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Abstract

With the growing global concern regarding environmental pollution, it is essential
to comprehend its effects with timely monitoring. The objective of this study is to
measure the concentrations of natural radionuclides such as 238U, 232Th and “°K in
addition to heavy metals in the water and food to analyze the potential health risks
to the population of Mansa district, located within the cancer belt of Punjab which
is distinguished for its association with cotton cultivation, earning it the moniker
"area of white gold’. The fertiliser usage is high in the study area. The study utilizes
comprehensive assessment techniques that encompasses probabilistic approach as
well as deterministic approach for water contamination to evaluate the corresponding
health risks. Moreover, biokinetic modelling of uranium resulting from ingestion of
uranium contaminated water is performed to assess the retention of uranium in the
human body. The natural radiolonuclides are measured for both soil and food. The
heavy metals analysis is also carried out for wheat samples. The research findings
indicate a high level of uranium and cadmium contamination of groundwater in
Mansa district, Punjab (India), raising concerns regarding safety of its utilisation for
domestic purposes. Although the wheat samples have cadmium concentration above
permissible limits set by Kent but the values are below Indian permissible limits.
The activity of natural radionuclides ?26Ra, 232Th and %°K in soil samples are within
permissible limits whereas the activity of °K in wheat samples is above permissible
limit. This thesis offers significant insights into the health challenges encountered by
the population of Mansa due to regular use of groundwater. By identifying key areas
of concern, the study seeks to bolster initiatives aimed at enhancing environmental
and health safety for the population.
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Chapter 1

Introduction

The history of radiation physics, concept of radioactivity, basic terms of the subject
and literature survey are discussed in this chapter. Foremost, a brief history of the
radiation physics is discussed. Further, fundamental concepts of radiation physics
are discussed. The primordial nuclei and their geochemistry are discussed in section
1.1. The details about the provenance of radiation are given in section 1.2. Heavy
metals are described in section 1.3. Environmental monitoring and related agencies
are discussed in section 1.4. The basic notations and terms are described in section
1.5. The exposure pathways and health risks are described in section 1.6, followed
by a literature survey in section 1.7. The study area, motivation for the work and
objectives of the current study are discussed in section 1.8.

The radiation physics has come a long way since radioactivity was fortuitously
discovered by Henri Becquerel, who saw the darkening of a photographic plate
caused by uranium salt. This phenomenon garnered the attention of Marie and
her husband Pierre Curie. In April of 1897, Marie Curie delivered a comprehensive
report to the esteemed Paris Academy of Science, detailing her extensive research on
the emissions of radiation from different substances. The aforementioned property
was seen exclusively in compounds containing uranium or thorium. In a subsequent
publication by Curie and Curie in 1898 [1], she designated the appellation ‘radio-
active’ to a recently identified material that had been extracted from the mineral
pitchblende, named as polonium, and subsequently followed by the discovery of
radium. The half of Nobel Prize (physics) in 1903 was jointly shared by Marie
and Pierre Curie, and the other half was awarded to Henri Becquerel for their
ground-breaking research. Ernest Rutherford is credited for the identification and
nomenclature of the alpha and beta particles [2]. Furthermore, he made a significant
finding in 1899 by detecting a gaseous radioactive emanation of 22Rn from thorium
compounds where he used the term ‘emanation’ to describe the emission from parent
nuclei [3]. In 1934, Irene Curie and Frederick Joliot made the groundbreaking
discovery of artificial radioactivity, unfolding a new phase in the applicability of
radioisotopes in various fields, which include radiometric dating, health and usage in
nuclear power plants.

The arrangement of all atomic nuclei according to their respective binding energies in



relation to their neutron and proton number is known as the 'nuclear chart'. The ratio
of neutrons to protons is equal to one for lighter isotopes. As we progress towards
heavier nuclei, the number of protons increases, necessitating the incorporation of
more neutrons within the nucleus to counteract the repulsive Coulomb force. The
nuclei that are not stable are situated away from the region known as the valley of
stability, as shown in figure 1.1 [4]. The phenomenon of the spontaneous nuclear
transformation of radionuclides with the release of particles such as « or 3, usually
accompanied by the emission of v radiations due to the instability of a nucleus is
called radioactivity, and the nuclides are referred to as radionuclides. The notation
for the process is as below -

(A, 2)X — (A1, Z1)Y + (A2, Z2)Particle (1.1)

where A and Z have their usual meaning, and X and Y refer to parent and daughter
nuclei, respectively. The particle can be « or .
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Figure 1.1: Nuclear chart showing stability line [4].

The primordial radionuclides predominantly belong to heavy elements with an atomic
number exceeding 80 except ‘°K, 8Rb, "Lu and "Sm. Some of the naturally
occurring radionuclides are uranium, thorium, and “°K, along with their daughter
nuclei from long-lived decay chains. 233U and 23U has a half-life of 4.5 x 10° and
0.7 x 10? years, respectively. 232Th has a half-life of 14.1 x 10? years, where half-life
is the duration required for the initial atoms to disintegrate to its half value. The
atoms in the radioactive materials are unstable and therefore, achieve stability by
emitting the charged particles. The number of atoms of the radionuclide decays
exponentially with time, and once formed they contribute differently to the total
radioactive burden depending upon their half-lives. The radionuclides undergo two
unique types of decay processes, namely series decay and single decay. Potassium
undergoes a single decay process, while uranium and thorium exhibit a series decay
process. The classification of each series is based on the divisibility of the mass
numbers of its individual parts by 4, as demonstrated in the equation below-

A=4p+q (1.2)
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where A is the mass number, p represents the greatest whole integer that is divisible
to A, and q represents the remainder [5].

1.1 Primordial radionuclides

Primordial radionuclides possess extended half-lives that have endured since the
beginning of the earth. Uranium, thorium and “°K are some of the primordial
radionuclides. The distribution of these primordial radionuclides in the environment
is influenced by several variables, such as the physiological characteristics of the
biota, the chemical properties of the nuclides and the physical parameters of the
environment.

1.1.1 Uranium

In 1789, uranium, the heaviest naturally occurring element with Z = 92, was
discovered by the German scientist Martin Klaproth from the samples of pitchblende.
Its density is 19.1 times of the water. Naturally, uranium on earth is distributed
as 99.28% of 238U, 0.72% of 23°U, and trace amounts of about 0.0058 % of 234U [6].
The concentration of 238U varies between 1-4 parts per million (ppm) in the earth's
crust as well as in soil and rocks [7]. Uranium is commonly found in significant
quantity in minerals, either as a primary or secondary constituent. However, the
number of primary uranium ore minerals are uraninite, davidite and pitchblende
[8]. Uranium exhibits two distinct decay series, namely the uranium-radium series
(4n + 2) for 2%®U and the actinium series (4n + 3) for 23°U leading to a stable
nucleus, 2°Pb for 238U, 207Pb for 23U, respectively. The primary risks associated
with 238U are its chemical and radiological toxicity produced due to the decay of
its daughter nuclei, particularly alpha emitters, such as 2'°Po, ??6Ra, and 2??Rn.
The 238U decay chain is shown in figure 1.2. 233U does not emit gamma rays itself,
therefore, it is estimated by measuring the gamma ray emissions emanating from its
radioactive progeny. So, in gamma spectroscopy, 2'4Bi with a peak of 1765 keV is
used to measure the concentration of uranium.

The geochemical behaviour of uranium involves its occurrence in several oxidation
states in aqueous solutions, namely U(IIT), U(IV), U(V), and U(VI). It exhibits a
large atomic radius of 0.97 A and demonstrates high chemical reactivity. Uranium
compounds in the hexavalent oxidation state U(VI), as uranyl cation UO2?*, tend
to be more soluble in aqueous solutions, whereas the tetravalent oxidation state
U(IV) as UOs is insoluble [9]. Under oxidizing conditions, the groundwater present
within fissures has a significant quantity of dissolved oxygen. The presence of
oxygen enables the transformation of uranium into hexavalent species, which exhibit
enhanced mobility, therefore, making it prone to leaching into water. In a reducing
environment, uranium undergoes a reduction process, resulting in the formation of
its tetravalent U(IV) state [10]. Hence, it may be deduced that groundwater located
at deeper levels would demonstrate a reduced concentration of uranium as a result
of the predominance of reducing conditions and decreased solubility of uranium.
In groundwater, U(VI) prevails in low pH circumstances. However, at higher pH
values, U(VI) may form carbonate and hydroxide compounds. The quantities of
uranium present in groundwater are notably influenced by two key chemical factors:
carbonate complexation and oxidising conditions. Abiotic variables such as redox
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potential, pH, organic matter of soil and phosphorus levels as well as biotic factors
such as microbes, have a crucial role in influencing the bioavailability of uranium
in soil [11]. The presence of phosphorus within the soil can significantly impact
the mobility of uranium. In regions with higher phosphate concentration, it has
been found that uranyl phosphate solids formed by U(IV) exhibit higher insolubility
compared to U(VI) solids [12].

