed to
dilution caused due to the recharging water. The spatial distribution of uranium shows higher
concentrations in Southwest, Northern, north-eastern and central locations of the study area
during the premonsoon season while during the postmonsoon dilution is observed in central
and eastern location but increase is observed in the south-west and northern regions. The
spatial variations in the uranium concentration are attributed to the local hydrogeology of
the region. The high uranium concentration samples of the region are associated with Na124

HCO3-Cl water type indicating that both HCO3- and EC (Na+ and Cl- ions) are playing major
role in the mobilization of uranium from the aquifer matrix. The area under study is
characterised by high agriculture activity with excess use of fertilisers. The NO3- ions from
fertilisers reaches the aquifer system along with the recharging water through irrigation
return flow. The increased agricultural activity also leads to increased pCO 2 concentration,
which facilitates the carbonate dissolution and increases HCO3- ions in the aquifer water.
Higher uranium concentrations with larger spread are observed in the shallow zone which
shows the vulnerability of shallow aquifer for contamination. Shallow zones have higher
uranium concentrations compared to deep zones. The statistical analysis, factor analysis and
speciation studies suggest that uranium in the aquifer matrix is oxidized due to high
concentration of NO3- ions from the irrigation return flow. Thus, the main reason for uranium
release is found to be oxidative dissolution. The uranyl ion released in groundwater,
complexes with HCO3- ions under the favourable pH condition forming the major species as
UO2(CO3)22- and UO2(CO3)34- in the aquifer system. The decrease concentration of uranium
in the postmonsoon season is attributed to decreased concentration and correlation with NO3ions. The activity ratio of 234U/238U is one i.e. equilibrium condition which can be attributed
to oxidative dissolution. As, complete dissolution takes place in the study area hence
signature of alpha recoil is not noticed in the aquifer formation. Thus, it is concluded that
release of uranium is occurring via two processes i) NO3- ion help in oxidizing uranium from
the aquifer matrix and ii) ion-exchange with Ca2+ ions plays the role in uranium release from
aquifer matrix. The first process leads to the formation of oxidized uranium species i.e. the
uranyl ion which is soluble and mobile in nature. The second process further promotes the
release of oxidized uranium from the aquifer matrix. Under the groundwater pH condition,
uranyl ions forms carbonate complexes which stabilize the uranyl ion in the aquifer system.
The proposed mechanism for uranium release in the zone is discussed in chapter 5.
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4.1 Study area description
Under this study, two districts of Rajasthan viz. Jaipur and Dausa were chosen. Both
the districts have a semiand summer from April to Ju

nd

September with 90% of the rainfall received from the southwest monsoon. The annual
average rainfall from the year 1971 to 2019 was 519 mm for Jaipur district and 659 mm for
Dausa district

[216]

. Over the last decade (2010-2019), the annual average rainfall in Jaipur

and Dausa district was 601.6 mm and 678.6 mm respectively [250].
Jaipur district is located in the eastern part of Rajasthan. It is bounded by Alwar
district (east), Ajmer & Nagaur districts (west), Sikar district (North) and Tonk district
E
longitudes covering a total area of 11,152 km2. The district is divided into 13 administrative
blocks with a total population of 66,26,178 [217]. The district is drained by ephemeral rivers
like Banganga, Banas, Sabi and Shekhawati. The important river to Jaipur is Sabi which
originates in eastern slopes of the Saiwar protected forest hills in Aravalli range near Jitgarh
and Manoharpur in Sikar district with a catchment area of 4608 km2 [251] and Banganga which
originates in Aravalli Hills, proximity with the Bairath and the Arnasar hills of Jaipur with
a catchment area of 8879 km2 [252].
Out of the total area of the district, the area under cultivation is 6412 km2 with the
cropping intensity of 140%. Out of the remaining area, the forest cover is 818 km 2, fallow
land is 1340 km2, barren land is 563 km2, pastures cover is 769 km2, land not good for
cultivation is 356 km2, remaining land of 786 km2 is used for non-agricultural activities like
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school, houses etc. The main source of irrigation in the district is groundwater, with the gross
irrigated area of 3884 km2 and the rainfed area is 5071 km2. Out of the irrigated area of 3884
km2, 51% of the irrigation is from open wells, 47% is from bore wells and the remaining 2%
is through canal of the area [253].
Geologically, Jaipur district has formations ranging from Archean to Recent age. The
north-eastern part of the district is covered mostly by younger and older alluvium (sandy and
clayey) with alluvial thickness ranging from 90m to 100m with a maximum thickness at
Risani village. Lesser alluvial thickness is found in southern and south-western blocks of the
region (Table 4.1). Alluvial deposits are followed by formations belonging to Post Delhi
age, Alwar and Ajabgarh group of Delhi supergroup and Bhilwara supergroup. The southern
half of the district is mainly occupied by Gneiss and Schist of Bhilwara Super Group [254].
Topographically, the district is characterized by a wide spectrum of landscapes that
include hillocks, pediments, undulating fluvial plains, aeolian dune fields, ravines,
paleochannels etc with an elevation of 250m to 750m amsl [254].
Table 4.1 Geological succession of Jaipur district, Rajasthan.
Geological succession
Super Group

Delhi

Bhilwara

Group
Formation
Recent to sub-Recent
Sand, Clay, Kankar
Post Delhi
Granite, Pegmatite, Amphibolite (Intrusive)
Ajabgarh
Schists, Phyllites, Marble and Quartzite
Alwar
Quartzite, Conglomerate and Schists
Raialo
Dolomitic Marble and Quartzite
-UnconformityGneiss, Schists and Migmatites

Hydro-geologically, the district has unconfined to confined aquifers with varying
formations (Table 4.2). 67% of the area is occupied by alluvial aquifer (38.9%: young and
28.1%: older alluvial) (Fig. 4.1). Young alluvial is spread mostly in northern parts of the
district while the older alluvial aquifer is found in southern parts of Bassi, Jaipur, Renwal
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and Kishangarh blocks. Out of the total area covered under alluvial aquifers, 2% area is
saline and is found in Bagru block. Remaining 37% area is occupied by Schist, Quartzite,
Granite, and Gneiss. Aquifers with saline pockets are also found in Schists and Gneiss
formations [142].
Table 4.2 Hydrogeology of Jaipur district, Rajasthan
Aquifer

Percentage area
occupied

Younger Alluvium

38.8

Older Alluvium

26.2

Younger Alluvium
Saline Area
Older alluvium Saline
Area

Description
Unconsolidated to semi
consolidated clay, sand, gravel,
pebble etc. northern part: younger
alluvium southern parts: older
alluvium

0.1
Mainly in the south of Bagru
1.9

Schist

6.4

Schist Saline Area

0.2

Quartzite

6.4

Granite

0.4

Gneiss

13.9

Gneiss Saline Area

2.4

Weathered and fractured cleavage
with medium to fine-grained rock,
found in Sambhar, Northeast of
Jamwa Ramgarh and north and
south of Chaksu.
Found North of Chaksu alongside
Dhund Nadi
Fled-spathic Grit to Serictic
Quartzite medium to coarse grain
in west Chakshu, Amber,
Northwest in Kotputli and Shapur
and between Bassi and Virtnagar
Porphyritic texture of light grey to
pink medium to coarse-grained
rock found in north-eastern edge
of Jamwa-Ramgarh
weathered and fractured grey to
dark coloured medium to coarsegrained rock, occur in southwestern part of Dudu and Phagi
block
mostly found in Phagi
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Fig. 4.1 Aquifer map of Jaipur district showing the area covered under various formations
(cropped from PHED 2013 [254])
Dausa district is located in the eastern part of Rajasthan. It is bounded by Bharatpur
district (east), Jaipur district (west), Alwar district (North) and Sawai Madhopur and Karauli
districts (South). It stre
E longitudes covering an area of 3,418 km2 divided into 5 administrative blocks with a
population of 16,34,409 [217]. The district is drained by ephemeral rivers namely Banganga
and Sawa rivers.
Out of the total area of the district, the area under cultivation is 2180 km2 with the
cropping intensity of 155%. Out of the remaining area, the forest-covered area is 247 km2,
fallow land is 269 km2, barren land is 174 km2, permanent pastures are 262 km2, land not
good for cultivation is 72 km2, the land under non-agricultural activities like school, houses
etc is 378 km2. The main source of irrigation in the district is groundwater, with a gross
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irrigated area of 1648 km2 and the rainfed area is 1734 km2. Out of the irrigated area of 1648
km2, 48% of the irrigation is from open wells, 52% is from bore wells [255].
Geologically, the northeast and southwest blocks mainly in Mahwa and Lalsot have
alluvial and wind-blown sand deposits underlain formation from Delhi Supergroup
comprising Raialo (dolomite/marble) and Alwar Groups (quartzite & schist). This is
followed by older formations from the Bhilwara Super Group rocks which consist of
gneisses, schist and migmatites [256]. The geological succession is given in Table 4.3.
Table 4.3 Geological succession of Dausa district, Rajasthan
Geological succession
Super
Group

Group

Formation

Recent to subRecent

Alluvium-Sand, Silt, Gravel, Clay and Kankar and
wind-blown sand
-UnconformitySchists, Phyllites, Marble and Quartzite
Quartzite, Conglomerate and Schists
Dolomitic Marble
-Unconformity-

Delhi

Ajabgarh
Alwar
Raialo

Bhilwara

Mangalwar
Complex

Gneiss, Schists and Migmatites

The district is characterized by relatively flat topography along with occasional hills
in the southwestern part with an elevation of 200m to 600m amsl. The aquifer system of
Dausa district is present in alluvial (young and older), Phyllites, Quartzite and Gneiss (Fig.
4.2) covering an area of 80%, 2.2 %, 9.1% and 3.1% respectively (Table 4.4). The dominant
aquifer of the region is older alluvial with the thickness of about 90 m to 100m and water
under unconfined to confined type. North-western part and the south-eastern borders of the
district mainly have hard rock formations of Bhilwara supergroup and groundwater occurs
under unconfined to semi-confined conditions with thickness from 2 m to 25 m [143].
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Table 4.4 Hydrogeology of Dausa district, Rajasthan
Aquifer

Percentage area occupied

Description

Younger Alluvium

21.6

Older Alluvium

58.4

Aeolian and Fluvial sand, clay,
silt, gravel and pebbles in
varying proportions

Phyllite

2.2

Quartzite

9.1

Gneiss

3.1

fine to medium-grained sand,
Silt and Kankar
Meta sediments represented by
Carbonaceous Phyllite
Porphyritic and non-porphyritic
gneiss complex

Fig. 4.2 Aquifer map of Dausa district showing the area covered under various formation
(cropped from PHED 2013 [256])
The stage of development (Chapter 1, Equ. 1.1) of Jaipur and Dausa district is >100%
indicating that groundwater is overexploited in both the districts. Bassi, Shahpura,
Govindgarh, Sanganer, Sambhar, Amber and Jhotwa blocks of Jaipur are under the notified
condition of overexploitation which means no abstraction for other than drinking purpose is
allowed in these regions while the Phagi block of Jaipur comes under critical condition.
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4.2 Sampling
The sampling methodology same as Punjab (chapter 3 section 3.2) was followed.
Samples were collected for both premonsoon during March 2017 (72 nos.) and postmonsoon
seasons during November 2017 (33 nos.). Samples were collected from different formations
present in the study area namely alluvial (young and old) and hard rock (Quartzite, Phyllites,
Schists and Gneiss) tapping depths from 30m to 170m. The percentage of samples collected
from each formation is given in Table 4.5
Table 4.5 Percentage of samples from the different formations
Type of Formation
Alluvium

Hard Rock

Young
Old
Phyllites
Schists
Quartzite
Gneiss

% samples
Premonsoon
Postmonsoon
33
21
44
43
4.5
9
4.5
3
3
0
11
24

32% of the collected samples were from tube wells and 68% were from handpumps
for the premonsoon season while for postmonsoon, the samples from tube wells were 15%
and from hand pump were 85%. The sampling locations are shown in Fig. 4.3. The details
of the measurement protocol and instruments used are given in chapter 2.
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Fig. 4.3 Sample location map showing different colour for samples collected only in
premonsoon (Cyan), postmonsoon (Black) and collected in both the seasons (Red)

4.3 Results and discussion
4.3.1 General water quality
The summary of field parameters and chemical parameters of groundwater samples
from alluvium and hard rock formations for both pre and postmonsoon seasons of Dausa and
Jaipur districts of Rajasthan are shown in Table 3.2.
4.3.1.1 Physicochemical parameters
The pH values are in the permissible range of 6.5 to 8.5 for both the formations of
both the seasons (pre and post) of the study area. The average pH value for pre and
postmonsoon seasons is 7.9 and 7.5 respectively (Fig. 4.4) for both the formations, which
indicate that the groundwater is slightly alkaline. The averaged EC value for premonsoon
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and postmonsoon seasons from alluvium formation is 2078 µS/cm (Fig. 4.4a) and
3655µS/cm (Fig 4.4c) while for the hard rock formation is 2005 µS/cm (Fig. 4.4b) and 3017
µS/cm (Fig. 4.4d) for pre and postmonsoon seasons respectively. The exceptionally high EC
values at locations from Naraina i.e. 12100 µS/cm (premonsoon) and Sambhar i.e. 23120
µS/cm (postmonsoon) were observed, which may be attributed to local contamination, due
to salt pan activity [257]. The increase in EC values of groundwater during the postmonsoon
season can be attributed to dissolution of salts present in the unsaturated zone that are
brought along with the recharging water. Groundwater in alluvium and hard rock formations
showed an increase in EC values in 75% and 70% of the samples respectively. The spatial
variation in EC values indicates the variability of leaching and dilutions due to recharging
water, which is further linked to variation in soil type and other agriculture-related activities
in the study area. The average alkalinity for pre and postmonsoon in the alluvial formation
is 527 mg/L (Fig. 4.4 a) and 600 mg/L (Fig. 4.4 c) respectively. The average value for the
hard rock formation for premonsoon and postmonsoon seasons is 585 mg/L (Fig. 4.4 b) and
659 mg/L (Fig. 4.4 d) respectively. This increase in average alkalinity value for postmonsoon
samples can be attributed to carbonate weathering. An overall increase in EC values is
observed in postmonsoon in 63% and 71% of samples compared to premonsoon. The study
carried out by Mondal et al. (2016) [142] in Dausa district, found that the average pH values
were 8.7 (pre) and 8.6 (post). The average EC values were 2029 µS/cm which increased to
2179 µS/cm. The slight increase in concentration during the postmonsoon season is
attributed to dissolution of salts present in the unsaturated zone through recharging water, as
per the authors [142].
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Table 4.6 Summary of physicochemical and chemical parameters for both the seasons of alluvium and hard rock formations

Parameters
pH
EC (µS/cm)
TDS (mg/L)
TH (mg/L)
Alkalinity (mg/L)
F- (mg/L)
Cl- (mg/L)
NO3- (mg/L)

Min.
7.2
470
301
37
150
0.07
7.5
0.3

Alluvium Formation
Premonsoon
Postmonsoon
Max.
Mean
Min.
Max.
Mean
8.3
7.9
6.8
8.4
7.5
12100
2078
761
23120
3655
7744
1330
487
14797
2339
518
180
54
4163
362
1400
527
170
1020
600
5.0
1.4
0.04
8.1
3.4
5125
372
4.5
5315
610
242
47
0.3
205
50

Min.
7.20
660
422
59
180
0.79
20
0.36

Hardrock Formation
Premonsoon
Postmonsoon
Max.
Mean
Min.
Max.
Mean
8.20
7.99
6.79
8.09
7.51
6300
2005
740
5437
3017
4032
1283
474
3480
1931
1349
210
114
974
241
850
585
200
1050
659
5.31
2.40
0.30
8.2
3.88
707
183
15.44
992
434
528
56
2.86
382
74

SO42- (mg/L)

1.9

1750

115

2.2

5278

339

7.79

324

69

13

391

138

HCO3- (mg/L)

183

1708

643

207

1244

732

220

1037

713

244

1281

804

Na+ (mg/L)

55

7199

567

54

4607

662

68

665

360

78

849

525

K+ (mg/L)

1.6

44

6.7

1.55

14

5.3

2.27

267

23

2.66

282

28.5

Mg2+ (mg/L)

5.2

93

32

8.9

752

70

9.9

197

36

17

229

52

Ca2+(mg/L)
Uranium (µg/L)
DWQI

2.6
0.38
15

74
177
477

19
30
94

2.2
5.3
11

428
142
452

30
47
218

1.77
0.49
52

216
115
297

24
34
142

2.69
5.16
38

18
145
348

10
51
175
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Fig. 4.4 Box plot for physiochemical parameters a) premonsoon of alluvial formation, b)
premonsoon of hard rock formation c) postmonsoon of alluvial formation and d)
postmonsoon of hard rock formation
From the depth profiles of EC, pH and alkalinity (Fig 4.5), an overall spread is
observed in both alluvium and hard rock formations. The higher EC and alkalinity values
are also observed in deeper zones.
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Fig. 4.5 Depth profile for physicochemical parameters a) EC, b) alkalinity and c) pH for
alluvial formation and d) EC, e) alkalinity and f) pH for hard rock formation of both the
seasons
4.3.1.2 Chemical parameters
The major cations are in the order of Na+>>Mg2+>Ca2+>K+ for both alluvial and
hardrock formations for both the seasons. The major anions are in the order of HCO3-> Cl>>SO42-

3

-

>>F- for both alluvial and hard rock formations for both the seasons. The box

plots for various major ions present in the groundwater of alluvial and hard rock formations
of the study area for the premonsoon and postmonsoon seasons are shown in Fig. 4.6. The
Na+ ions in alluvial formation range from 55-1990 mg/L with an average value of 356 mg/L
for the premonsoon season while 54-991mg/L with an average value of 660 mg/L for the
postmonsoon season. An exceptionally high Na+ ion concentration of 7200 mg/L and 4600
mg/L is observed for premonsoon and postmonsoon seasons respectively in Naraina and
Sambhar blocks of Jaipur district, which may be attributed to local contamination such as
salt pan activity occurring in the area (Table 3.2). The Na+ ions in the hard rock formation
range from 68-665 mg/L with an average value of 360 mg/L for the premonsoon season
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while 78-850 mg/L with an average value of 525 mg/L for postmonsoon season (Table 3.2).
The average Na+ ion concentration is reported as 321 mg/L in premonsoon, which is
increased to 388 mg/L during the postmonsoon season. The increase in concentration is
attributed to ions brought along with recharging water, as per the authors [141].

Fig. 4.6 Box plot for major ions present in groundwater from a) premonsoon alluvial, b)
premonsoon hard rock, c) postmonsoon alluvial and d) postmonsoon hard rock formations
The Ca2+ ion concentration for the premonsoon season ranges from 2.6-74 mg/L with
an average value of 19 mg/L while 2.2-90 mg/L with an average of 10 mg/L for the
postmonsoon season in the alluvial formation of the study area (Table 4.6). The
concentration range for the hard rock formation in the premonsoon season range from 2-35
mg/L with an average of 10 mg/L and while 3-18 mg/L with an average of 10 mg/L (Table
4.6). The variation in concentrations in pre and postmonsoon seasons of both the formations
is less indicating similar spread in both the formations. The Mg2+ ion concentration in
alluvial formation ranges from 5.2-93 mg/L with an average value of 32 mg/L for the
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premonsoon while 9-85 mg/L with an average value of 36 mg/L for the postmonsoon season
(Table 4.6). The Mg2+ ion concentration for hard rock formation is in range of 10-197 mg/L
with an average of 36 mg/L for the premonsoon season while 17-84 mg/L with an average
of 36 mg/L in postmonsoon season (Table 4.6). The seasonal variations in Mg2+ ion
concentration in both formations are very less. All the cations show an increase in the
postmonsoon season which is attributed to dissolution of ions from unsaturated zones with
recharging water. All the ions are distributed equally in both formations indicating mixing
or interconnection of groundwater. The concentration of K+ ion is higher in hard rock
formation compared to the alluvial formation which can be attributed to mineral sources of
K+ ion in hard rock formations.
The HCO3- ion concentration in alluvial formation is in the range of 183-1708 mg/L
with an average value of 567 mg/L for the premonsoon season while 207-1244 mg/L with
an average value of 732 mg/L for the postmonsoon season (Table 4.6). The HCO3- ion
concentrations for hard rock formations in premonsoon season are 220-1037 mg/L with an
average value of 713 mg/L while 244-1281 mg/L with an average value of 804 mg/L for the
postmonsoon season (Table 4.6). The Cl- ion concentration in alluvial formations ranges
from 7.5-1742 mg/L with an average value of 227 mg/L for the premonsoon season while
4.5-1618 mg/L with an average value of 375 mg/L for the postmonsoon season (Table 4.6).
Exceptionally high Cl- ion concentration of 5125 mg/L (Naraina) and 5315 mg/L (Sambhar)
are observed in pre and postmonsoon season respectively. The same location has high EC,
Na+ and Cl-ions. This is attributed to local salt pan activity observed in that area

[257]

. The

hard rock formation has Cl- ion concentration in the range of 20-708 mg/L with an average
value of 183 mg/L for the premonsoon season while 15-992 mg/L with an average value of
434 mg/L (Table 4.6). The SO42- ion concentrations for the premonsoon season in alluvial
formation are 2-300 mg/L with an average value of 60 mg/L while 2-407 mg/L with an
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average value of 92 mg/L (Table 4.6). The concentration of SO42- ion for hard rock formation
are 8-324 mg/L with an average value of 69 mg/L for the premonsoon season while 13-392
mg/L with an average of 138 mg/L for the postmonsoon season (Table 4.6). The alluvial
formation has NO3- ion concentrations in the range of 0.3-242 mg/L with an average of 47
mg/L for the premonsoon season while 0.3-205 mg/L with an average of 50 mg/L for the
postmonsoon season (Table 4.6). The hard rock formation has concentrations in the range of
0.4-528 mg/L with an average of 56 mg/L for the premonsoon season while 3-382 mg/L
with an average of 74 mg/L for postmonsoon season (Table 4.6). The higher concentrations
of NO3- ion can be attributed to the excess use of NPK fertilizer and decaying organic matter
[12, 13]

. The F- ion concentrations in alluvial formation are in the range of 0.07-5 mg/L with

an average of 1.4 mg/L for the premonsoon season while 0.04-8 mg/L with an average value
of 3.5 mg/L for the postmonsoon season (Table 4.6). The F- ion concentrations in hard rock
formation are 0.8-5.3 mg/L with an average of 2.4 mg/L for the premonsoon season while
0.3 mg/L-8 mg/L with an average of 3.9 mg/L for the postmonsoon season (Table 4.6). The
anions show a similar trend in the postmonsoon season as cations. The depth profile for
major cations and anions indicates contamination in shallow as well as deeper zones (Fig.
4.7). The NO3- and F- ions contamination is also observed in both the formations indicating
mixing/interconnections between two formations with an increase in concentration in
postmonsoon season.
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Fig. 4.7 Depth profile for a) NO3- ions in alluvial formation, b) F- ions in alluvial formation
c) NO3- ions in hard rock formation and d) F- ions in hard rock formation in both the
seasons
4.3.2 Suitability of water
4.3.2.1 Suitability for drinking
The compiled data for water quality for both seasons of the alluvial and hard rock formation
is shown in Table 3.3. According to the permissible limits laid by BIS (2012) [144] (Table
3.3), it was observed that contamination in the study area is mainly caused by NO3- ions
(40%) followed by F- ions (25%) and TDS (11%) in alluvial formation. In hard rock
formation, the contamination due to F- ions is found in 67% of samples followed by NO3ions (20%) and TDS (13%) during the premonsoon season. High F- ion concentration in 71%
of samples followed by NO3- ions in 43% and TDS (24%) in alluvial formation. The hard
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rock formation shows contamination of F- ions in 75% of the samples followed by TDS
(42%) and NO3- ions (33%) for the postmonsoon season. According to the permissible limit
of ions in drinking water given by WHO (2011) [26] (Table 3.3), in the premonsoon season,
the contamination is due to Na+ ions (63%), TDS (42%) followed by NO3- ions (40%), Clions (26%) and F- ions (25%) while for the postmonsoon season, the major contamination is
due to Na+ ions (90%), TDS (86%) followed by F- ions (71%), Cl- ions (62%) and NO3- ions
(43%) in alluvial formation. The contamination in premonsoon season is due to Na+ ions
(80%), TDS (60%) followed by F- ions (67%), Cl- ions (27%) and NO3- ions (20%) while in
postmonsson season contamination by Na+ ions (92%), TDS (92%) followed by F- ions
(75%), Cl- ions (67%) and NO3- ions (33%) in the hard rock formation.
The increase in the number of contaminated samples is observed in both the
formations during the postmonsoon season. The main source of NO3- ions is the excess use
of nitrogen fertilizers, use of manure and irrigation with wastewater [218]. NO3- ions are highly
soluble and easily leaches with percolating water [219]. Saxena et al. (2014) [220] reported high
NO3- ion concentration in Bassi Tehsil of Jaipur due to leakage from the sewage system,
septic tanks etc, extensive use of fertilisers and use of wastewater for irrigation.
Contamination due to NO3- ion is found in 40% of the samples from alluvial formation and
20% of the samples from the hard rock formation. This can be attributed to the amount of
recharge received by the formations.
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Table 4.7 Compiled water quality data for alluvium and hard rock formations of the study area for both the seasons
Permissible Limits
Parameter
BIS