1.1.2 Thorium

Thorium, Z = 90 was first identified in 1828 by Jons Jakob Berzelius, a chemist
from Norway. It is found in abundance in the earth's crust compared to uranium.
The thorium content in the continental top crust and soils is around 9-10 ppm by
weight, which is approximately four times higher than the uranium amount [13].
It is commonly found in the Th(IV) oxidation state and exhibits little solubility
except in environments with pH value exceeding 3 [14]. The only long-lived isotope
of thorium is 232Th, and its decay chain is called 4n series due to mass numbers
being the integral multiples of 4. The 2*Th cascade is shown in figure 1.3 [15]. The
concentration of thorium (?32Th) in samples is measured with 2615 keV peak of
2081 using gamma spectroscopy. In all three natural decay chains (?3%23%U, 232Th),
there exist thorium isotopes with short lifespans. Specifically, these isotopes are as
follows: 23*Th with a half-life of 24.1 days and 2*°Th with a half-life of 7.54 x 10*
years in the 22U decay chain; ?2°Th with a half-life of 1.9 years in the 2*>Th decay

Uranium decay series
; By~ : iy Uranium I
\_447ESy / iy % 246ES y
i = o - Protactinium
l el Hpgy
/ L1Tm
[E2WTR B Thorium
‘L 2e1d S
Radium
Radon
‘ ‘m0p
1 _t 384 ) Polonium
210, a
Bl I Bismuth
5014 o7
o Pb
12 Stable Lead

Figure 1.2: 238U decay series [15].

chain; and 23! Th with a half-life of 1.06 days in the 23°U decay chain. Monazite sands
are the primary commercial source of thorium. The thorium oxide concentration in
monazite sands ranges from approximately 3% to 10%. Thorium is also found in the
thorite mineral, which is composed of thorium silicate, as well as thorianite [16].

As thorium is present just in one oxidation state of Th(IV), the significance of its
reduction processes is negligible. Due to sorption and precipitation processes, along
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with the low dissolution rate of minerals containing thorium, the concentration of
thorium in the majority of terrestrial waters is typically low [17]. The leaching of
thorium-rich terranes by ground and surface water is often greater when elevated
levels of phosphates, sulphates, carbonates, nitrates, phosphates, and fluorides are
present [18]. The variability of thorium concentration in groundwater is typically
greater with low salinity, hardness, and pH in addition to high organic content [19].
The presence of thorium in soil may occur in several chemical forms, which are
contingent upon soil characteristics including pH levels along with the amount of
organic matter in the region. [16]. In the pH range observed in soils (5-8), it is
possible for some fractions of soluble thorium to undergo hydrolysis. This hydrolysis
process leads to the creation of a positively charged hydroxide gel. Additionally,
water molecules are released as a result of this reaction, ultimately resulting in the
synthesis of thorium oxide, ThOg [20].

The most substantial reserves of thorium are predominantly located in coastal areas
[19]. India possesses several monazite placer deposits along its coastline, with thorium
concentrations ranging from 8% to 10.5% by weight. These deposits, located in
Chatrapur (Orissa), Ullal (Karnataka), Kandivalasa (Andhra Pradesh), Kanyakumari
(Tamil Nadu), and Chavara (Kerala), contributes to elevated background radiation
levels in these areas [21-25]. The elevated concentration of thorium is also found in
Yangjiang (China) and Ramsar (Iran) [26-27].

Thorium decay series
Bpp 28Th Thorium
~1.4E10 y . \1.91 vy
B
= -"HSAC:I\'I i Actinium
56.15h d
SRa ..} B Radium
S75y.
Radon
Polonium
Bismuth
Lead
Thallivm

Figure 1.3: Decay chain of 32Th [15].

1.1.3 Potassium

Potassium in its natural state is composed of three isotopes: 39404 K present in the
mass percentages of 93.08%, 0.0118%, and 6.91%, respectively [28]. Among these
three isotopes, it is noteworthy that 4°K is inherently radioactive, with a half-life
of 1.28 x 10? years. It is a singly occurring radionuclide which is defined as direct
decay of a radioactive nuclide into a stable nuclide. In the earth's crust, potassium
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can be found in quantities as low as 0.1% in limestones and as high as 4% in certain
granites [4]. The concentration of “°K is determined by 1460.8 keV peak using
gamma spectroscopy.

1.2 Provenance of Radiation

1.2.1 Natural provenance

1.2.1.1 Cosmogenic sources

The earth is continuously bombarded with high-energy rays from the sun, stars
in addition to galactic and intergalactic plasma. Solar events like coronal mass
ejections, sunspots and solar flares also emanate radiation. Approximately 10 million
kg of extra-terrestrial dust particles collide with the earth every year, carrying
radioactivity up to 27 Bq kg [29]. This radioactivity is generally attributed to
lighter nuclides, however, the presence of heavier elements like thorium, uranium has
also been identified in meteorites [30]. The spallation process takes place in the upper
atmosphere at thresholds of around 50 MeV where cosmic rays come in contact with
stable elements such as nitrogen, oxygen resulting in the formation of radionuclides,
further adhering to aerosols and deposition on earth’s surface [31-32]. The variations
in the elevation of terrain, in addition to the magnetic field of the earth, affect the
radiation dose received by humans. 37Cs,'4C, ©Be, 3H are examples of the cosmic
radiation [33]. The figure 1.4 shows the different sources of radiation [34].

1.2.1.2 Terrestrial sources

Primordial sources are found in the earth’s crust since the beginning. In the early
history of earth, uranium oxides were present on earth as grains. Due to variations
in density from other lower-density particles, uranium oxide grains had a tendency
to sink or settle in the earth's crust with time in alkalic rocks [33]. Due to the
relatively low density of these oxides, they tend to accumulate in the earth's crust
rather than in the denser mantle or core regions [35].

Igneous rocks - As mentioned above, density differentiation took place as magma
underwent cooling and crystallisation in the process of forming igneous rocks. Ura-
nium and thorium, due to their substantial size and high density, had a tendency
to accumulate in particular regions of the cooling magma. The alkaline rocks are
highly conducive to uranium and thorium accumulation [36]. They are present in
larger amounts in granite due to incomplete melting along with crystal fractionation
of magma concentrating them in the liquid phase, therefore, further assimilating
them into silica-rich products [37-38]. The minerals pyrochlore, monazite, along
with allanite possess a significant level of radioactivity. However, their disposi-
tion in igneous rocks leads to localised regions with elevated levels of radioactivity.
Northeastern Washington, Nevada, Idaho, Alaska (USA), Sinai (Egypt), Shingbhum
(India), and Longhuashan, Changjiang, Zhuguangshan (China) are places with high
uranium content in granite [39-44]. The quantity of potassium in igneous rocks
often corresponds to the percentage of silica [9]. The potassium is found in certain
types of granites, specifically those with low calcium content, as well as syenites
and can reach concentrations that surpass the activity of 1.85 Bq g™ [29]. Volcanic
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rocks exhibit slightly elevated levels of radioactivity compared to plutonic rocks with
similar compositions. Additionally, it has been noted that acid rocks often possess
greater concentrations of radioactive components in comparison to intermediate or
basic rocks [9]. The mean concentrations of primordial nuclei in the earth’s crust
are listed in table 1.1.

Metamorphic rocks - Different chemical processes, pressure and heat result in the
formation of metamorphic rocks from protoliths. There is a huge fluctuation in
uranium levels of metamorphic rocks as few top-quality metamorphic rocks have
a low content of uranium while their inferior counterparts have high content [45].
Similarly, thorium levels also vary in metamorphic rocks but are mostly concentrated
in the liquid phase [46]. Metamorphic rocks have diminishing thorium concentration
as metamorphism progresses from the greenschist to the granulite facies [20]. Addi-
tionally, it has been discovered that metamorphic rocks have a greater concentration
of thorium compared to igneous rocks [19].

Sedimentary rocks - Uranium present in sedimentary deposits can be classified into
three categories: (a) uranium that is naturally occurring within clastic sediments,
(b) uranium that is deposited concurrently with the sediments, and (c¢) uranium that
is deposited epigenetically after the cessation of sedimentation [9]. Uranium enters
sedimentary rocks via the process of leaching from low-grade sources, followed by its
transportation by water and accumulation by physio-chemical processes, whereas
thorium is resistant to weathering due to its host rocks (zircon, monazite) [47]. Black
shale has elevated levels of thorium but in other rocks, uranium levels are higher as
the uranium (VI) has more mobility and has a great affinity towards organic materials
[48]. The potassium concentration in sedimentary rocks is primarily influenced by
the proportions of feldspar, micas, and clay mineral-aggregate deposits [9].

Table 1.1: The mean concentrations of naturally occurring radionuclides inside the
earth's crust in pg g [9, 20, 49).