WHO

Alluvium
% of samples
% of samples
exceeding BIS
exceeding WHO
Pre
Post
Pre
Post
57
21
57
21
0
0
0
0

Hard rock
% of samples
% of samples
exceeding BIS
exceeding WHO
Pre
Post
Pre
Post
15
12
15
12
0
0
0
0

pH

6.5-8.5

6.5-8.5

TH

600

500

0

5

2

10

7

8

7

8

TDS
Na+

2000

1000
200

11
0

24
0

42
63

86
90

13
0

42
0

60
80

92
92

20

0

0

5

0

0

0

0

0

K+
Ca2+

200

300

0

5

0

5

7

0

0

0

Mg2+

100

100

0

5

0

5

7

8

7

8

F-

1.5

1.5

25

71

25

71

67

75

67

75

Cl-

1000

250

4

10

26

62

0

0

27

67

NO3-

45

50

40

43

40

43

20

33

20

33

SO42-

400

250

2

10

5

14

0

0

7

17
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The high F- ion values are observed in 25% of samples from alluvial formation and
67% of samples from the hard rock formation. High TDS is observed in 42% of samples
from the alluvial formation and 60% of samples from the hard rock formation. Many
researchers have confirmed that F- ions bearing minerals in weathered and fractured hard
rock aquifers are the main source of F- ions

[256]

. The source of high F- ions and TDS is

mostly prolonged leaching from the minerals via rock-weathering present in the aquifer
matrix [221]. Rajasthan has high fluorapatite and fluorite deposits which are a rich source of
F- ions [257]. Saxena et al. (2014) [220] reported the F- ions concentration in the range of 0.311.5 mg/L and TDS in range of 770-11200 mg/L and they attributed high F- ions and TDS
concentrations to rock-weathering. Vikas (2009) [222] also estimated the F- ions concentration
in the range of 0.12-17 mg/L in central Rajasthan.
In granitic terrain of Medak, Telangana the F- ion concentration was estimated in the
range of 0.2-7.4 mg/L with 57% of samples above WHO permissible limits and increased
concentration were attributed to increased alkalinity which leads to leaching from mineral
source [258].
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Table 4.8 Suitability of water for drinking and irrigation on basis of TDS, TH and EC
Alluvium
Water class

< 500
500-1000
1000-3000
> 3000

Desirable for drinking
Permissible for drinking
Useful for Irrigation, Unfit for drinking
Unfit for drinking as well as irrigation

< 60
60-120
121-180
> 180

Soft
Moderately hard
Hard
Very Hard

< 250
250-750
750-2000
2000-3000
> 3000

Excellent
Good
Permissible
Doubtful
Unsuitable

% of samples
in premonsoon
57
TDS (mg/L)
18
40
37
5

Hard rock

% of samples
in
Postmonsoon

% of samples
in
premonsoon

% of
samples in
Postmonsoon

21

15

12

5
10
71
14

20
27
47
7

8
0
75
17

5
38
14
43

7
33
33
27

0
17
50
33

0
5
33
38
24

0
20
47
20
13

0
8
25
25
42

TH (mg CaCO3/L)
7
30
23
40
EC (µS/cm)
0
16
61
11
12
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According to total hardness parameter [223], only 7% samples are soft which falls to
5% during the postmonsoon season for alluvial formation while for hard rock formation, 7%
samples are soft for the premonsoon season while none of the samples remains soft during
the postmonsoon season (Table 4.8).

Fig. 4.8 TDS vs TH plot to understand water type for pre and postmonsoon seasons for
both the formations.
From the plot of TDS vs TH (Fig. 4.8), it can be clearly interpreted that the
groundwater is mostly hard with brackish to saline nature thus making it unsuitable for its
use for drinking purposes. According to EC, 77% of the samples fall in the permissible range
during the premonsoon season which falls to only 38% samples in the postmonsoon season
(Table 4.8) for alluvial formation. For hard rock formation, 67% of samples are in the
permissible range during the premonsoon season which falls to 33% during the postmonsoon
season.
4.3.2.2 Suitability for irrigation
The compiled data for these parameters are given in Table 4.7 and Table 3.5. The
water classification given by Richards (1954)

[158]

for EC is shown in Table 3.4 and it is

observed that 12% of the samples are unsuitable for irrigation purpose for premonsoon
which increases to 24% for the postmonsoon season for alluvial formation while the
unsuitable samples from hard rock formations are 13% for the premonsoon season which
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increases to 42% during postmonsoon. Based on TDS, 5% of samples are unsuitable for
irrigational purposes during premonsoon season which increases to 14% for the
postmonsoon season for alluvial formation. 7% of samples are unsuitable for their use for
irrigation for the premonsoon season that increases to 17% samples for the postmonsoon
season from the hard rock formation. The water classification based on other parameters
such as SAR, RSC and Na% for both seasons is shown in Table 4.10.
A) Sodium absorption ratio (SAR)
The calculation of parameter is done using the equation given in chapter 2 Table 2.1.
The SAR values range from 1.9 38 with an average value of 11.8 for premonsoon and 3.231 with an average value of 16 for postmonsoon for alluvial formation. An exceptionally
high value of 220 is observed for the premonsoon season of alluvial formation (Table 4.10).
The values for hard rock formation are 2.5-25 with an average value of 13 for premonsoon
season while 3.2-29 with an average value of 17 for postmonsoon season (Table 4.10).
According to the classification based on SAR, it is observed that 16% of samples are
unsuitable for their use in the premonsoon season which increases to 38% for the
postmonsoon season in alluvial formation. The unsuitable samples are 20% in premonsoon
which increases to 33% samples in the postmonsoon season for hard rock formation (Table
4.8). This corroborates the fact that recharging water is increasing the alkalinity related
hazard making the water unfit for irrigation purpose.
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Table 4.9 Compiled irrigation water quality data for alluvium and hard rock formations of the study area for both the seasons
Alluvium
Parameters
SAR
Na%
PI
RSC
MH
KR
CR
IWQI

Min.
1.89
39
56
1.71
23
0.63
0.04
5.23

Pre
Max.
220
99
118
26
95
78
5.29
62

Mean
19
77
97
10
64
7.5
0.67
17

Min.
3.2
69
72
-13
38
2.17
0.04
-43

Hardrock
Post
Max.
31
92
116
20
96
12
25
37

Mean
16
84
102
10
77
6.38
1.96
17

Min.
2.49
52
59
2.71
40
1.05
0.10
4.19

Pre
Max.
25
94
116
17
95
15
1.28
26

Mean
13
79
99
10
70
6.46
0.43
17

Min.
3.18
61
65
3.14
48
1.22
0.14
8.90

Post
Max.
29
92
105
20
96
12
2.0
28

Mean
17
83
97
12
77
7
0.92
19
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Table 4.10 Suitability of water for irrigation on basis of SAR, sodium percent and residual sodium carbonate
Alluvial
Water class

% samples in
premonsoon
57

< 10
10-18
18-26
> 26

Excellent
Good
Doubtful
Unsuitable

47
37
11
5

< 20
20-40
40-60
60-80
> 80

Excellent
Good
Permissible
Doubtful
Unsuitable

0
4
9
35
52

< 1.25
1.25-2.5
>2.5

Good
Doubtful
Unsuitable

0
11
89

Hardrock
% samples in
Postmonsoon

21
Alkalinity Hazard (SAR)
14
48
33
5
Sodium Percent
0
0
0
33
67
Residual Sodium Carbonate
5
0
95

% samples in
premonsoon

% samples in
Postmonsoon

15

12

33
47
20
0

17
50
8
25

0
0
27
7
67

0
0
0
17
83

0
0
100

0
0
100
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Fig. 4.9 USSL plot of groundwater from a) alluvial and b) hard rock formation for
premonsoon and postmonsoon seasons
From the USSL plot (Fig. 4.9), it is observed that samples from pre and postmonoon seasons
shows scatter from low to very high salinity hazard as well as sodium hazard for both alluvial
as well as hard rock formations. The salinity and sodium hazard increases in postmonsoon
season.
B) Sodium percent (Na%)
Sodium percent is calculated using the equation given in chapter 2 Table 2.1. The
Na% values for premonsoon are in the range of 39% - 99% with an average of 77% for
premonsoon while 61% - 92% with an average of 84% for postmonsoon season for alluvial
formation (Table 4.9). For hard rock formation, the Na% value ranges from 52% - 94% with
an average value of 79% for premonsoon while for the postmonsoon season the values range
from 61% - 92% with an average value of 83%. An increase is observed in the postmonsoon
season of both the formations. The value for Na% is more in hard rock formation which is
attributed to increased rock water interaction due to longer residence time. Only 13% and
26% of samples from alluvial and hard rock formations respectively for premonsoon falls in
the permissible range while none of the sample is in the permissible range during the
postmonsoon season for both the formations (Table 4.10).
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Fig. 4.10 Wilcox plot for a) alluvial formation and b) hard rock formation for premonsoon
and postmonsoon seasons
From the Wilcox plot (Fig. 4.10), it is observed that all the postmonsoon samples fall in
doubtful to the unsuitable range while premonsoon sample shows much scatter ranging from
good to permissible to doubtful and unsuitable for alluvial formation. Only 14 % samples
fall in permissible category for the premonsoon season with no sample in permissible
category for the postmonsoon season. For hard rock formation, most of the pre and
postmonsoon samples fall in doubtful to unsuitable category. Only 20% of samples fall in
the permissible range which falls to 8% for the postmonsoon season for hard rock formation.
C) Residual sodium carbonate (RSC)
It is calculated using the equation given in chapter 2 Table 2.1. The RSC values for
premonsoon season ranges from 1.7-26 meq/L with an average value of 10 meq/Lwhile for
postmonsoon the values range from 3.1-20 meq/L with an average value of 10 meq/L for
alluvial formation. For hard rock formation, the value ranges from 2.7-17 meq/L with an
average value of 10 meq/L for the premonsoon season while for the postmonsoon season,
the value ranges from 3.1-20 meq/L with an average value of 12 meq/L. For the premonsoon
season, only 11% of samples are suitable for irrigation while for postmonsoon only 5% of
samples are suitable from the alluvial formation. This indicates, degradation of water quality
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with recharging water. For hard rock formation, none of the samples are suitable for their
use in both the seasons.
D) Permeability index (PI)
It is calculated using the equation given in chapter 2 Table 2.1. For alluvial formation,
the PI values range from 56-118 with an average value of 97 while 72-116 with an average
value of 102 for postmonsoon season. For hard rock formation, the values range from 59116 with an average value of 99 for the premonsoon season while 65-105 with an average
value of 97 for postmonsoon season (Table 4.9). 3.5% samples fall under class I which
increases to 5% for the postmonsoon season while 9% of samples fall under class II which
falls to 5% in postmonsoon season and rest fall in class III for alluvial formation. For hard
rock formation, 6% of samples fall under class I which increases to 8% in the postmonsoon
season while rest samples fall under class III (Fig.4.11).

Fig. 4.11 Permeability index of groundwater from a) alluvial and b) hard rock formation
for premonsoon and postmonsoon seasons
E) Magnesium Hazard (MH)
It is calculated using the equation given in chapter 2 Table 2.1. The MH values range
from 23%-95% with an average value of 64% for the premonsoon season while for
postmonsoon season range from 38%-96% with an average value of 77% for alluvial
formation. 77% of samples exceed the permissible MH values that increase to 90% of
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samples in the postmonsoon season for alluvial formation. For hard rock formation, the
values range from 40%-95% with an average of 70% with 80% of the samples unsuitable
for their use in the premonsoon season while for the postmonsoon season, the values range
from 48%-96% with an average value of 77% with 92% of the samples unsuitable for their
use.
F) Kelle
It is calculated using the equation given in chapter 2 Table 2.1. The KR values range
from 0.6-78 with an average value of 7.5 for the premonsoon season while for postmonsoon
season the values are in the range of 2.2-12 with an average of 6.4 for alluvial formation. 91%
of the premonsoon samples and 100% of the postmonsoon samples are harmful as per KR ratio
from alluvial formation. For hard rock formation, the KR values range from 1.05-15 with an
average of 6.5 for the premonsoon season while for the postmonsoon season the values range
from 1.2-12 with an average value of 7. 100% of the samples from both pre and the
postmonsoon season for hard rock formation are unsuitable for their use.
G) Corrosive Ratio (CR)
It is calculated using the equation given in chapter 2 Table 2.1. For alluvial formation,
the values range from 0.04-5.3 with an average of 0.7 for the premonsoon season while for the
postmonsoon season the values range from 0.04-3.9 with an average of 0.8. 89 % of the samples
are fit for their use in the premonsoon season which falls to 67% samples during the
postmonsoon season for alluvial formation. For hard rock formation, the values range from
0.1-1.3 with an average of 0.4 for the premonsoon season while for the postmonsoon season
the values range from 0.1-2 with an average of 0.9. 93% of the samples are suitable for their
use which falls to 58% during postmonsoon season.
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4.3.2.3 Composite water quality index
Composite water quality index is calculated for drinking (DWQI) and irrigation
(IWQI) using Equ. 2.2 to 2.5 (Chapter 2). The DWQI values range from 15-477 with an
average of 94 for the premonsoon season while the values for the postmonsoon season are
11-452 with an average of 218 for alluvial formation (Table 3.2). For hard rock formation,
the values range from 52-297 with an average of 142 while for the postmonsoon season, the
values range from 38-348 with an average value of 175 (Table 3.2). The IWQI values range
from 5.2-62 with an average of 17 for the premonsoon season while for the postmonsoon
season; the value ranges from 9.4-37 with an average of 20 for alluvial formation (Table
3.5). For hard rock formation, the values range from 4.2-26 with an average value of 17 for
the premonsoon season while for the postmonsoon season the value ranges from 8.9-28 with
an average value of 19 (Table 3.5). As per the categorization of DWQI and IWQI, given in
chapter 3 section 3.2.3. For DWQI, 75% of samples are suitable in premonsoon season for
alluvial formation, which decreases to 29% in postmonsoon season while for hard rock
formation suitable samples for the premonsoon and postmonsoon season are 40%. The
composite parameter for irrigation estimates 99% and 100% of samples are unsuitable for
their use in pre and postmonsoon seasons respectively for alluvial formation while for hard
rock formation all the samples are unsuitable for both the seasons. The study done by Mondal
et al. (2016) [140] in Dausa district, concluded that the water quality is unsuitable for its uses
for the purpose of drinking and irrigation. Rahman et al (2020) [139] studied the quality of
groundwater in Sanganer block of Jaipur. They concluded the groundwater quality is not fit
for both drinking and irrigational purposes. Ion-exchange and silicate weathering are the
major ions contributors. Mondal et al. (2016) [140] studied the water quality of Dausa district
of Rajasthan and attributed pollution of groundwater to the mixing of anthropogenic
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contaminant and the occurrence of rock weathering in the region. The quality of water was
also found to be unfit for its use for the purpose of irrigation and drinking.
4.3.3 Geochemical evolution
From the piper trilinear plot [168] (Fig. 4.12), the water facies observed are Na-HCO3
(35%), Na-HCO3-Cl (57%) and Na-Cl-HCO3 (8%) type for the premonsoon samples. The
water facies observed for postmonsoon samples are Na-HCO3 (18%), Na-HCO3-Cl (46%),
Na-Cl-HCO3 (33%) and Na-Cl (3%) type. The dominance of Cl- type water is observed in
postmonsoon season.

Fig. 4.12 Piper trilinear plot sowing water facies for a) alluvial and b) hard rock formations
The samples from the aquifer falling in alluvial formation have Na-HCO3 (35%), NaHCO3-Cl (56%) and Na-Cl-HCO3 (9%) water type for the premonsoon while for
postmonsoon, the water type are Na-HCO3 (19%), Na-HCO3-Cl (48%), Na-Cl-HCO3 (24%)
and Na-Cl (9%). This is a clear indication of the dissolution of salt from the vadose zone
with percolating water. The same is corroborated with increased TDS values (average
values: Pre: 1330 mg/L and Post: 2339 mg/L) and Cl- ions (average value: Pre: 372 mg/L
and Post: 610 mg/L) during the postmonsoon (Table 4.6) compared to the change in
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concentration of HCO3- ions (average value: Pre: 643 mg/L and Post: 732 mg/L) which is
not much. The hard rock formation shows Na-HCO3 (40%), Na-HCO3-Cl (53%) and Na-ClHCO3 (7%) as dominant water type for premonsoon season. The dominant water types for
the postmonsoon season are Na-HCO3 (16%), Na-HCO3-Cl (42%) and Na-Cl-HCO3 (42%).
A clear observation of ion change/addition can be made from the changing water types. The
same is corroborated with increased TDS value (average values: Pre: 1283 mg/L and Post:
1931 mg/L) and Cl- ions (average values: Pre: 183 mg/L and Post: 434 mg/L) during the
postmonsoon (Table 4.6) compared to the change in concentration of HCO3- ions in
postmonsoon season (average value: Pre: 713 mg/L and Post: 804mg/L). The major water
type reported by Tatawat and Chandel (2008)

[259]

for the Jaipur district were Na Mg Cl,

Na HCO3 and Mg Na(Ca) HCO3-Cl. Similar water facies were found in area under this
study.
It is clear from the Gibbs plot

[152]

that rock-weathering is the dominant process in

the premonsoon season while in the postmonsoon season the major role is played by the rock
weathering and evaporation process for both alluvial (Fig. 4.13 a, b) and hard rock
formations (Fig. 4.14 a, b).

Fig. 4.13 Gibbs plot a) cationic and b) anionic in the premonsoon and postmonsoon
seasons for the alluvial formation
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Fig. 4.14 Gibbs plot a) cationic and b) anionic in the premonsoon and postmonsoon
seasons for the hard rock formation
From the plot Na+-normalized Ca2+ versus Na+ normalized HCO3- (Fig. 4.15a, b), it
can be interpreted that silicate weathering is the dominant process for both premonsoon and
postmonsoon seasons of both alluvial and hard rock formations. From the plot of Na+normalized Ca2+ versus Na+ normalized Mg2+ (Fig. 4.15c, d), the dominant process leading
to the concentration of Ca2+ and Mg2+ ions are evaporite dissolution like gypsum, anhydrite,
dolomite, calcite, magnesite etc. for both the seasons in the alluvial and hard rock formations.
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Fig. 4.15 Bivariate plots a) Alluvial: Na+-normalized Ca2+ versus Na+ normalized HCO3-,
b) Hard rock: Na+-normalized Ca2+ versus Na+ normalized HCO3-, c) Alluvial: Na+normalized Ca2+ versus Na+ normalized Mg2+ and d) Hard rock: Na+-normalized Ca2+
versus Na+ normalized Mg2+
From the plot of Ca2+/Mg2+ vs Na+/Cl- (Fig. 4.16), it is clearly seen that most of the
samples fall in the field having ratio > 3 which is the sign of ion exchange or silicate
weathering as a dominant process in the study area. For alluvial formation in the premonsoon
season, 1% of the samples shows evaporation effect while 53% of the samples indicate
evaporative enrichment and 46% of the samples indicates ion exchange or silicate
weathering process. In the postmonsoon season, the effect of evaporation increases i.e. 5%
of samples indicates evaporation process while 62% of the samples shows sign of
evaporative enrichment and 33% of the samples shows ion exchange or silicate weathering
as the dominant process.
In case of hard rock formation, for premonsoon season none of the samples has
Na+/Cl- ratio of one while 33% samples indicate evaporative enrichment or irrigation return
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flow and 67% indicates ion exchange or silicate weathering as the dominant process. During
postmonsoon season, 8% samples indicates evaporation process, 58% indicated irrigation
return flow and 34% indicated dominace of ion exchange or silicate weathering. In the
postmonsoon season of both the formation, the samples under evaporative enrichment
category is increased this indicates increased irrigation return flow that is signature of
delayed recharge as the premonsoon signatures are observed in postmonsoon seasons. The
processes like ion exchange and silicate weathering are dominant in hard rock fromations
compared to the alluvial formation which is coraborrated with increased K+ and F- ions in
hard rock formation which are mainly contributed from rock weathering.
From the ratio plot, (Fig. 4.16), it is inferred that dolomite dissolution process occurs
in 7% and 5% of the samples from the alluvial and hard rock formations in premonsoon
season. Calcite dissolution is dominant only in 5% of samples in premonsoon season from
the hard rock formation. In the study area, magnesium silicate weathering is dominating in
93% and 90% of the samples from alluvial and hard rock formations from premonsoon
which increases to 100% and 95% respectively in the postmonsoon season.

Fig. 4.16 Plot of Ca2++Mg2+ vs Na+ + K+ of groundwater samples from the study area
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4.3.3.1 Ion Exchange
Ion exchange processes are interpreted using chloro-alkaline indices (CAI 1 and 2)
that are calculated using Equ. 3.5 and Equ. 3.6 (Chapter 3) [230]. For alluvial formation, the
CAI-1values range from -26.65 to -0.23 for the premonsoon season, while the values range
from -23.39 to -0.34 for the postmonsoon season. The CAI-2 for premonsoon and
postmonsoon ranges from 1.42 to -0.13 and -0.98 to -0.36 respectively. For hard rock
formation, the CAI-1 values are in the range of -12.8 to -0.8 for premonsoon and -7.1 to -0.2
for postmonsoon while the range for CAI-2 is -1.11 to -0.38 for premonsoon and -1 to -0.2
for the postmonsoon season. The values indicate that the exchange of Na+ or K+ ions from
rock to water in place of Ca2+ and Mg2+ from water is the dominant process. the ion exchange
recation is given in chapter 3 Equ. 3.7

Fig. 4.17 Plot of (Na+ Cl-) vs. (Mg2+ + Ca2+)

(HCO3- SO42-) illustrating reverse ion

exchange
The groundwater samples from the alluvial formation of the study area fall on the
slope of -0.89 and -0.64 for premonsoon and postmonsoon respectively. The samples from
hard rock formation fall on the slope of -0.94 and -0.73 in pre and postmonsoon seasons
respectively (Fig. 4.17). The tendency of hard rock samples is more towards the slope of -1
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indicating the dominance of exchange reaction in the hard rock formation. The same is also
corroborated from Na+/Cl- ratio (Fig. 4.16).
4.3.3.2 Carbonate Weathering
The plot of (Ca2+ + Mg2+) vs. (SO42- + HCO3-) predicts the occurrence of dissolution
of calcite, dolomite and gypsum (samples fall on equiline), replacement or addition of Ca2+
and Mg2+ ions during ion exchange or reverse ion exchange or silicate weathering

[232,233]

.

From the plot (Fig. 4.18) of (Ca2+ + Mg2+) vs. (SO42- + HCO3-), it was observed that all the
samples fall below the equimolar line indicating more concentration of SO42- + HCO3- over
Ca2+ + Mg2+. This higher HCO3- is attributed to the weathering of feldspar minerals [234] or
organic matter oxidation and root respiration leading to higher pCO2 in soil pores which
dissolves and adds to HCO3- ions with recharging water. The higher SO42- ions is attributed
to excessive use of fertilizers or oxidation reaction occurring in the aquifer matrix [235]. The
exchange of Ca2+ and Mg2+ ions from water with Na+ and K+ in the aquifer matrix is also
one of the possible reasons for decreased Ca2+ and Mg2+ ions. The exchange process is
corroborated from Fig. 4.17.

Fig. 4.18 Plot of (Ca2+ + Mg2+) vs. (SO42- + HCO3-) of groundwater samples from the study
area
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4.3.3.3 Silicate Weathering
To ascertain the silicate weathering occurring in these groundwaters, the relationship
between the total ion concentration and the sum of Na+ and K+(Fig. 4.19) is evaluated, the
samples fall on or above 1:1 line. This indicates that Na- or K-silicate weathering is not a
dominant process for release of alkali metals.

Fig. 4.19 Plot of TZ+ vs Na+ + K+ of groundwater samples from the study area
Hence it can be concluded that Na+ ions from the aquifer matrix is replaced with Ca2+
and Mg2+ ions from water. Thus ion-exchange is the source for Na+ ion. The source of Mg2+
is magnesium silicate weathering and Ca2+ ions is the result of calcite or dolomite
dissolution. Similar geochemical processes were observed by Coyte et al. (2019)

[141]

in

Barmer, Jodhpur, Jaipur, Ajmer, Tonk, Dausa, Kota and Bundi districts of Rajasthan.
4.3.4 Source and recharge mechanism of groundwater
The environmental deuterium ( 2H) in the groundwater ranges from -

-

samples from the alluvial formation. The

-

postmonsoon seasons respectively in
2

H ranges for the premonsoon and postmonsoon
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season are -

-

-

-

hard rock formation. The environmental oxygen-18 (
alluvial formation are -

ples from the
18

O) content in the groundwater from

-

postmonsoon season ranges from -

-

18

O values in samples from hard

rock formation for premonsoon and postmonsoon samples are in the range of -

-

-

observed in both the seasons. From the box plot of isotopic values, it can be clearly seen that
more spread is seen in alluvial formation compared to the hard rock formation in both the
season (Fig. 4.20).