Nuclide Igneous rocks Sedimentary rocks Sea
Water
Ultra | Basaltic| Granite Syenites| Shales | Sand- | Carbo-
basic stones | nates
High-| Low-
Ca Ca
28y 0.001 | 1 3 3 3 3.7 0.45 2.2 0.003
Z2Th | 0.004 | 4 85 |17 |13 12 1.7 1.7 5x10~7
K 0.0047] 0.98 2.97 | 4.96 | 5.66 3.14 1.26 0.32 -

1.2.2 Artificial sources

Humans have been susceptible to disseminated natural radioactivity from early
times, and with invent of artificial radionuclides, the intensity of specific activities
has increased, which further increases the radiation exposure [50]. The first nuclear
explosion named Trinity, had emancipated a huge amount of plutonium into the
atmosphere. The nuclear weapons can cause severe contamination of the environment.
Similarly, nuclear power plant disasters like Kyshtym and Chernobyl in Soviet Union,
Three Mile Island in USA, and Fukushima in Japan also released large amounts of
radionuclides. Other artificial sources of radiation are used in medical diagnosis,
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production of fertilizers, mining and processing, oil and gas industry, thermal power
plants.

Sources of Radiation Exposure
Industrial <0.1%

Consumer 2%

Terrestrial 3%

. Internal 5%

Occupational < 0.1%

Space 5%

Computed Tomography 24%

Medical Background

Nuclear Medicine 12% Radon & Thoron 37%

Interventional Fluoroscopy 7%

Conventional Radiography/Fluoroscopy 5%

Figure 1.4: Sources of radiation [34].

1.3 Heavy metals

Heavy metals generally fall in the category of transition elements and metalloids in
the periodic table and they pose a potential threat to human health even at minimal
concentrations. They are elements that possess a density exceeding 5 g cm™ [51].
Nevertheless, the chemical characteristics of heavy metals have greater consequences
than their density. There are more than 50 elements that can be categorised as heavy
metals, and among them, 17 are considered to be highly toxic [51]. These include
nickel, arsenic, cobalt, mercury, cadmium, vanadium, chromium, selenium, lead
etc. The environmental contamination resulting from these metals has increasingly
emerged as a pressing ecological issue and a global public health challenge in recent
years. There has been a substantial rise in human exposure, attributed to the rapid
expansion of their use across agricultural, industrial and technological domains [52].
While heavy metals are inherently found within the earth's crust, the primary cause
of ecological damage and human exposure are activities such as smelting, mining,
manufacturing as well as the application of metal-containing chemicals in agriculture
[53-56]. Heavy metals are most abundant in soil and aquatic environments, and to a
lesser extent in the atmosphere as particles or vapours.

1.4 Environmental Monitoring

Humans are an integral component of the natural environment and are subjected
to pollutant exposure due to several factors such as geology, dietary patterns, and
occupation, etc [57]. The interaction of human cells with the macro-environment
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determines human health. For survival, human beings need essential inorganic
minerals, chemicals and organic nutrients but within certain limits. When these
limits are defied, the human body becomes more prone to diseases. So, there is a need
to monitor exposure continuously to lower the risk. Environmental monitoring is the
systematic approach of making a methodical observation, measurement, collection
and evaluation of pollutant levels in the air, water, sediment, soil and food within a
certain geographical area.

The primary objectives of monitoring are recognizing contamination sources with
pollutant levels in the environment and reckoning the variation in pollutant levels
in the environment. Environmental monitoring provides essential insights into
various pollutants, facilitating the assessment of environmental quality in accordance
with established guidelines. This process also evaluates the associated health risks.
Furthermore, it offers data on current levels of contamination, which can serve as
a reference point for future assessments. So, a scientific approach to understand
pollutants in soil, water and food is necessary.

1.4.1 Environmental Agencies

International agencies - World Health Organisation (WHO), an agency of the United
Nations, established in 1948, is committed to the comprehensive assessment of the
existing scientific literature and analysing its implications for the development of
health safety limits. The purpose of these recommendations is to educate personnel
on creating policies and to establish suitable objectives for a diverse array of policy
alternatives pertaining to health management in various regions around the globe.
The WHO has established a tolerable threshold of 30 pug L' for uranium contamina-
tion in water [58]. The permissible limits for heavy metals recommended by WHO
for cadmium, zinc, chromium and iron are 0.003 mg L', 5 mg L -!, 0.05 mg L!
and 0.3 mg L', respectively [59-60]. The United States Environment Protection
Agency (USEPA) is an autonomous executive agency of the United States that is
responsible for addressing a wide range of environmental protection concerns. The
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
was established in 1955, following the resolution adopted by the United Nations
General Assembly. A total of twenty-one states are assigned the responsibility of
appointing scientists to serve as committee members. This committee convenes
official meetings on a yearly basis and presents a report to the General Assembly. It
releases significant public reports periodically regarding the origins and impacts of
ionising radiation. The International Commission on Radiation Protection (ICRP)
is an advisory body that provides guidelines to regulatory and advisory agencies at
international, national, and regional levels regarding the fundamental concepts that
form the basis for effective radiation protection [61]. The activity concentration of
226Ra must be below 35 Bq kg™! , whereas for 232Th it must be below 30 Bq kg™ for
food samples and soil samples. The activity concentration of “°K must not exceed
420 Bq kg! for food samples as well as soil samples according to UNCEAR [57].

National agency of India - The Department of Atomic Energy (DAE) was established
in August 1954. The environmental monitoring programme implemented by the
DAE encompasses several key components like programmes focusing on monitoring
environmental radioactivity throughout the country and developing appropriate
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instrumentation, radiation protection measures for the nuclear fuel cycle in addition
to analysing pollutants in different environmental genres. Atomic Energy Regulatory
Board (AERB) aims to safeguard against potential hazards posed by the utilisation
of ionising radiation and nuclear energy within the Indian context, with a specific
focus on reducing possible threat to human health and the ecosystem. The AERB
has set 60 ug L' as permissible limit of uranium contamination in water [62]. The
permissible limits set by AERB for cadmium, zinc, chromium and iron are 0.01 mg
L1, 5mgL 0.05mgL "' and0.3 mgL !, respectively [63].

1.5 Terms and Units

The basic terms used in radiation physics are given as under-

1.5.1 Activity

It is the number of nuclear disintegrations per unit time. SI unit of activity is
Becquerel (Bq), where Bq is the one disintegration per second.

Half-life - The half-life of a radioactive element refers to the time span during which
its number of atoms decreases to a half of its initial amount, as shown in figure 1.5
[4]. The equation for radioactive decay is given by

N(t) = Noe ™ (1.3)

where N(t) denotes the no. of radionuclides at a given time t. Ny represents the
initial no. of radionuclides at the starting time t=0, and A is the decay constant.

1.5.2 Radioactive equilibrium

Radioactive equilibrium occurs in a radioactive series once the progeny starts decaying
at the same rate as they emanate from their parent nuclei. Therefore, when the
quantity of atoms in a radioactive substance within a radioactive series reaches a
stable state, radioactive equilibrium is reached.

Secular equilibrium - If the half-life of the parent isotopes (T) is significantly greater
than the half-life of the daughter isotope (T3), meaning that the decay constant
of the daughter isotope (A2) is much larger than the decay constant of the parent
isotopes (A1), the resulting condition is termed as secular equilibrium i.e Ag>>\;.
The combined activity of the parent and daughter nuclei reaches its peak and remains
relatively stable for several half-lives of the daughter product.

Transient equilibrium - During radioactive decay chain, transient equilibrium is
reached when the decay rate of the parent isotope matches that of the daughter
isotope, causing the activity of daughter isotope to closely match that of parent
isotope for a specific period.

No equilibrium - If the decay constant of the parent radionuclide exceeds that of the
daughter nuclide i.e. \;>M\9, an equilibrium state is not achieved.

Disequilibrium - It arises whenever one or more decay products within a decay series
are entirely or partially eliminated or introduced into the system.
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1.5.3 Exposure

Environmental exposure refers to the interaction of living beings with physical,
biological or chemical agents present in air, food, soil or water that could adversely
affect health.

Radiation exposure - It refers to the amount of ionization produced in air by gamma
and X-rays. Its unit is Roentgen (R) where

1R = 2.58 x 10* C kg!

Exposure can be internal and external.

Internal exposure - It happens when pollutants are breathed in, swallowed or other-
wise enters the bloodstream. The cessation occurs when a pollutant is eradicated
from the body, either naturally or due to medical intervention.

External exposure - Its occurrence is attributed to the existence of pollutants in the
soil and other substances in close proximity to our bodies, including the air. It can
be eliminated from the body solely through washing.

1.5.4 Radiation dose

It is the risk faced by the individual which is based on various factors of exposure,
which include site, amount of contaminants in the environment, time, and the
individual’s living habits such as diet, breathing rate, etc.

Absorbed dose - In 1954, ICRP gave a new parameter, absorbed dose which is
defined as the amount of energy that is deposited in tissue due to exposure to
ionising radiation. It extends to all fields involving ionising radiation, regardless of
whether the radiation is directly or indirectly ionising, in addition to any source of
ionizing radiation that is dispersed throughout the absorbing medium. Its unit is
Gray.

Equivalent dose - Radiation characterised by a low linear energy transfer (LET)
exhibits a comparatively reduced capacity to induce detrimental effects on a bio-
logical system per unit dose, in contrast to radiation with high LET. The term
"equivalent dose" is used to characterise radiation with high linear energy transfer
thus, distinguishing it from low LET values. The impact of specific radiation on
the tissue is defined by the equivalent dose. The equivalent dose is the same as the
absorbed dosage at low linear energy transfer. For heavy ion particles and neutrons
(high LET), absorbed dose is multiplied by a factor to calculate equivalent dose.