Fig. 4. 20 Box plot for a) Deuterium and b) Oxygen-18 for both season of both formation
The Dexcess value for samples in the alluvial formation of the study area ranges from
-

-

Samples from the hard rock formation, the Dexcess

samples can be

categorized based on the Dexcess values and they were grouped into categories i.e. <5
excess

values of groundwaters depend

on characteristic local hydro-meteorological processes. 10% and 67% of the premonsoon
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and postmonsoon samples respectively have Dexcess <5

from the alluvial formation (Fig.

4.21 a). For hard rock formation, none of the premonsoon samples has Dexcess
83% of the postmonsoon samples have Dexcess <5
between 5

(Fig. 4.21 b). The samples having Dexcess

12

postmonsoon season respectively (Fig. 4.21 a). For hard rock formation, 37.5% of
premonsoon and 17% of the postmonsoon samples fall under the category of Dexcess in range
of 5

12

(Fig. 4.21 b). The samples having Dexcess >12

premonsoon season for both alluvial and hard rock formation with 45% and 62.5% of
samples (Fig. 4.21 a, b).

Fig. 4.21 Dexcess vs

18

O plot for both seasons from the alluvial and hard rock formations
for both the seasons

The samples having Dexcess
water line (GMWL) by Rozanski et al. (1992)

[236]

and local meteoric water line (LMWL)

for Delhi [237] are given in Equ. 3.8 and Equ. 4.1 respectively (Fig. 4.23).
2

18

O + 4.6 (±0.50) r2= 0.95

(4.1)
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Fig. 4.22 Stable isotope plots for a) alluvium and b) hard rock formations for both the
seasons
The BFL for premonsoon and postmonsoon samples having Dexcess <5

2

Dexcess
Dexcess

18

O -3.52(±0.51) n= 20; r2= 0.94

2

-

18

2

Dexcess

18

O + 4.08 (±0.51) n= 29; r2= 0.92

O + 7.2 (±0.51) n= 25; r2= 0.87

(4.2)
(4.3)
(4.4)

The best fit line for premonsoon and postmonsoon samples having Dexcess <5

4.22 b).
2

Dexcess
Dexcess
Dexcess

18

O -5.40 (±0.51) n= 10; r2= 0.97

2

-

18

2

18

O + 3.39 (±0.51) n= 8; r2= 0.96

O + 15.11 (±0.51) n= 10; r2= 0.92

(4.5)
(4.6)
(4.7)

The samples with Dexcess
intercept of -3.52 for alluvial formation which may be due to evaporation of soil moisture
before adding to the groundwater (Fig. 4.22a). The samples with Dexcess values between 5
to 12

pe of 7.17 and intercept of 4.08 which is very close to the LMWL with

the slope of 7.2 and intercept of 4.6 indicating precipitation as a source of recharge to the
alluvial formation (Fig. 4.22a). The BFL of samples with Dexcess >12

uvial
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formation have the slope of 6.58 and intercept of 7.2, the samples show slight enrichment
but lie close to LMWL indicative of slight evaporation of local precipitation before
recharging.
For hard rock formation, the BFL of samples having Dexcess

has a slope of 6.27

and intercept of -5.4 indicative of slight evaporation (Fig. 4.22 b). The slope and intercept
of the BFL for samples having Dexcess values in the range of 5

to 12

respectively which is close to LMWL. These samples also show slight enrichment which
may be attributed to evaporation of local precipitation before recharging. The samples
having Dexcess >12
These samples lie close to GMWL and indicate recharge from the regional flow. Hence, it
can be concluded that the source of recharge to groundwater in alluvial formation is
evaporated local rain i.e. irrigation return flow and local precipitation. The recharge source
to hard rock formation is evaporated local rain i.e. irrigation return flow and regional flow.
The high concentration of F-, K+ and TDS are observed in samples from a hard rock
formation which indicates long residence time hence increased rock-water interaction
leading to increased concentrations (Table 4.6).
Sinha and Navada (2008) [260], from their study in Jaisalmer, got the regression line
with a slope of 7.4 and intercept of 2.4 which is similar to the samples of the study with
Dexcess

-

ded that precipitation is

getting infiltrated which modifies in the soil before recharging the aquifer system. Samples
from Barmer and Jalore region of their study showed vertical infiltration of evaporated
precipitation.
The depth profile of

18

O (Fig. 4.23) also corroborates the fact that the source of

recharge to groundwater is precipitation and evaporated local rain i.e. irrigation return flow.
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The precipitation signature of Delhi was considered [238] as samples lie close to LMWL from
Delhi (Fig. 4.23).

Fig. 4.23 Stable isotope plots for a) alluvium and b) hard rock formations for both the
seasons
The tritium values range from 1 TU to 3.5 TU in alluvial formation while for hard
rock formation, the tritium content is in range of 1.2 TU to 4.5 TU (Fig. 4.24). Both the
formations are getting modern recharge. The tritium values for shallower zones is 1.5 TU to
4.5 TU and the deeper zone is 1 TU to 2.5 TU, indicates that shallower zones in the study
area are more dynamic compared to deeper zones.

Fig. 4.24 Depth profile for tritium for alluvium and hard rock formation
From the stable isotope and tritium values, the schematic diagram for groundwater
flow in the aquifer system can be given as Fig. 4.25
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Fig. 4.25 Schematic diagram for groundwater recharge and flow
4.3.5 Factors impacting uranium distribution in groundwater
4.3.5.1 Uranium distribution
A) Uranium distribution: seasonal variation in both formation
The total dissolved uranium ranges from 0.5-177 µg/L with an average value of
25µg/L for the premonsoon season and 5-142 µg/L with an average value of 47µg/L for the
postmonsoon season for alluvial formation. For hard rock formation, the dissolved uranium
concentration ranges from 0.5-115 µg/L with an average of 34 µg/L for the premonsoon
season while for postmonsoon the value ranges from 5-145 µg/L with an average value of
51 µg/L (Table. 4.6). The hard rock formation has a higher average concentration of
dissolved uranium compared to the alluvial formation in both the seasons (Fig. 4.26). This
is attributed to higher concentrations in source rock and long residence time leading to the
greater extent of interaction. The concentration also shows an increase in the postmonsoon
season which can be attributed to delayed recharge occurring in the study area. This is also
corroborated with stable isotope that indicates increased influence of irrigation return flow
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during the postmonsoon season i.e. the signature of premonsoon (evaporative enrichment)
observed during the postmonsoon season.

Fig. 4.26 Box plot of uranium in both the formations and both the seasons
The drinking water permissible guidelines as per WHO

[60]

and AERB

[95]

are 30

µg/L and 60µg/L respectively. 33% and 11% of the samples are above the guidance values
of WHO and AERB for the premonsoon season while for postmonsoon season 61% and
36% of the samples are above the guideline values respectively for alluvial formation (Fig.
4.27). In case of hard rock formation, 53% and 13% are above the permissible limit as per
WHO and AERB for premonsoon season while for postmonsoon season, 58% and 33% are
above the permissible limits respectively. An increase in samples under unsuitable drinking
water category is attributed to dissolution of uranium with recharging water.

169

Fig. 4.27 Percent samples above a) WHO and b) AERB limits for both the formations and
both the seasons
Similar concentration was reported by researchers in different districts of Rajasthan.
Mittal et al. (2017)

[120]

reported dissolved uranium in range of 0.9-167µg/L with 30%

samples above the guidance limit given by AERB. Duggal et al. (2016)

[121]

studied the

uranium concentration and found 40%, 40%, 14% and 6% samples above the permissible
limits given by AERB respectively. Coyte et al. (2018) [122] reported uranium in groundwater
in range of 0 to 320 µg/L (n=226) in Rajasthan and 0 to 85 µg/L (n=98) in Gujarat with 33%
and 5% samples above the permissible limits given by WHO.
B) Spatial distribution
Spatial distribution of dissolved uranium concentration is shown in Fig. 4.28. During
the premonsoon season, the high concentration is observed in the southern part of Jaipur
district with few patches in the north-west and central region of the district while Dausa
district has compared less contamination (Fig. 4.28 a). During the postmonsoon season, an
overall increase in uranium concentrations is observed throughout the study area with high
uranium concentration mainly in the south-west portion of the Jaipur district with patches in
the central, southern and north-western region while for Dausa district the high
concentrations are observed in the central region of the district (Fig. 4.28 b).
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Fig. 4.28 Spatial distribution of dissolved uranium a) premonsoon and b) postmonsoon
From the spatial distribution of HCO3- ions (Fig. 4.29), higher concentration is
observed in the southern region of Jaipur district with patches in the south-west and northwest regions while in the eastern part with patches in the central region for the Dausa district
for the premonsoon. During the postmonsoon season, increased concentrations are observed
in southern and western blocks with small patches in the central locations of Jaipur district.
For Dausa district central regions show increased concentrations. From the spatial
distribution, one can observe an increased concentration of HCO3- ions during the
postmonsoon season, which can be attributed to the increased irrigation return flow. A clear
increase in HCO3- is observed in postmonsoon season and a spatial correlation can be
observed from the postmonsoon plot of uranium (Fig. 4.28 b) and HCO3- (Fig. 4.29 b) mostly
in the southern and western part of the study area.

Fig. 4.29 Spatial distribution of HCO3- in a) premonsoon and b) postmonsoon seasons
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The NO3- ion concentrations (Fig. 4.30) are found high in the western region with
patches in northern and central regions of Jaipur district while in Dausa district, a small patch
in the northern part of the district shows increased concentration during the premonsoon
season. During the postmonsoon season, high concentration is observed in the western
region with patches in east and southern part of Jaipur district while in Dausa district higher
concentrations are observed in the whole area with the highest concentration in the central
part of the district. Overall, in postmonsoon season dilution effect is observed at the western
location and central location for Jaipur district while increased concentrations are observed
in Dausa district and eastern part of Jaipur district.

Fig. 4.30 Spatial distribution of NO3-in a) premonsoon and b) postmonsoon seasons
The correlation scatters plot of uranium, HCO3- ions and NO3- ions corroborates the
same. From the plot between uranium and HCO3- ions, a positive correlation is observed for
both the seasons with a dominance in the postmonsoon season (Fig 4.31). From the plot of
NO3- ions vs. uranium, a strong positive correlation is observed in the postmonsoon season
(Fig. 4.32) which is also corroborated from the spatial distribution (Fig. 4.30).
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Fig. 4.31 Correlation of uranium with HCO3- ions in a) premonsoon and b) postmonsoon
seasons

Fig. 4.32 Correlation of uranium with NO3- ions in a) premonsoon and b) postmonsoon
seasons
Coyte et al. (2019)

[138]

in their study in districts of Rajasthan for various

contaminants like F- ions, NO3- ions and uranium concluded that uranium and F- ions are
released due to weathering from rock and their concentration increases due to
evapotranspiration, irrigation return flow and ion-exchange. The results of this study infer
that all these factors combined led to increased concentration of uranium in groundwater of
Rajasthan.
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C) Depth profile
The depth profile (Fig. 4.33) of uranium indicates that the spread of contamination in both
the formation is equal. The shallower and deep zones both contain contaminated samples.
The contamination in deeper zones is less compared to shallower zones. The lower
contamination in the deeper zone indicates that contamination is either due to mixing with
contaminated samples of shallower zones or the reduction or absence of factors that are
leading to the mobilization of uranium from the source rock. This is corroborated with the
observed depth profile of NO3- ions (Fig. 4.7).

Fig. 4.33 Depth profile of uranium for a) alluvium and b) hard rock formations
The shallower zones have high nitrate which helps in the release of uranium. Thus,
more uranium contamination in the shallower zone is observed compared to deeper zone.
From the depth profile of

18

O (Fig. 4.23), it is observed that shallow zone samples show

signatures of irrigation return flow and precipitaional recharge. The irrigational return flow
mostly has high NO3- and HCO3- ions and precipitational recharge dissolve along soil CO2
making water acidic which leaches the uranium from the minerals.
4.3.5.2 Correlations of uranium

major ions are shown in with the help of bar graph (Fig. 4.34). In samples from the alluvial
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formation (Fig. 4.34 a), it was observed that uranium shows a positive correlation with
almost all parameter except Ca2+ ions in premonsoon and pH in both seasons. The correlation
is dominant with F- ions (0.52) followed by Mg2+ ions (0.45), EC (0.42) and HCO3- ions
(0.35) in premonsoon while in postmonsoon, uranium is more correlated with EC (0.8)
followed by Na+ ions (0.78) and Cl- ions (0.78). Higher correlation of uranium with NO3ions during the postmonsoon season is also observed in alluvial formation i.e. from 0.07 to
0.17. For hard rock formation, uranium shows a positive correlation with all except Ca2+
ions in premonsoon and pH in postmonsoon (Fig. 4.34 b). The maximum correlation is
observed with F- ions (0.81) followed by Na+ ions (0.5), EC (0.36) and HCO3- ions (0.32).
In the postmonsoon, correlation of uranium is dominant with HCO3- ions (0.8), EC (0.78),
followed by Na+ ions (0.75) and Cl- ions (0.73). The correlation with NO3- ion has increased
from 0.04 to 0.4 during the postmonsoon season. The above observations also corroborated
with correlation plots of uranium, HCO3- ions (Fig. 4.31) and NO3- ions (Fig. 4.32).