H=QD (1.4)

where H is the equivalent dose, Q is absorbed dose and D is dimensionless quantity
that depends on LET. Sievert is the SI unit of equivalent dose.

Effective dose - It is contingent upon three factors: the absorbed dosage to all organs
of the body, the relative damage caused by the radiation, as well as the degree of
sensitivity of each organ to radiation. The consideration of sensitivity is based on the
fact that radiation has distinct effects, such as the lungs having a different impact
compared to the brain.
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Figure 1.5: Radioactive decay curve [4].

1.6 Exposure pathways and health risks

Exposure routes include ingestion, inhalation and external exposure. The presence
of pollutants in potable water and food offers a potential route to internal exposure.
The presence of pollutants in the atmosphere serves as a significant contributor to
both external and internal exposure to human beings. The environmental routes
of pollutants are shown in figure 1.6 [64]. The cumulative radiation exposure
encompasses both naturally occurring ionising radiation and anthropogenic sources,
such as nuclear waste, mining activities, and weapon testing. The person who
lives by the sea receives the average effective dose rate of about 3 mSv per year
[65]. The radiation dose received from various sources is listed in table 1.2. The
natural dose from radiation can be greater in high altitudes due to more cosmic
ray intensities and in soil with higher radioactive content, which may vary from one
place to another. Terrestrial radionuclides lead to health concerns, both carcinogenic
and non-carcinogenic, due to their radioactive properties and chemical toxicity
[66]. The absorption and distribution of these radionuclides inside the human
body, and therefore the possible health consequences, are contingent upon the
chemical characteristics of the compound to which an individual might be subjected
to, as well as the pathway through which exposure occurs [67]. Water-soluble
uranium compounds are known to have acute systemic effects. Excessive consumption
of uranium has been found to have detrimental effects on the proximal tubules,
potentially leading to renal failure. Pavlakis et al. [68] reported that the extended
intake of uranium can lead to severe symptoms such as nausea, diarrhoea, vomiting
as well as paralytic ileus. A study by Gueye et al. [69], observed a decline in radial
cortical bone development and a decrease in mRNA expression of genes associated
with trabecular bone metabolism. The majority of reproductive effects caused by
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Figure 1.6: Environmental routes of pollutants through which they can enter
human body [64].

uranium have been ascribed to its chemical characteristics [70]. For thorium, the
retention of insoluble thorium compounds is observed within the lungs, as well as in
other tissues where ingested thorium continues to accumulate. The degree of lung
sclerosis exhibits a clear correlation with both the radiation dosage and the quantity
of inhaled thorium dioxide [71]. The health risk posed by °K is linked to cellular
damage resulting from exposure to ionising radiation which has the potential to
initiate the development of cancer [72]. However, despite fluctuations in intake, the
concentration of °K in the human body remains under control due to the hemostatic
balance even if its levels exceed the reference value [65]. Although small amounts of
some heavy metals are essential for human health, excessive ingestion has been shown
to affect several cellular organelles and components within biological systems, such
as the membrane of a cell, nuclei in addition to mitochondria [73]. The detrimental
effects of exposure to these pollutants on human health are well documented, with
evidence indicating that such exposure can result in disorders across multiple systems
like digestive, pulmonary, cardiovascular, cognitive, as well as hematologic systems
[73].

1.6.1 Health implications caused by radiation exposure
The various effects of radiation exposure on human health include:

Stochastic effect - It refers to chronic and continuous long-term radiation exposure,
which can cause mutations at the cellular or molecular level resulting in the unregu-
lated proliferation of cells leading to cancer, as shown in figure 1.7. The likelihood of
stochastic effects happening is directly related to the dosage, whereas the intensity of
the impact remains unaffected by the dosage received. This effect is further divided
into three categories, namely genetic, somatic and in-utero effects. Genetic effect is
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Table 1.2: Average radiation dose due to naturally occurring sources [65].

14

Worldwide average | Typical annual

Source annual effective dose | effective dose
(mSv) range (mSv)
External exposure

Cosmic rays 0.39 0.3-12

Terrestrial ~ radiation b

(Outdoors and indoors) 048 0-3-1
Internal exposure

Inhalation (mainly 1.96 0.2 - 10°

radon)

In{ges“mon (food and 0.99 0.2 1d

drinking water)

Total 2.4 1-13

& Range due to altitude and latitude.

b Range due to soil composition and building materials.
¢ Range due to radon levels in different regions.

d Range due to dietary habits and water sources.

caused to the descendants of the exposed individual whereas somatic effects impact
the exposed individual itself. The in-utero impact is particularly relevant concerning
embryonic exposure to radiation. In relation to stochastic radiation injuries, it has
been observed that 232Th exhibits a higher radiotoxicity compared to uranium with
equivalent levels of activity [64].

Deterministic effect - There is a threshold for deterministic effects below which they

don't happen. The threshold level can vary considerably between individuals. After

the threshold has been surpassed, the magnitude of an impact escalates in proportion
to the dosage. It is based on the direct proportionality of dose and effect [65]. The
observed effects include organ malfunction, alterations in blood composition and

oligospermia.
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Figure 1.7: Graphical representation of deterministic and stochastic effects [74].
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1.7 Literature survey

1.7.1 Groundwater

Uranium contamination measurements - The measurement of uranium poisoning in
groundwater has been conducted over an extended period, resulting in the publication
of a substantial volume of data on the same [77-81]. The inaugural publication of
the WHO that addressed the subject of public drinking water quality was released
in 1958 under the title ‘International Standards for Drinking-water’ [82]. Almeida et
al. [83] found the elevated levels of uranium in Rio de Janerio state ranging from 0.2
to 667 ug L. Similarly, Birke et al. [84] found the high uranium levels in Shanxi,
China ranging between 0.02 to 288 ug L'!. Wu et al. found uranium concentration
to vary between 0.02-288 ug L' in Datong basin, China [85]. B Zhang et al. found
uranium concentrations ranging from 0.18 to 453 ug L' in the Erlian Basin, located
in north-east China [86]. In the Australian groundwater, the recorded uranium
concentrations exhibited a range of 0.05 to 160 ug L™ [87]. In a study conducted by
Yamamoto et al. [88] in Kazakhstan, it was observed that the uranium levels were
found to be below 30 ug L't. According to Ullah et al. [89], the uranium levels in
Pakistan varied between 1.07 and 84.43 ug L!. In Indus basin, Punjab (Pakistan)
uranium contamination varied between 0.1-556 ug L™ [90]. The central valley aquifer
in the United States has exceedingly elevated levels of uranium, with recorded values
of <5400 pg L [91]. Similarly, the values ranging from less than 0.5 to 5400 ug
L have been observed by Nolan and Weber in the same region [92]. In a different
study, Fujii and Swain [93] also recorded values as high as 5400 ug L' for the same
location. It was suggested that complexation with CO3 and PO4 may be pathways
for the mobility of uranium in these groundwaters. The vast Plio-Pleistocene high
plains aquifer in the central United States, having alluvial deposits, were reported
to have uranium values ranging from 0.5 to 2670 ug L' [92]. In a study conducted
by Steffanowski and Banning [94], it was found that the uranium contamination
levels varied between 0.258 to 152 ug L' in Germany. The levels of 238U and 2??Rn
in drinkable water samples obtained from boreholes in the Migdonia valley, Greece
were documented to be 48.9 ug L' for 233U, whereas for 222Rn it was 161 Bq L
[95]. In Sweden, the concentration of uranium in wells ranged from 0.20 to 470 ug
L' [96]. In Dornogobi Aimag Province, Mongolia, the uranium levels varied between
0.24-429 pg L1, Moreover, shallower groundwater sources (<10 m) contained higher
amounts of uranium compared to deeper sources (>50 m) in the region [97].

Several studies have been published on the activity concentration of 2**U in water
samples collected from various parts of India. The uranium toxicity has been reported
by Singh et al. [98], Singh et al. [99], Rana et al. [100] and Giri et al. [101]. Coyte
et al. [102] found that 25% of the 324 wells tested in Rajasthan had uranium levels
that were above the established limit set by WHO. Elevated uranium levels in Bihar
predominantly occur along northwestern to southeastern region, situated along and
eastward of the Gandak River [103]. In a study conducted by Sar et al. [104], it
was observed that the majority of the samples collected from the groundwater of
Balod district in Chattisgarh were below the limits set by the WHO. Similarly, in
the region of Jammu and Kashmir, the concentration of uranium in groundwater
varied in a range of 0.2 to 20.8 ug L' [105]. Kumar et al. [106] observed a range
of uranium concentrations spanning from 0.005 to 2.0 ug L' in the Tummalapalle
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uranium mining region located in Andhra Pradesh. Rani et al. [107] recorded
uranium concentration ranging from 2.54 to 133 ug L' in northern Rajasthan, with
the majority of values surpassing the allowable threshold of 30 pug L. In Uttar
Pradesh, Kumar et al. [108] found a range of uranium concentration between 11-63
pg Lt while in Tamil Nadu, Adithya et al. [109] reported a range of 0.8-72 ug L.
The groundwater samples from granitic rock formations of Telangana had uranium
concentrations between 0.2 to 68 ug L™ [110] and 7 to 370 ug Lt [111].

The Malwa belt of Punjab is currently grappling with a significant issue of elevated
levels of uranium pollution [112-114]. The uranium contamination in the Patiala
district in groundwater was reported to be in a range from 38 to 267 ug L' [115].
The uranium levels in drinking water in the regions of Bathinda, Mansa, Faridkot and
Ferozpur were found to vary between 0.5-579 ug L™'. The data reveals that almost
68% of the water samples are above the permitted level set by WHO, while 43%
of the samples beyond the limit recommended by AERB [116]. Kumar et al. [117]
reported maximum values of 650 ug L, whereas Sharma and Singh [118] observed
concentrations as high as 1340 ug L', Kochhar et al. [119] proposed Tusham area’s
high heat producing granites as the possible source of uranium contamination in
the state. Siwalik sediments as the chief source for the high amount of uranium in
groundwater was suggested by Patnaik and Phadke [120-121] while excess fertiliser
usage was proposed as a possible reason by Kumar and Singh [117, 122] for high
uranium concentration in groundwater.

Heavy metal contamination measurements - The dissolution of heavy metals in
groundwater is affected by natural mechanisms like fluctuations in soil pH levels.
The origins of heavy metal contaminants can be both natural and caused by human
activity. Common natural sources of metal contamination in the environment
include the chemical reactions between metal-containing rocks and the occurrence
of volcanic eruptions [123]. In addition, groundwater can get polluted with heavy
metals originating from sewage, mine tailings leachate, seepage from industrial
waste, industrial spills and leaks, deep-well disposal of liquid wastes and landfill
leachate [124]. The parameters of groundwater flow serve as an essential parameter
in determining the movement of metal pollutants. Numerous heavy metals and
metalloids are toxic to living beings, contingent upon the level of concentration and
the duration of exposure [123].

The average concentration order in groundwater samples of Shiraz, Iran, has high
levels of iron followed by copper, nickel, molybdenum, lead, zinc, arsenic and cobalt
[125]. The amount of lead, nickel and iron in the groundwater samples of Warri,
Nigeria, varied from 0.06 to 0.44 mg L', 0.008 to 0.19 mg L' and 0.315 to 2.753 mg
L', respectively. Vanadium, chromium, zinc and cadmium were detected in very
low concentrations, ranging from 0 to 0.85 x103 mg L. The concentrations of Ni,
Fe and Pb surpassed the threshold limits of 0.02, 0.3 and 0.01 mg L, respectively
established by WHO [126]. The concentration of metals found in wells in Thailand
and the overall mean was below the permitted limits for copper, arsenic, chromium,
mercury, cadmium, nickel in addition to zinc in groundwater [127]. The level of
heavy metal pollutants, such as nickel, copper, cadmium, lead, manganese, zinc,
chromium and iron were measured in 129 groundwater samples in Vehari, Pakistan
and their concentration was-lead (93% samples), cadmium (68% samples) and iron
(100% samples), which were found to be exceeding WHO's recommended limits
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[128]. In Kumasi (Ghana), the average content of lead, iron, cadmium and chromium
transcended the acceptable thresholds set by the WHO for drinking water [129]. The
groundwater samples collected from Tapiza, Albania, exhibit the following ranges of
heavy metal concentrations: arsenic from 2.6 to 9.2 ug L', cadmium from 0 to 0.61
pg LY, cobalt from 4.3 to 17.8 ug L1, copper from 7.5 to 28.4 ug L *! and lead from
0.96 to 5.84 ug L' [130]. The mean concentrations of heavy metals in the borehole
water of the Kilimambogo region were found to be 6.4 ppm for cadmium (Cd), 6.9
ppm for nickel (Ni), and 42.0 ppm for lead (Pb) [131].

Wagh et al. [132] took a total of forty groundwater samples from Nashik (India) of
both dug and bore wells in rural areas for heavy metal analysis of zinc, cadmium,
cobalt, lead, iron, chromium, nickel, manganese and copper. The analytical findings
revealed that all samples have concentrations of lead and nickel exceeding the
maximum permissible levels. Additionally, 95% of the samples had levels of Cr
higher than the safe limits and 92.5% of the samples had levels of Fe exceeding
the safe limits. The descending order of heavy metal concentrations measured
in Jharkhand were as follows: iron (Fe) followed by zinc (Zn), manganese (Mn),
aluminium (Al), barium (Ba), nickel (Ni), copper (Cu), lead (Pb), chromium (Cr),
selenium (Se), arsenic (As) and cadmium (Cd). The concentration of Fe exceeded
the desired limit in every sample [133]. The sixteen heavy metals were examined in
Cauvery river basin in Tamil Nadu of groundwater with chromium exhibiting the
highest concentration succeeded by zinc. Although the levels of chromium along
with zinc in the groundwater samples were within Indian permissible limits [134].

Sharma et al. [135] observed the highest concentration of cadmium in Ferozpur at
2.9 mg L1, followed by Faridkot at 0.022 mg L™'. Muktsar, Moga, and Mansa had
a concentration of 0.009 mg L', while Barnala and Sangrur had a concentration
of 0.008 mg L', The lowest concentration was reported in Bathinda at 0.006 mg
L1, exceeding the BIS limit of 0.003 mg L' for cadmium. The highest recorded
concentration of chromium (3.6 mg L) was at Muktsar followed by Ferozpur (2.9
mg L), Faridkot (2.89 mg L) and Mansa (2.3 mg L™!). However, the maximum
permissible amount of chromium pollution in groundwater, according to BIS, is
0.05 mg L™'. In comparison, low concentrations were reported in Bathinda, and
Barnala has an even lower concentration [135]. Krishan et al. [136] reported the
highest level of chromium content, up to 85.19 ppb, with an average concentration
of approximately 1.47 ppb in Punjab. The concentration of iron in the samples from
Punjab was measured up to 6830 (ppb), with an average concentration of 251 ppb.

1.7.2 Soil

The patterns of radionuclide distribution within the soil are influenced by geol-
ogy, physical along with natural atmospheric interactions [137]. The extent of
radioactivity found in soil is contingent upon the thickness of the soil cover, its
type, its evolution and transport process along with moisture and temperature
[138-141]. The environment contains radioactive pollutants that are both man-made
and natural. Radionuclides pose significant risks to both environmental integrity
and human health because of their high mobility, capacity for bioaccumulation and
variety of biogeochemical processes [142]. In addition to serving as indicators of
environmental and radiological pollution, soil can act as a source and a conduit
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for radioactive migration [143]. Moreover, the extensive application of phosphate
fertilisers in agricultural land has been recognised as a possible contributor of natural
radionuclides in soils [144]. Warm humid tropical areas are typically characterised
by significant soil weathering resulting from severe seasonal rainfall along with an
elevated mean temperature. Moreover, a humid environment promotes the leaching
of alkaline metals, contributing to the acidification of soil, which in turn can affect
the mobility of uranium and thorium. In regions unimpacted by human intervention,
the presence of uranium is predominantly associated with its dissolved or colloidal
forms. Conversely, in proximity to mining operations, the transportation of uranium
can occur in the form of particulate uranium minerals [145]. It is found that uranium
sorption rises because organic matter and clay minerals act as exchange sites in soils.
There is evidence that iron oxides and/or hydroxides, when present in the absence
of carbonates, contribute significantly in the adsorption of uranium [146].