Fig. 4.34 Correlation of physicochemical parameters and major ions with uranium for a)
alluvium and b) hard rock formations in both the seasons
Uranium also shows a positive correlation with EC (Fig. 4.35) during both the
seasons in both the formations. The correlation increases in postmonsoon season
corroborating the increased uranium values in the postmonsoon. Positive correlations of
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uranium with EC, TDS were inferred by researchers working in districts of Rajasthan
121]

[120,

.

Fig. 4.35 Correlation of uranium with EC in a) premonsoon and b) postmonsoon season
The high uranium concentrations in alluvial formation are associated with Na-HCO3Cl (50%) and Na-Cl-HCO3 (50%) type in premonsoon while for the postmonsoon shift to
Na-Cl-HCO3 water type is observed (Na-HCO3-Cl: 25% and Na-Cl-HCO3: 75% of samples).
For hard rock formation, all the contaminated samples had Na-HCO3-Cl water type in
premonsoon which shifted to Na-HCO3-Cl (25%) and Na-Cl-HCO3 (75%) water type. The
highest values of uranium have Na-Cl-HCO3 water type in both formations and both seasons.
Thus, corroborating that EC (Na+ and Cl-) and HCO3- ions have a major role in uranium
mobilization.
A negative correlation is observed with Ca2+ ions in premonsoon season is due to
ion-exchange between UO22+ and Ca2+ ions because of similar ionic radii. The dominance
of the ion exchange process in the study area is observed in the geochemical process (Chapter
4, Section 4.3.2.2 A). From the correlation data and dominant water type of contaminated
water, it can be concluded that factor like EC, NO3- ions, Ca2+ ions and HCO3- ions plays a
major role in the mobilization or solubilization of uranium. The detailed release mechanism
is discussed under chapter 5
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4.3.5.3 Factor analysis or Principal Component Analysis
After applying PCA to the data set, twelve variables namely EC, pH, Na+, K+, Ca2+,
Mg2+, F-, Cl-, NO3-, SO42-, HCO3- and Uranium were considered as they had commonalities
more than 0.7 hence all these variables were suitable for loading on the principle
components. Kaiser normalization was followed to select the PC covering the maximum
variance of the data [241].
A) Alluvial formation
In samples from alluvial formation, three components were found that covers 83%
and 85% of the variance for premonsoon and postmonsoon season respectively. For the
premonsoon season, PC1 corresponds to 54% of the variance and it shows high correlation
with Na+, K+, Cl-, SO42-and NO3- ions. The PC1 indicates ion exchange process as it has a
high correlation with Na+ and K+ and low correlation with Ca2+ and Mg2+ ions. The same is
corroborated from CAI 1 and CAI 2 values (Section 4.3.3.1). The high correlation of PC1
with NO3- ions indicates anthropogenic contamination from fertilizers, septic tanks etc. The
PC2 corresponds to 16% of the variance and shows a positive correlation with uranium, F and NO3- ions while negative correlation with Ca2+ ions. The positive correlation of PC2
with NO3- ions indicates oxidation of uranium in aquifer matrix. The negative correlation
with Ca2+ indicates towards ion exchange. This is also corroborated with the dominance of
ion exchange reaction in the study area as per PC1 and scatter plot (Fig. 4.17). PC3
corresponds to 14% of the variance and is positively correlated to Ca2+ and Mg2+ions,
indicates dolomite dissolution in the aquifer system.
For the postmonsoon season, PC1 corresponds to 62% of the variance and shows a
strong positive correlation with EC and uranium which indicates leaching of uranium with
high ionic strength solution. The positive correlation between uranium and EC is also
established using scatter plot (Fig. 4.35). The PC2 component with 14% variance shows a
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positive correlation of uranium and NO3- ions, hence the dominance of oxidation of uranium
with NO3- ions can be inferred. This is also supported by the uranium and NO3- ion scatter
plot which indicated a positive correlation between both (Fig. 4.32). The PC3 component
with 9% variance shows a positive correlation of uranium with HCO3- ions which points to
mobilization/solubilization of uranyl ion as uranyl-carbonate complexes. The same is
corroborated with the uranium and HCO3- ions correlation plot (Fig. 4.32).
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Table 4.11 PCA output Varimax rotated for the alluvial and hard rock formations
Parameters
/Components
EC
HCO3U
FClNO3SO42Na+
K+
Mg2+
Ca2+
pH
Eigenvalue
% of Variance
Cumulative %

Alluvium
PC1
.799
.546
-.011
.538
.950
.710
.972
.974
.977
.019
.066
-.348
6.46
53.85
53.85

Premonsoon
PC2
.532
.600
.876
.629
.208
.007
.123
.175
-.014
.663
-.249
-.083
1.92
15.97
69.82

PC3
.216
.002
-.067
-.336
.166
.316
.115
.074
.050
.683
.803
-.753
1.62
13.53
83.35

Postmonsoon
PC1
PC2
PC3
.965
.205
.138
-.200
.136
.838
.716
.299
.462
.361
.032
.722
.969
.189
.102
-.065
.861
.019
.976
.113
.007
.966
.165
.161
.450
.758
.136
.976
.147
.048
.982
.115
-.069
-.452
-.584
-.204
7.47
1.66
1.11
62.29
13.85
9.22
62.29
76.14
85.37

Premonsoon
PC1
PC2
.849
.496
.346
.644
-.088
.876
-.166
.863
.891
.346
.960
.089
.934
.284
.515
.770
.976
.061
.976
.046
.980
-.035
-.896
.148
7.82
2.59
65.13
21.56
65.13
86.68

Hard rock
Postmonsoon
PC1
PC2
PC3
.864
.439
.164
.898
.201
-.175
.878
.159
-.025
.580
-.712
.300
.807
.418
.126
.292
.915
.074
.274
.220
.707
.947
-.134
.241
.102
.933
.260
.304
.940
.089
-.069
-.083
.866
-.235
-.812
.463
5.84
3.12
1.60
48.68
25.98
13.35
48.68
74.66
88.01
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Table 4.12 The correlation of components with the various variable in both alluvial and hard rock formations
Components
PC1

PC2

PC3

Alluvium
Premonsoon
Positively correlated
with Na+, K+, SO42-, Cl, NO3Positively correlated
with U, Mg, F- and
HCO3Negatively correlated
with pH
Positively correlated
with Ca2+ and Mg2+
Negatively correlated
with pH

Postmonsoon
Positively correlated with
Ca2+, Mg2+, SO42-, Cl-, Na+
and U
Positively correlated with
NO3-, U and K+

Positively with HCO3-, F-, U

Hard rock
Premonsoon
Postmonsoon
Positively correlated with
Positively correlated
Ca2+, Mg2+, K+, NO3-, SO42with Na+, Cl-, U and
and Cl-Negatively with pH
HCO3Positively with HCO3-, F-, U

Positive with Mg2+,
K+, NO3Negative with pH
Positive with Ca2+ and
SO42-
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B) Hard rock formation
For the hard rock formation during premonsoon season two-components were
identified with a total variance of 87%. The PC1 corresponds for 65% of the variance. It has
a positive correlation with Ca2+, Mg2+ SO42- ions which can be due to anthropogenic
contamination from gypsum-based fertilizer

[235]

. Similarly, high correlation with K+ and

NO3- ions again indicates anthropogenic contamination from excess use of NPK fertilizers
[242]

. This implies that hard rock formation is highly fractured and getting contribution from

irrigation return flow, which is corroborated by the geology of the region (section 4.1). The
stable isotope data (section 4.3.4) corroborates that one of the recharge sources to the
formations is irrigation return flow. The PC2 correspond to 22% of the variance. It has a
positive correlation with uranium and HCO3- ions which indicates mobilization of uranyl ion
as uranyl carbonates, corroborated by correlation plot (Fig. 4.31).
For the postmonsoon season, the total variance of 88% with three components. The
PC1 corresponds for 49% of the variance and has a positive correlation with Na+, Cl-,
uranium and HCO3- ions and slight negative correlation with Ca2+ ions indicating ion
exchange reaction leading to increase in Na+ and uranyl ion. The exchanged uranyl ion is
stabilized with HCO3- by complexation. The PC2 corresponds to 26% of the variance and
has a positive correlation with Mg2+, NO3-, K+ ions that indicates anthropogenic
contamination via irrigation return flow. The PC3 corresponds to 13% variance and
correlates with Ca2+ ions and SO42- ions indicting dissolution of gypsum.
Uranium shows a correlation with PC2 during the premonsoon season while it shows
a correlation with PC1 during the postmonsoon season which corroborated the increase in
concentration during the postmonsoon season in both the formations. PCA also indicates
EC, NO3- and HCO3- ions influence uranium mobilisation.
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4.3.5.4 Uranium Speciation
The uranium species were estimated using WATEQ4F and species having a
concentration in µg/L (ppb) range were selected and compiled in Table 4.15.
Table 4.13 Various species formed by uranyl ion in groundwater from both the formations

Formation
Alluvium
Hard rock

Season/
Species
Pre
Post
Pre
Post

UO2(CO3)22- (µg/L)
Min
Ma
Averag
.
x
e
0.12
30
4.96
1.2
64
16
0.13
140
13
0.86
46
15

UO2(CO3)34-(µg/L)
Min
Ma
Averag
.
x
e
2.8
300
45
6.6
204
70
0.78
202
65
8.3
223
71

The main uranium species found in the groundwater of the study area are
UO2(CO3)22- and UO2(CO3) 34-. The work by researchers in the granitic terrains ascertained
similar complexes

[246]

. The UO2(CO3)34- complex is dominant species in pre and

postmonsoon season of both the formations. The concentration of UO2(CO3)22- and
UO2(CO3)34- complex is more in the postmonsoon season compared to premonsoon which
can be attributed to the availability of uranyl ion and complexing ions. The complexation
reactions are discussed under chapter 5 in details.
4.3.5.5 Saturation Index
The generated output for alluvial and hard rock formation is represented in the box
plot (Fig. 4.36). The saturation index values indicate that the groundwater is tending to
supersaturation with respect to uraninite in pre and postmonsoon seasons of both the
formation. The increase in saturation index for uraninite is observed in the postmonsoon
season compared to the premonsoon season for both the formation. This is attributed to
increased concentration in postmonsoon season. The other uranium minerals are
undersaturated out of which Gummite is least saturated and B-UO2(OH)2 is more saturated
compared to other unsaturated minerals. As the water is undersaturated in uranium, hence
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groundwater is more prone to contamination in the study area. The feasible condition can
lead to an increase in contamination in both the formation of the study area. Rajasthan is
known to contain uraninite as the main mineral of uranium with minor Coffinite, Ilmenite,
molybdenite, pyrrhotite, chalcopyrite and Brannerite etc associated with them. They lie in
between quartzo-feldspathic or aplitic in Rohil-Ghateshwar-Khandela-Diara and Saladipura
area in Sikar district of Rajasthan [261,262].

Fig. 4.36 Box plot of saturation indices for common uranium minerals for a) alluvial and b)
hard rock formations for both the seasons
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4.3.5.6 Uranium isotope
The uranium activity ratio (234U/238U) ranges from 1.44 to 2.85 with an average value
of 2.04 in the alluvial formation and 1.38 to 2.97 with an average value of 2.05 in the hard
rock formation. The spread in the activity ratio of both the formations is almost the same.
This indicates common geochemical processes leading to uranium mobilization. Activity
ratio in the range of 1.5 to 3.5 was estimated by Coyte et al. (2018)

[125]

in Rajasthan. The

uranium isotopic data showed disequilibrium condition for 234U/238U, which was attributed
to selective leaching of 234U. The process is explained in detail under chapter 5.
From the depth profile (Fig. 4.37), a larger spread was observed in AR in the
shallower zones i.e. 1.38 to 2.97 while for the deeper zones the spread is less i.e. 1.69 to
2.38. The less variation is due to longer interaction time leading to uniformity.