The Gajnjaca soils have the highest recorded concentration of uranium, with a
total content of 2.91 mg kg™ followed by alluviam soils [147]. In a comprehensive
radiological assessment of Rio de Janeiro, “°K activity was reported to vary between
12 and 1042 Bq kg™!, for ??6Ra, activity ranged from 3 to 100 Bq kg™!, and those
for 228Ra activity ranged from 5 to 511 Bq kg [147]. According to the findings of
Bister et al. [148], it was observed that alluvial soils in the flood basins of the Mulde
river in Germany had elevated levels of uranium concentration in areas utilised for
grazing, in comparison to croplands. Arnedo et al. [149] found the geometric mean
of activity for 4°K, ?26Ra and ??®Ra to be 384.4, 25.2 and 28.9 Bq kg™ for Canary
Islands, Spain. Similarly, Laubenstein et al. [150] found activity of “°K to be 486 Bq
kg!, 226Ra to be 31 Bq kg'! and ??®Ra to be 41 Bq kg™! in Molise, Italy. The activity
concentrations in soil samples collected from North Cyprus exhibited a range from
49.7 to 147.6 Bq kg™ for ??5Ra, 18.1 to 93.9 Bq kg™! for 232Th, 103.5 to 1468.6 Bq
kgt for 4°K, and 4.3 to 15.9 Bq kg™! for 137Cs [151]. Similarly, the measured specific
activity of soil samples in Nineveh province, Iraq, were found to be with average
values of 32.5246.48 Bq kg™! for 2?6Ra, 20.30+5.36 Bq kg™! for 232Th, 378.93+123.29
Bq kg! for 4°K and 8.17+5.55 Bq kg™ for 137Cs [152]. Singh et al. [153] found
the activity of 22Ra varying between 25.9 to 75.7 Bq kg™, 4°K varying between
143 to 242 Bq kg! and ?32Th between 80.7 to 122.8 Bq kg! in Himachal Pradesh.
Srinivasa et al. found the average activity of 23?Th, ??Ra and °K to vary from
14 to 86.2 Bq keg™!, 15.2 to 58 Bq kg! and 224 to 1650 Bq kg™ [154]. It has been
estimated by Sivakumar that the average activity of radionuclides 238U, ?32Th, and
40K in the soil is 41.5 Bq kg!, 78.0 Bq kg™!, and 295.6 Bq kg™!, respectively [155].
In Haryana, the average activity in soil for 238U is found to be 27.9 Bq kg™!, 23°Th
to be 34 Bq kgt and *°K to be 464.2 Bq kg™! by Panghal et al. [156]. The measured
activities of radium, thorium and potassium in the soils of the populated regions
of Haryana were determined to be 50.76+1.88 Bq kg™, 154.694+5.76 Bq kg™' and
1092.51+ 112.58 Bq kg!, respectively [157]. The average radioactivity levels in the
soils of Rajasthan were determined to be 24410 Bq kg™ for ??°Ra, 55411 Bq kg!
for 232Th, and 5494145 Bq kg™! for “°K [158]. Narayana et al. reported the activity
levels of 4°K, 2?6Ra and 232Th with median of 117.5 Bq kg™*, 35.0 Bq kg™, 29.8 Bq
kg'!, in the coastal region of Karnataka [159]. The mean activity levels of ?26Ra,
232Th and 4°K in the soils of Chikkamagaluru district, Karnataka, were determined
to be 36.9431.0, 51.641.3, and 566.97+11.0 Bq kg !, respectively [160].



1.7. Literature survey 19

Uranium content in soil samples in areas of Punjab is reported to range from 1.14
to 2.44 mg kg! [161]. In soil samples, the maximal value of uranium activity is
41.9410.3 Bq kg! that is considerably greater than the average global uranium
activity of 35 Bq kg'. It was observed that potassium and uranium contamination
is highest in the Bathinda district. Bandhan et al. found the average activity in
soils to be 28.58 Bq kg! for 238U, 50.95 Bq kg! for 232Th and 569.59 Bq kg™! for
40K in Ludhiana, Punjab [162]. According to Kaintura et al.'s findings [163] in the
neutral terrain of Ropar (Punjab), the activity concentration of 232Th, 233U and 4°K
varied from 55.58 to 106.82 Bq kg™!, 37.00 to 76.13 Bq kg™! and 381.37 to 526.26 Bq
kgl respectively.

1.7.3 Food

Natural radionuclides measurements in wheat grains - The contamination of food
due to radionuclides into the environment is impacted by several factors, including
the type of soil, its chemical attributes, and both the chemical and physical forms of
the radionuclides found in the soil, the absorption of radionuclides by certain plants,
and the subsequent accumulation levels in specific food items [164]. The radionuclides
are absorbed by plants either by coming into contact with the external surfaces of
the plant, such as through the leaves, or by being transferred from the soil to the
plant through the roots. Soil functions as a natural buffering mechanism, controlling
the distribution of chemical elements and compounds throughout various regions of
the biosphere. However, plants can absorb harmful substances like radionuclides in
conjunction with nutrients, which can subsequently be transmitted through the food
chain [165].

The transfer factor is a measure of the ratio between the concentration of a particular
radionuclide in plant tissue and the concentration of a particular radionuclide in the
soil. A study was conducted to investigate the absorption of naturally occurring
radionuclides by wheat plants in two distinct soils in India. The transfer factors (TF)
for the soil-to-wheat grain transfer were estimated and found to vary from 6.0x103
to 2.4x1072 for 22Th, 4.0x10% to 2.1x1073 for 238U and 0.14-3.1 for °K [166]. The
magnitude of accumulation of natural radioactive elements is influenced by the ability
of plants to selectively absorb these elements. This helps maintain a balance in their
environment, known as homeostasis [166]. Tufail et al. reported the transfer factors
for 40K, 226Ra and 232Th from soil to wheat grain to be 0.118+0.021, 0.022+0.004,
and 0.036+0.007, respectively in Faislabad, Pakistan [167]. The transfer factors of
natural radionuclides from soils to wheat grains grown in fertilised fields in Pakistan
have been measured as 2-3x1072 for 232Th, 3-4x1072 for 2?6Ra and 17-20x1072 for
40K [168]. The transfer factors of the radionuclides ?*Ra, 232Th and *°K from soil
to wheat flour of Kars, Turkiye were found to range from 0.30 to 1.29, 0.15 to 0.86,
and 0.45 to 0.83, respectively [169]. The transfer factor from soil to wheat grains in
Qassim, Saudi Arabia, is reported to be from 0.15 to 0.18 for “°K and from 0.09 to
0.16 for 226 Ra [170]. Yadav et al. [165] found the transfer factors of 22°Ra, 232Th
and “°K from soil to wheat grains ranged from below detection limit (BDL) to 0.01,
BDL to 0.004 and 0.19 to 0.48, respectively. Similarly, the transfer factors (TF) of
226Ra, 232Th, and 4°K from different kinds of soil to wheat grains were estimated,
and the TF values ranged from 0.11 to 2 for ?26Ra, from 0.14 to 1 for ?32Th and
from 1.18 to 3.72 for “°K near areas irrigated by Bahr Yussuf canal, Egypt [171].
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These numbers for 226Ra, 232Th and “°K are surpassing the default values of 0.04,
0.05 and 1, respectively, as proposed by the IAEA [171]. Pourimani et al. [172]
reported that the transfer coefficients for the maximum values of 232Th, 4K, ??6Ra,
and 137C% were found to be 0.08, 0.90, 0.09 and 0.09, respectively for barley and least
transfer occurred for wheat. Taher et al. [173] found that the transfer factor for
226Ra from soil to Alfalfa was greater than that observed for wheat grains and palm
dates in Qasim (Saudi Arabia). The findings reported by Najam et al. [174] indicate
that the transfer factors from soil to dried vegetable samples varied between 0.56
and 0.65, 0.31 and 0.46, and 0.42 and 0.8, respectively for °K, ?*6Ra and 23°Th.
Van et al. found that the concentrations of thorium as well as potassium in leafy
vegetables from Vietnam surpassed the established global estimates [175].

Lindahl et al. [176] found no significant disparity in the levels of activity concen-
trations of the four radionuclides (‘°K, ??°Ra, 22®Ra and ?2*Th) in wheat grains
grown using organic farming in comparison to conventional farming methods in
Belgium. Paiva et al. [177] found no significant differences in the levels of Ra
and U in vegetables cultivated under organic farming versus conventional farming
practices in Petrépolis, Brazil. However, the findings presented by Mehmet et al.
[178] demonstrated that the activity concentrations of 2!%Po, 228Ra, 19K, 226Ra and
210Ph in plant and soil samples from conventional farming regions exceeded those
found in organic farming areas. In plants collected from organic fields, the relative
concentration ranges of 219Po, 219Pb, 4K were between 0.21 and 1.40 Bq kg'!, 0.67
and 4.81 Bq kg!, ND (not detected) and 7.34 Bq kg™!, respectively.

Heavy metals contamination in wheat grains measurements - Agroecological niches
are threatened by rapidly expanding industry, unchecked xenobiotic pollution dis-
charge, in addition to irrigation with poor-quality water. The plant’s interaction
with metals depends on soil parameters such as pH, organic matter amount and
clay adsorption [179]. The heavy metals accumulate in the soil, penetrate through
the food chain and eventually reach the public, causing health issues. The high
concentration of heavy metals can harm plants by affecting membrane permeability,
blocking enzymes and inactivating photosystems [180]. Heavy metal toxicity in plant
tissues, especially wheat, can disrupt physiological processes and ultimately harm
human health. The root development is particularly vulnerable to heavy metal pol-
lution. High metal concentrations restrict root growth, resulting in shorter, ramified,
and unstructured roots [181]. Furthermore, the functioning of antioxidant enzymes
is reduced by the elevated amounts of heavy metals [182]. The quantification of
seven heavy metals in wheat grains indicated that zinc was the most prevalent, in
contrast to cadmium, which was recorded as the least prevalent metal [183]. The
study also found that wheat tends to acquire more heavy metals than maize. In
Kunschan (China), the order in which heavy metals were accumulated in wheat
grains was: zinc followed by copper, lead, chromium, nickel, cadmium, arsenic and
mercury [184]. The average amounts of copper, manganese, iron, chromium and
zinc in wheat grains exceeded the tolerance limits specified by international law for
wheat grains in Argentina [185]. The findings by Thabit et al. showed that while
Cd was found in very small amounts in one sample of Ukrainian wheat whereas,
arsenic, cadmium, mercury as well as lead were not found in the majority of wheat
and barley samples. Three samples of polish wheat contained very minute amounts
of lead [186].
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1.8 Study area

Punjab state, with 23 districts in the Indian subcontinent, shares its borders with
the states of Himachal Pradesh, Haryana and Rajasthan, along with the union
territories of Chandigarh and Jammu and Kashmir. The state spans across 50,362
sq. km [187]. The majority of Punjab is situated in a fertile, sedimentary plain
with year-round rivers and a comprehensive network of irrigation canals [187]. The
state's northeastern region is characterised by a range of rolling hills that stretch
along the base of the Himalayas. The average altitude of the area is 300 metres
above sea level, varying from 180 metres in the southwest to over 500 metres at the
northeastern boundary. The southwestern region of the state exhibits a semi-arid
climate, gradually transitioning into the Thar Desert. The state is traversed by
the Sutlej, Beas and Ravi rivers. The soil qualities are partially impacted by the
geography, vegetation and parent rock. The regional climate changes further amplify
the diversity in soil profile characteristics. The state is geographically categorised
into three main regions based on soil types: central, eastern and southwestern.
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Figure 1.8: The map of Punjab state, India [187].

Geographical setting - The Mansa district is approximately triangular in shape
and is situated in the southern region of Punjab state. It spans an area of 2,171
km? and is positioned between the latitudinal coordinates of 29°32' to 30°12'N
and longitudinal coordinates of 75°10' to 75°46'E. The region is geographically
demarcated by Bathinda district to the northwest, Sangrur to the northeast, and
the southern border is shared with Haryana state, as shown in the figure 1.8 [187].
The geomorphology of the district mostly consists of flat alluvial plains, which are
occasionally broken by dune formations in the southern region. The district does
not possess a perennial river. The region is predominantly irrigated by an extensive
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network of canals. The region is situated within the Indo-Gangetic alluvial plains.
The geological structures seen in the district consist of Quaternary-age Alluvium,
as depicted in figure 1.9 [187]. The composition of this geological formation is
characterised by the presence of successive strata of sand, silt and clay. The granular
zones consist of thin layers of fine sand that alternate with rigid clay bands, located
below a depth of 20 metres. The compactness of these zones increases as the depth
increases. A continuous band of an impervious layer, with a thickness ranging from
2 to 4 metres, is present near the ground surface in the majority of the region. This
layer serves as a barrier, preventing the infiltration of surface run-off [188]. The
alluvial deposits of the region were created by the transportation of sediments from
neighbouring regions, including Siwaliks, granites and other metamorphic rocks [189].
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Figure 1.9: Geology and mineral map of Punjab [188].

1.8.1 Motivation

In India, the groundwater serves as the primary supply of potable water, as well as for
agriculture and industry. In accordance with a recent report released by the Central
Ground Water Board [188], Punjab has the highest level of groundwater exploitation
in India. Hence, in accordance with the Sustainable Development Goals (SDG) 6
outlined in the United Nations Agenda 2030 [190], it is imperative to enhance water
quality through the reduction of pollutants, mitigation of hazardous waste discharge,
prevention of illegal waste disposal, and the promotion of widespread recycling and
safe reuse practices. Numerous authors have confirmed the presence of uranium
toxicity in the Malwa area of Punjab, India. According to the Federation of Indian
Chambers of Commerce & Industry (FICCI) [191], the crude cancer incidence rate
for the population of Punjab is 144.0 per lakh, making it one of the highest rates of
crude cancer incidence in India. According to Blaurock-Busch et al. [192], the cancer
rates in the Malwa area are notably elevated in the four districts of Mansa, Bathinda,
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Faridkot and Muktsar. The increase in cancer incidence can be attributed to the
soaring levels of uranium found in groundwater, as suggested by studies [193-194].
The state is currently experiencing a crisis as a result of these elevated levels of
uranium and heavy metals in the groundwater table, which has been in the news
for more than a decade for being the epicentre of debilitating diseases [195-196]. As
the state has one of the highest rates of groundwater extraction in India, primarily
for irrigation [197], therefore, it is pivotal to evaluate and periodically monitor the
groundwater, soil and agricultural contamination due to natural radionuclides and
heavy metals.

1.8.2 Objectives

The measurement of pollutants is indispensable to estimate the hazards to humans
due to the interaction and interdependence of man and the environment. These
measurements also provide baseline data to provide information for radiation activi-
ties, infer geological information, etc., as part of routine measurements, and to check
possible changes with time. The pollutants that are present in soils and fertilisers
find their way to the human body through a variety of geochemical mechanisms
such as atmospheric dispersion, gravity settling in addition to plant uptake. The
objectives of the research include -

1. To analyse the water contamination in the study region.

2. To analyse radioactivity in soil and food samples collected from the study
region for radiological risk assessment.

3. To calculate soil to plant transfer ratio in Mansa district.

4. To compare the radioactivity in organic foods and regular staple food items
available in the market.
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Chapter 2

Instrumentation and methodology

This chapter commences with a description of the sampling procedure in section 2.1
and the methods employed for sample preparation. It focuses on the apparatuses and
experimental methodologies used in the current investigation to examine the levels
of natural radioactivity in water, soil and food within the study area. Moreover, the
heavy metal measurements are also performed for water and food samples and the
respective methodology is also discussed.

Environmental monitoring is the utilisation of methods and strategies to identify,
examine and characterise environmental elements in order to evaluate and understand
the effects of different activities on the environment. Throughout the years, a
multitude of sophisticated techniques have been developed to precisely assess the
concentration of pollutants in various environments. Accurate identification and
thorough examination of environmental pollutants are essential when employing
measurement methods to evaluate the contamination in any region.

2.1 Sampling procedure

The Mansa district was chosen as the study area. The grids were made using the
QGIS 3.10 Hannover.

2.1.1 Water samples

For collection of water samples, the bottles were acid-leached and then double
cleaned with de-ionized water before sample collection. The water from the source
was pumped out for a period of seven to ten minutes to ensure that a fresh sample
was obtained. The hermetically sealed polypropylene containers with a capacity of
500 ml were used. The water samples were passed through filter paper of 0.45 ym
to eliminate undesired contaminants prior to examination in Radiation Monitoring
and Assessment laboratory at Dr. B.R. Ambedkar National Institute of Technol-
ogy, Jalandhar. The uranium contamination was measured using LED fluorimeter
(Quantalase) and the heavy metals were measured using atomic absorption spec-
trophotometer, AAS-7000 (Shidmazu). The sampling points were chosen from a grid
of 5 km x 5 km as shown in figure 2.1 [1].

39
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Figure 2.1: Map of Mansa district, Punjab showing locations from where water
samples were collected [1].

2.1.2 Soil samples

The top layer of plants and roots was removed down to a depth of 5 cm before
collecting each sample of soil. The soil samples were obtained from agricultural
fields using a shovel. The entire sample was then mixed thoroughly, and an aliquot
of approximately 2 kg was obtained and sealed in polythene bags from locations
shown in figure 2.2. Ultimately, the samples were meticulously blended, and any
superfluous substances such as vegetation, detritus, large stones, and pebbles were
removed. The obtained samples were desiccated in direct sunlight for approximately
two days till the soil's moisture was totally eradicated and were oven dried at 110 °C.
The samples were sieved with a mesh size of 0.25 mm to ensure that every sample
was well mixed. The samples were placed inside plastic containers and securely
sealed. They were then labelled with codes according to their respective locations.
Prior to taking measurements, the samples were stored at an ambient temperature
for a period of about a month with the aim of achieving a state of equilibrium for
the 23U and ?*?Th series along with their corresponding progenies [2].

2.1.3 Food samples

The wheat grains were collected from the fields, locations are shown in figure 2.2 and
then labelled and transported into a plastic bag. In order to provide a representative
sample from each location, six spots were chosen from each wheat plantation field.
The size of each spot was 2m x 2m. Subsequently, the samples were carefully cleansed
of roots, leaves, and any other form of residue [3]. For radiological analysis, the
weight of the freshly obtained wheat grain samples was recorded. The grain samples
were dried in an oven set to a temperature of 110°C for a duration of 24 hours. or
until a constant weight was reached. The weights of the dried samples were then
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recorded. Subsequently, the materials were pulverised using a powder grinder and
filtered through a 1 mm sieve to get uniformly mixed samples [3]. Before conducting
the measurements, the samples were maintained at an ambient temperature for
approximately one month to allow the 238U and 23?Th series to reach equilibrium.

For heavy metal analysis, the food samples were wet-digested for decomposition. A
food sample weighing 0.5 g was measured and placed into a teflon beaker. Further, a
mixture of 4 mL of 65% concentration HNO3 and 2 mL of 30% concentration HoO9
was added to the sample. The mixture was left overnight under laboratory conditions
to break down organic components and minimise carbonaceous residues. The wet
digestion method was carried out by heating the sample solution on a hot plate in a
fume closet at a temperature of 120-140 °C. This process involved vaporising excess
acids until the solution’s volume was decreased to 2 mL followed by cooling it to
room temperature. Further, each solution was filtered using Whatman No. 42 filter
paper and subsequently transferred into a 30 mL volumetric flask. The resulting
sample was then diluted with approx. 28 mL deionized water [4].
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Figure 2.2: Map of Mansa district, Punjab showing locations from where soil
(circled) and food (red dots) samples were collected.