Fig. 4.37 Depth profile for AR (234U/238U)
Comparing the plot of activity ratio versus inverse uranium concentration with the standard
plot by Osmond and Cowart [183] (Chapter 2: Fig.2.9), it is observed that leaching of uranium
from its mineral is the main process responsible for uranium concentration in the study area
(Fig. 4.41). The alpha recoil process is the main reason for the activity ratio greater than 1.
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Fig. 4.38 Activity ratio vs. inverse concentration plot to identify the process for uranium
mobilization for both the formations

4.4 Conclusions
The water from alluvial and hard rock formation are both unsuitable for the purpose
of drinking and irrigation. According to DWQI, 25% of the premonsoon samples are
unsuitable which increases to 71% for the postmonsoon season for alluvial formation. For
hard rock formation, 60% of the samples are unsuitable for both pre and postmonsoon
seasons. According to the IWQI parameter, 100% of the samples from both the seasons and
formations are unsuitable for their use. The alluvial formation and hard rock formations seem
to be interconnected as the major ions show high concentration in both the formations. The
contamination is spread in the deeper zones also which indicate the mixing in shallower and
deeper zones. The geochemical process occurring in the study area are i) ion-exchange which
is responsible for Na+ ions in the water, ii) magnesium silicate weathering responsible for
Mg2+ ions and iii) calcite dissolution leading to Ca2+ ions into the aquifer system. The study
area has contamination of NO3- ions, F- ions and uranium spread in both the formations and
along with the depth. The

2

H values range from -43.44

season while the value for the postmonsoon season is -41.49

to -8.44

for the premonsoon

to -15.51

. The

18

O values
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are in the range of season its range is -6.

-

The source of recharge to groundwater for alluvial

formation is i) precipitation and ii) irrigation return flow while the recharge source to hard
rock formation is i) irrigation return flow with contribution from the regional flow. The
uranium concentration in premonsoon ranges from 0.4-177 µg/L with an average of 28 µg/L.
For the postmonsoon season the concentration, ranges are 5-145 µg/L with an average value
of 49 µg/L. As per the guidelines laid by WHO for uranium in drinking water, 33% of the
samples are above the limit in premonsoon season which increases to 61% in postmonsoon.
The increases in concentration are attributed to ions brought along with recharging water
that helps uranium mobilization. The spatial distribution of uranium in the study area during
the premonsoon period shows higher concentration in southern region of the study area with
patches in central and north-western regions. During the postmonsoon season, higher
concentrations are observed in south-west and southern regions with patches of high
concentration in central and western regions. The spread in the uranium concentration is
attributed to the local hydrogeological conditions of the aquifer. The high uranium
concentrations are associated with Na-Cl-HCO3 water type indicating that EC and HCO3ions play a major role in uranium mobilization. The depth profile shows a high concentration
in shallow as well as the deep zones with an almost similar spread in uranium concentrations.
This indicates that there is an interconnection between the two zones with contamination
spread throughout and the aquifer behaves like a single unit. The area under study is
agriculture intensive with excessive use of fertilisers, which add up to higher levels of NO3and HCO3- in the groundwater through irrigation return flow. From the statistical analysis,
factor analysis and speciation study it can be concluded that in the hard rock formations, as
the water enters inside of the rock via fractures with limited availability of NO3- ions it
oxidizes uranium from the minerals. As the amount of NO3- ions is limited whole mineral
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dissolution does not take place like in case of alluvial formation from Punjab. The
probability of availability of 234U due to alpha recoil phenomenon is more thus the leaching
of

234

U is more creating disequilibrium condition i.e. the signatures of alpha recoil are

retained in case of the study area from Rajasthan. Thus, the higher activity ratio of 234U/238U
was observed. The released uranyl ion in groundwater complexes with HCO3- ions under the
favourable pH condition forming the major species as UO2(CO3)22- and UO2(CO3)34- for both
the alluvial and hard rock formation. The process is more dominant in hard rock formation
which can be attributed to the high concentration of uranium mineral in the aquifer matrix.
Thus, from the combination of chemical parameters, geochemical processes occurring in the
system, isotopic and statistical analysis one can conclude that release of uranium is occurring
via three processes i) NO3- ions help in oxidizing uranium from the aquifer matrix, ii) ionexchange also plays the role in uranium release from aquifer matrix and iii) alpha recoil also
brings uranium from matrix to water. From the first and second process, uranium is in the
oxidized state hence soluble while uranium released via third process may or may not be
oxidized. Once the uranium is released, it is oxidized due to the presence of NO3- ions in
aquifer water. Under the groundwater pH condition, uranyl ions forms carbonate complexes
which stabilize the uranyl ion in the aquifer system. The increased rock water interaction
corroborated with increased Na+, K+, F- ions in the aquifer water in the hard rock formation.
The water enters the fracture where the probability of having 234U is more due to alpha recoil
and thus the disequilibrium in activity ratio of

234

U/238U. The proposed mechanism for

uranium release in the formation is given under chapter 5.
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There are many common features between the two study areas, viz., Punjab (Muktsar
and Faridkot) and Rajasthan (Jaipur and Dausa), that include semi-arid climate, major
rainfall from south-west monsoon, extensively cultivated with cropping intensity more than
150% and excessive use of fertilizers. However, there are some differences in the geological
features of groundwater systems in the chosen study areas. Punjab sites are dominated by
alluvial formations while Rajasthan sites have both alluvial and hard rock formations. In this
chapter, the hydrochemical controls are evaluated considering the diversities and similarities
between the study areas and conceptual models are suggested for uranium mobilization.

5.1 Hydrochemical drivers
The mobilization of uranium in groundwater is combined effect of multiple
governing processes and numerous controlling parameters like geology, aquifer
characteristics and physicochemical parameters. Uranium is known to be sparingly
soluble/insoluble, mostly found in rocks, sediments etc in its reduced state of +4 while
soluble in its oxidized state of +6. The physicochemical parameters also exert control on the
uranium mobilization, which include oxidation state of uranium, pH condition of the aquifer,
type of ligands (NO3-, CO32-, HCO3-, humic acid, fulvic acid etc) and aquifer condition
(oxidative or reductive) etc.
From the interpretation of the results it can be concluded that the HCO3- ion and NO3ion are the two important factors that act as hydrochemical drivers for release of uranium
from aquifer matrix to water. The NO3- ions is known to act as an oxidizing agent that helps
convert U(IV) to U(VI) [76]. The reaction involved is given in Equ. 5.1
(5.1)
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[77]

(5.2)
(5.3)
(5.4)

[78]
[79]

(5.5)
Edwards et al. (1995)

[76]

, studies that

UO2(CO3), UO2(CO3)22-, UO2(CO3)34-and (UO2)3(CO3)66-. The reaction for the formation of
complexes is (Equ. 5.6 to 5.9)
(5.6)
(5.7)
(5.8)
(5.9)
The stability constant i.e. log k of the above uranyl carbonate complexes are 9.94, 16.61,
21.84 and 54 respectively [245]. These values suggest that the complexes are stable. The Gibbs
free energy of formation of combined reaction i.e. oxidation and complexation were
calculated by Nolan and Weber (2015) [76] and were found to be favourable.
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The other ion known to play a role in uranium mobilization is calcium ion. The similarity in
the size of UO22+ (~100pm) and Ca2+ (~100pm) ions favors their ion-exchange i.e. removal
of the Ca2+ ions from water in exchange of UO22+ from aquifer matrix.
The mobilized ion is then stabilized by complexing with ligands like bicarbonate,
phosphates etc. Aquifer characteristics like aquifer matrix (i.e. the concentration of uranium
mineral, type of mineral etc), pore size, residence time of water are also important factors
that help understand the concentration of uranium in the aquifer. All these factors combined
are found to play role in uranium mobilization in alluvial formation from Punjab, alluvial
formation of Rajasthan and hard rock formation of Rajasthan. The influence of NO3- and
HCO3- ions are discussed in the below sections.

5.2 Uranium distribution
5.2.2 Seasonal variation
A higher uranium concentration was found in Punjab compared to Rajasthan which
is contributed to their geology (Table 5.1). Punjab is a uniform formation of sand and silt
separated by varied thickness of clay in between, making the zones of the formation as
separate units. Rajasthan being a mixed type formation with alluvial and hard rock and no
vertical uniformity acts like a single aquifer system that is corroborated with chemical and
stable isotope data. The availability of NO3- ions are higher in case of Punjab due to its
uniform geology for oxidation of U(IV) as compared to Rajasthan were the water takes time
to reach the formation as observed from the delayed recharge signatures making the
availability of NO3- ions limited due to its rapid reduction. This is corroborated with the NO3ion concentration of both Punjab and Rajasthan (Table 5.1).
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Fig. 5.1 Box plot of uranium in pre and postmonsoon season of Punjab
The decreased concentration in the postmonsoon samples from alluvial formation of
Punjab (Fig. 5.1) is attributed to reduced NO3- ions available for oxidation (Table 5.1) during
the postmonsoon season. The correlation between uranium and NO3- ions is also observed
to decrease in postmonsoon (Fig. 3.34). The results from factor analysis also corroborates
the same i.e. uranium correlates with PC2 in premonsoon while with PC3 in postmonsoon
(Table 3.7). By correlating the spatial distribution plot for uranium (Fig. 3.29), NO3- (Fig.
3.30) and HCO3- ions (Fig. 3.31), it is concluded that locations having high uranium shows
a strong correlation with HCO3- and NO3- ions in premonsoon season while in the
postmonsoon season, the correlation is decreased i.e. it is either correlated to HCO3- or NO3ions. This leads to decreased uranium concentration of postmonsoon season. The stable
isotope also points towards decreased irrigation return flow contribution in the postmonsoon
season thus corroborating the decreased concentration (Fig.3.24).

191

Table 5.1 Comparative table for Punjab and Rajasthan
Punjab
Parameters

Shallow

Uranium (µg/L)
Above WHO
NO3- (mg/L)

Pre
1-610 (120)
79%
6.5-710 (124)

HCO3-(mg/L)

100-1500 (682)

3H

(TU)
AR (234U/238U)

Recharge
Sources

Post
10-565 (90)
71%
8-365 (89)
528-1716
(979)

Rajasthan
Deep

Alluvial

Pre
21-260 (95)
90%
0.6-77 (27)
125-1098
(637)

Post
16-135 (43)
62%
0.7-51 (15)
500-1144
(791)
1-4
0.89-0.96

1.5-8.2
0.85-1.05
Canal (-10 to Canal (8.8 )
10 to Precipitation (Precipitation Precipitation
8.8 )
8 to -5
(-8 to (-8 to Precipitation
irrigation return
6
7.4
(-8 to flow (-4 to 5
2 )

Pre
Post
0.4-177 (30) 5.3-142 (47)
33%
61%
0.3-242 (47) 0.3-205 (50)
183-1708
207-1244
(643)
(732)
1-3.5
1.69-2.38
Precipitation
Precipitation
(-7 to (-6 to 5.5
5.5
irrigation
irrigation
return flow
return flow ((-4 to 4 to -3 )
3 )

Hard rock
Pre
Post
0.5-115 (34) 5.2-145 (51)
53%
58%
0.4-528 (56)
3-382 (74)
220-1037
244-1281
(713)
(804)
1.3-4.5
1.38-2.97
Precipitation
Precipitation
(-6 to (-6 to 5.5
5.5
irrigation
irrigation
return flow
return flow ((-4 to 4 to -1.8 )
1.8 )

Depth profile

more spread in shallow zone compared to deep zones with dilution
in postmonsoon

no depth variation, contamination equally spread in both the
formations with increase in postmonsoon

Uranium
mobilization

Oxidative dissolution and mixing process

Oxidative leaching and alpha recoil

*bracket values are averaged value for uranium, NO3- and HCO3-
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Fig. 5.2 Box plot of uranium in pre and postmonsoon seasons of Rajasthan
The increased concentration in the alluvial and hard rock formation of Rajasthan
during the postmonsoon season is again attributed to increased NO3- and HCO3- ions during
the postmonsoon season (Table 5.1). The correlation between uranium and NO3- ions is also
observed to increase in postmonsoon (Fig. 4.31). The results from factor analysis also
corroborates the increased concentration of uranium as during the premonsoon season
uranium correlates with PC2 while in postmonsoon it correlates with all the PC in alluvial
formation and PC1 in hard rock formation (Table 4.13). The stable isotope also indicates
increased irrigation return flow contribution in both alluvial and hard rock formation in the
postmonsoon season thus corroborating the increased concentration (Fig. 4.23).
5.2.2 Depth variation
A clear demarcation between the uranium contamination in the shallow and deep
zone can be made in the samples from alluvial formation of Muktsar and Faridkot districts
of Punjab from the depth profile (Fig. 3.32). A large scatter is observed in the shallow zone
for both pre and postmonsoon seasons compared to deep zone. Few pockets of increased
concentration of uranium are observed in deep zones during premonsoon which is attributed
to mixing i.e. corroborated with signature of irrigation return flow to the deep zone from
both stable isotope (Fig. 3.24) and increased nitrate concentration (Fig. 3.7). A decrease
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during the postmonsoon season in shallow and deep zone is attributed to decreased irrigation
return flow corroborated from decreased nitrate ion concentration (Fig. 3.7) and stable
isotope (Fig. 3.24). The same is corroborated from

18

O vs nitrate plot (Fig. 5.3), we can see

decrease in nitrate concentration in postmonsoon in samples showing irrigation return flow
signatures in both shallow and deep zones.

Fig. 5.3 Correlation between nitrate and

18

O for samples from study area under Punjab

From the depth profile of uranium for alluvial formation and hard rock of Jaipur and
Dausa districts of Rajasthan, no clear depth demarcation can be made. The contamination
due to uranium is present throughout (Fig. 4.33) while comparing with the depth profile of
NO3- ions a similar pattern was observed i.e. no depth demarcation and high concentrations
present throughout (Fig. 4.7). The stable isotope also corroborates irrigation return flow
signatures. Thus, an overall spread in uranium contamination is observed. The same is
corroborated from

18

O vs. nitrate plot (Fig. 5.4), we can see increase in nitrate concentration

in postmonsoon in samples showing irrigation return flow signatures in both alluvium and
hard rock formations.
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Fig. 5.4 Correlation between nitrate and

18

O for samples from study area under Rajasthan

5.3 Groundwater recharge and dynamics
The variation in

18

O values and different recharge sources to shallow and deep zone

of alluvial formation from Punjab and alluvial and hard rock formation from Rajasthan are
given in Table 5.1. It can be observed that the signatures of irrigation return flow contribution
in the shallow are diluting during the postmonsoon season. The tritium content of the
samples from shallow and deep zones indicate that the formation is getting modern recharge.
For the alluvial and hard rock formations from Rajasthan, it is observed that the irrigation
return flow is increasing in the postmonsoon season. Thus, a delayed recharge scenario is
concluded. The signature of premonsoon season i.e. evaporative signatures due to high
summer temperature are observed in the postmonsoon season. The delayed recharge can also
be corroborated by the low tritium values compared to the study area under Punjab (Table
5.1). From the distribution of stable isotope of both Punjab and Rajasthan, we can see that
samples from Punjab are more depleted compared to Rajasthan (Fig. 5.5). The river water
that have its origin in higher altitudes (having depleted

18

O values) is contributing to the

recharge as they flow through the districts as canals. In Rajasthan, the evaporative effect
signatures are observed that enriches

18

O.
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Fig. 5.5 Stable isotope distributions of districts of Punjab and Rajasthan

5.4 Uranium isotope variations
The variation in activity ratio of 234U/238U is used as tool to understand hydrological
condition of an aquifer, its long-term water-rock interactions and geochemical process
involved in uranium mobilization. By combining the uranium concentration with its activity

augmenting state i.e. oxidative state of the aquifer where leaching of uranium is favorable
thus the concentration of uranium increase and activity ratio indicates equilibrium condition,
ii) redox zone i.e. change from oxidative to reducing condition, here the dissolved uranium
concentration will decrease and activity ratio will increase i.e. disequilibrium will be attained
and iii) decaying state i.e. when aquifer is in reducing state for long time, due to difference
in half lives of 234U and 238U the activity ratio will start to fall (Chapter 2, Fig. 2.8).
When there is oxidative leaching or dissolution of uranium mineral wherein whole
of the mineral is leached this keeps the activity ratio of 234U/238U equal to 1 or same as that
of the mineral. The activity ratio of

234

U/238U more than 1 is indicative of disequilibrium

which can be caused due to alpha recoil, chemical fractionation or oxidative conditions.
When

238

U decay by releasing an alpha, the daughter nuclide formed (234Th) recoils by 20
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nm in any direction. If the daughter nuclide is exposed on the surface of the crystal, the decay
product i.e.

234

U is easily and more available compared to

238

U for leaching leading to

disequilibrium situation. Sometimes, the recoil directly releases the daughter nuclide into
groundwater and depending on the groundwater conditions the daughter product either
mobiles or precipitates. Secondly, the alpha tracks generated in the recoil path also makes
the crystal lattice more prone to oxidation and leaching leading to increased concentrations
of uranium in the aquifer system. These processes can lead to variable activity ratio ranging
from <1 to 20. The recoil process is shown schematically in Fig. 5.6. The plot of activity
ratio of

234

U/238U vs. inverse uranium concentration helps in identifying the processes

responsible for uranium concentrations like mixing, leaching, decay or dilution (Fig. 2.9).
The activity ratio of uranium isotopes (234U/238U) varies for different process. The ratio
increases during leaching and recoil as the

234

U available on the surface of mineral leach

preferentially or it is released directly into the aquifer due to alpha recoil. In case of
radioactive decay due to difference in the half-life of two isotopes, the ratio decreases. In
case of dilution the ratio is unaffected as overall both the isotopes are diluted while in case
of mixing, the ratio lies between the two end members [172-182].

Fig. 5.6 Schematic diagram of alpha recoil phenomenon
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In the alluvial formation of Punjab, the activity ratio is in range of 0.85- 1.05 which
suggest the equilibrium condition while high uranium condition suggest that aquifer is in
augmenting condition i.e. oxidative condition (Fig. 5.7). From the scatter plot of inverse
uranium concentration and activity ratio, we observed that shallow zone samples follow the
trend line of leaching while the deep zone samples fall on the mixing line. The mixing
between deep and shallow zone is corroborated from stable isotope signature (Fig. 3.24) and
chemical results.

Fig. 5.7 Box plot of AR (234U/238U) for Punjab
The alluvial aquifer of Rajasthan has the activity ratio in range of 1.69 to 2.38 which
is indicative of disequilibrium that is attributed to alpha recoil leading to increased AR (Fig.
5.8). The uranium is also high in the groundwater. Thus, we can conclude that aquifer is in
oxidative condition. For the hard rock formation of Rajasthan similar activity ratio were
found i.e. 1.38 to 2.97 with a larger spread (Fig. 5.8). Thus, both alluvial and hard rock
formations of the aquifer are in similar conditions. The stable isotope signature and chemical
results indicates towards the interconnection of both the aquifers.
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Fig. 5.8 Box plot of AR (234U/238U) for Rajasthan
By combining the interpretation of chemical data, stable isotopic data, uranium
distribution, uranium isotope analysis, statistical and factor analysis the high uranium in the
shallow alluvial formation in Punjab is attributed to the aquifer condition i.e. oxidative
nature of the aquifer and to the extensive agricultural activity of the area which is increasing
NO3- ion concentration due to extensive use of fertilizer and HCO3- ions due to increased
pCO2 which is result of root respiration and decaying organic matter (again due to
agricultural activity). The high uranium pockets in the deep zone of alluvial formation from
Punjab are attributed to mixing between the aquifer.
The high uranium in alluvial and hard rock formation of Rajasthan is attributed to
the geology and hydrological condition of the aquifer. The aquifer behaves like a single unit
which is corroborated with similar concentration of NO3- & HCO3- ions and similar spread
in isotopic values and same recharge sources to both the formation with no variation
seasonally. The aquifer receives a delayed recharge making the availability of NO3- ions
limiting for oxidation. Thus, the main processes responsible for uranium release is leaching
from minerals. The high activity ratio (234U/238U) is attributed to long residence time which
increases rock-water interaction. Secondly, the formation is fractured, water moves to
interior were the probability of having recoiled nuclide are high. Thus, more of

234

U is

exposed and available for leaching.
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5.5 Conceptual diagram of uranium release in groundwater in alluvial
formations
From the above conclusions, a release mechanism for uranium in the groundwater
from alluvial formation of Muktsar and Faridkot districts of Punjab is proposed (Fig. 5.9).
In the formation, the nitrate present in the groundwater due to increased agricultural activity.
The presence of high nitrate in groundwater facilitates oxidation of uranium mineral leading
to oxidative dissolution.
I.

Nitrate oxidizes the

238

U (IV) and

234

U (IV) present and this changes the oxidation

state of uranium to 238U (VI) and 234U (VI) (Step A and Step C).
II.

The oxidized species are mobile compared to reduced ones; hence it comes to
groundwater (Step B and Step D).

III.

The uranyl ion present in water complexes with the dissolved bicarbonate ion, which
is also a major contributor from extensive agricultural activity in the study area.
All these steps combinedly lead to increased concentration of uranium in the

groundwater. In the alluvial formation, the oxidation of the mineral is the major factor, hence
the signature of alpha recoil is not observed in this formation.
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Fig. 5.9 Uranium release mechanism in alluvial formations of Punjab

5.6 Conceptual diagram of uranium release in groundwater in hard rock
formations
From the above conclusions, a release mechanism for uranium in the groundwater
from hard rock formation of Rajasthan is proposed (Fig. 5.9). The formation is fractured and
is interconnected with the alluvial formation of the region ascertained from the stable isotope
signature and chemical analysis. Hence, similar uranium concentration and similar
signatures of uranium isotope are seen in both formations. The 238U decays by alpha forming
234

Th which intern decays 234Pa and then to 234U. During the alpha decay the daughter nuclide
201

formed recoil 20nm. This recoil can either expose the nuclide to the surface or release them
directly into the water. Both these process increases the activity of

234

U compared to

238

U

i.e. disequilibrium condition. The recoil tracks also make the mineral more prone to
oxidation as the lattice is broken. The schematic diagram of alpha recoil is seen in Fig. 5.9
labeled as 3. Water with NO3- and HCO3- ions enter the fractured zone and oxidizes the
available uranium (IV). There are four possibility inside the fractured zone
I.

238

U is available near to the fracture surface which is oxidized by incoming NO3- ions

(step A)
II.

234

U is exposed to the fractured surface due to alpha recoil and readily available for

oxidation by NO3- ions (step B)
III.

234

Th is released directly into the water due to alpha recoil, which decays to 234U (IV)

(Fig. 5.9 part 3) and is oxidized to 234U(VI) (step C)
IV.

The alpha recoil process is moving the 234U in opposite direction to the fracture making
it unavailable for leaching (Step D).

The disequilibrium is enhanced by step B and C. The released uranyl ion is stabilized by the
bicarbonate ions (Step E). Thus, AR>1 is observed in the study area of Rajasthan. As, the
formation act like a single aquifer and receives delayed recharge the availability of NO3ions is limited for oxidation due to rapid reduction in the aquifer. The limited quantity and
availability of NO3- ions is limiting step towards uranium release in case of Rajasthan. Thus,
the concentration of uranium is less in case of Rajasthan compared to Punjab.
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Fig. 5.10 Uranium release mechanism in hard rock formation of Rajasthan
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High uranium concentrations are reported in groundwater of
Punjab, Rajasthan, Madhya Pradesh, Andhra Pradesh, Chhattisgarh
and Haryana by researchers. These high concentrations are not
limited to one kind of geological formation and are spread across
the diverse geological setups in India. Hence, it is very important to
understand the role played by aquifer geology, geochemistry and
dynamics towards the mobilization of uranium into groundwater.
In this connection, two areas with diverse geological setup were
chosen to study the role of geology, hydrogeology, geochemistry
and aquifer dynamics on uranium mobilization. Environmental
isotopes (δ2H, δ18O, 3H), hydrochemistry (Cl-, NO3-, SO42-, F-, HCO3-,
Na+, K+, Mg2+, Ca2+), total uranium and its isotope activity ratio
(234U/238U), geochemical and statistical modeling approaches were
applied to address the stated objectives. The uranium
concentration in the groundwater from alluvial formation of Punjab
was in range of 1 to 610 µg/L with 78% of the samples showing
contamination (>WHO permissible limit of 30 µg/L). The uranium
concentration in the alluvial formation from Rajasthan was in
Figure 1.Conceptual model of uranium
range of 0.5 to 177 µg/L with 33% of the samples contaminated release in i) alluvial formation of Punjab
by uranium while in the hard rock formation it ranges from 0.5 to and ii) hard rock formation of Rajasthan
115 µg/L with 53% of the samples contaminated. In case of Punjab, a decrease in uranium concentration is
observed in the postmonsoon season while for Rajasthan samples it is increased. The environmental
isotopes suggest that the shallow zones of Punjab area have three recharge sources viz. precipitation,
irrigation return flow canal, while the deeper zones are recharged from regional groundwater flows. The
alluvial and hard rock formation of Rajasthan behave like a single aquifer system with precipitation and
irrigation return flow as the main recharge sources. Oxidative dissolution is the main mechanism for
uranium mobilization in shallow zones of Punjab, which is due to presence of excessive nitrate ions as a
result of extensive agricultural activity while for the deeper zone, mixing with uranium contaminated
shallow groundwater is the reason for higher concentrations. However, both alpha recoil and oxidative
leaching are the main processes leading to high uranium in alluvial and hard rock formations of Rajasthan.
Optimal use of fertilizers and using surface sources or deep groundwater for drinking can help mitigate
uranium contamination in Punjab while removal of uranium through membranes or ultrafiltration
techniques can be applied to in the case Rajasthan.