2.2 Instrumentation
2.2.1 Measurement of uranium concentration in groundwater - LED
flourimeter

Multiple analytical approaches can be employed to ascertain the concentration of
uranium in water samples. The methodologies can be classified into two distinct
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groups, namely, non-radiometric and radiometric methods. Radiometric methods
refer to techniques that involve the measurement of radioactive decay specifically
related to uranium. Some examples of techniques used in this field are alpha
spectroscopy, gamma spectrometry, etc. Radiometric techniques have exceptional
sensitivity and are capable of quantifying minute quantities of uranium. The non
- radiometric approaches do not require the detection of radioactive decay. Some
examples of analytical techniques are inductively coupled plasma mass spectrometry,
(ICP-MS), atomic absorption spectrophotometer (AAS), kinetic phosphorescence
analysis (KPA), and laser fluorimetry. Non-radiometric approaches are typically less
hazardous and can be more efficient than radiometric procedures [5]. Nevertheless, it
is crucial to acknowledge that the use of radiometric or non-radiometric procedures
relies on the particular requirements and availability of the experimental setup.

The current research employed a pulsed LED fluorimeter, a highly sensitive technique,
by Quantalase, Indore for measuring the concentration of uranium in water samples,
as shown in figure 2.3 [6]. The quantification of green fluorescence emitted by uranium
compounds is a widely recognised technique for determining the concentration of
uranium in water samples [7]. The excitation spectra of uranium compounds often
exhibit large peaks at wavelengths of 250 nm, 330 nm and 405 nm. The emission
spectrum has prominent peaks at approximately 480 nm, 520 nm and 540 nm. The
fluorimeter is capable of quantifying uranium concentrations ranging from 0.5 parts
per billion (ppb) to 1000 ppb, achieving an accuracy level of 10%.

Figure 2.3: A photograph of LED fluorimeter by Quantalase, Indore [6].

The instrument relies on the Stokes fluorescence of a uranyl complex that results from
fluran, a buffer in an aqueous sample. When the incident UV light lacks sufficient
energy to dislodge electrons from atoms, the electrons transition to higher states. As
a result of the relatively short life time of excited states, the electrons revert back to
the ground state or lower states and release energy.

The instrument consists of

1. LED - The fluorimeter employs arrays of pulsed LEDs to stimulate fluorescence
in the sample being examined. The LED output can be adjusted to align with
the excitation specifications of the sample by modifying the wavelength, pulse
duration and peak power.
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2. Detection unit - It comprises of the photomultiplier tube (PMT) along with
the cuvette chamber. The PMT is positioned in close proximity to the sample
holder in order to gather fluorescence emitted by the sample. A cuvette
chamber is a receptacle where a cuvette, which holds a sample, is placed. The
PMT is deactivated when the chamber lid is in the open position.

3. Filters - Appropriate filters positioned between the LEDs and the photo-
multiplier tube serve to block the direct transmission of LED light to the
PMT.

4. Microcontroller - The device is operated by a microcontroller that sends pulses
to the LEDs and PMT. The microcontroller also governs the ADC, which
transforms the fluorescence signal from the photomultiplier into a digital format
for subsequent processing.

5. Other components - A single board computer is used for calculating and
averaging the output of a photomultiplier across 2000 pulses.

There are three ways of measurement: the "Standard Addition Mode," commonly
known as the spiking mode, "Uncalibrated Fluorescence Mode" which is frequently
referred to as count mode in addition to "Calibrated Fluorescence Mode". The
Standard Addition Mode is a self-calibrating feature that does not require any
additional calibration. Additionally, it takes into consideration the phenomenon
of fluorescence quenching that arises due to the existence of other compounds in
the sample. Therefore, when there is suspicion of the presence of compounds that
cause fluorescence quenching, it is recommended to use this method of testing. The
equipment undergoes calibration in Calibrated Fluorescence Mode by quantifying
the fluorescence emitted by established standard solutions. When conducting mea-
surements on samples with unknown uranium concentrations, the device uses the
previously determined calibration factor to determine and display the uranium level
in the sample. The Uncalibrated Fluorescence Measurement Mode solely presents
the fluorescence emitted by the sample, which is directly proportional to the amount
of uranium present in the sample. It is frequently employed to do a high-throughput
analysis of numerous samples in order to detect any instances of abnormally in-
tense fluorescence. The uranium concentration in such samples can subsequently be
ascertained using either of the remaining two methods.

Working — The prepared sample solution is contained in a cuvette, a small, transparent
vessel made of quartz. Quartz cuvettes are used due to their transparency to
ultraviolet light, which is commonly employed for fluorescence excitation. The
cuvette, once filled with the sample, is positioned within the sample holder of
the LED fluorimeter. The uranium complexes generate green fluorescence when
stimulated by a pulsed UV light source (400 nm). This fluorescence is detected by a
sensitive PMT to measure the concentration of uranium in water. The fluorescence
is directly proportional to the intensity of the source excitation, which is in turn
proportionate to the uranium concentration in the sample. A fluorescent uranyl
species U(VI) is produced by combining 5 gm of sodium pyrophosphate, a buffered
inorganic complexing agent, with 100 ml of distilled water and ortho-phosphoric
acid known as fluran. This mixture helps to maintain a pH of 7. The dependence of
fluorescence intensification on pH is crucial. By appropriately timing the activation
of PMT and using optical filters that only allow longer wavelengths to get through,
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it is possible to completely eliminate fluorescence emitted by organic substances.

The Beer-Lambert law, which is applied to the quantitative analysis of fluorescent
compounds is as follow-
Fy = ¢lecl (2.1)

where Fj is the intensity of fluorescence measured by the instrument, ¢ is the ratio
of the number of photons emitted to the number of photons absorbed, I is the
intensity of incident light, ¢ is the extinction coefficient in L mol'em™, ¢ and 1
are concentration of the sample in mol L' and length of the optical path in cm,
respectively.

The reference material used is Accustandard's ICP-MS-66N-0.01X-1 (100 ug mL™t).
The calibration factor is determined by dividing the concentration of uranium in
the standard solution by the difference in fluorescence between the standard and
the water. To calibrate the device, 1 litre of water and 1 mL of HNOj3 with 1.78 gm
of uranyl acetate dehydrate are mixed. For each analysis, a solution consisting of
10% fluran and 6 mL of water sample is prepared. The blank solution is utilised to
calibrate the instrument by combining 1 part of buffer solution with 10 parts of double
distilled water, resulting in a sample with no detectable uranium concentration. The
quality assurance is conducted through the use of replication analysis and spike
recovery.

2.2.2 Measurement of natural radionuclides in soil and food samples
- gamma spectroscopy

The analysis of gamma ray spectra commences with an in-depth understanding of
decay mechanisms of radionuclides. This approach has an advantage for radionuclide
monitoring as it allows for the concurrent analysis of multiple radionuclides, often
requiring minimal to no sample preparation [8].

2.2.2.1 Interaction of gamma rays with matter

Gamma rays can interact with matter through three main processes: photoelectric
effect, Compton scattering and pair production. The significance of these three
effects varies depending on the energy level of the incident photon (hr,) and the
atomic number (Z) of the impacted nucleus [9)].

Photoelectric effect - The photoelectric effect is a prevalent occurrence at low energies,
as shown in figure 2.4 [10]. A photon transfers its entire energy to an electron bound
in a specific energy level. The energy of each individual photon must be greater than
the binding energy of an electron for the photoelectric effect to occur. A part of
incident photon energy is used to unbound the electron, and the remaining energy
appears as the kinetic energy of the electron. The photoelectric effect primarily
takes place in the inner electron shells of the atom, particularly in the K-electron
shell. When an electron ejects from an inner atomic shell, electrons from outer shells
migrate to inner electron shells in order to occupy the resultant vacancy. The shifts
in electron energy levels necessitate the emission of energy by the atomic electrons,
resulting in the generation of soft (low-energy) X-rays.
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Compton effect - The photon relinquishes a portion of its energy to the electrons,
leading to a reduction in its frequency. This typically involves the valence electrons.
Nevertheless, the redirected photon persists in its trajectory through matter until
it exhausts all of its kinetic energy through its interaction with other electrons in
a comparable manner. The cross-sectional area for this phenomenon diminishes
as the energy increases, however, the rate of decrease is slower compared to the
photoelectric effect [11].

Pair production - At energies greater than 1.022 MeV, pair production takes place.
When the photon approaches the atomic nucleus, it encounters the potent field of the
nucleus. At this point, the photon is converted into electron-positron pairs. These
electrons possess kinetic energies that are equivalent to hv - 2m,c?. The cross-section
of this phenomenon exhibits a positive correlation with energy. The P/Z (where P
is the cross-section and Z is the atomic number) ratio remains constant with energy
up to 10 MeV. As the energy is increased further, the cross section decreases [12].

2.2.2.2 Gamma spectroscopy using NalI(T1) detector

Gamma spectrometry, a direct and non-destructive technique, is used to identify
and quantify gamma-emitting radioactive substances in food, soil etc, by analysing
the energy distribution of the released gamma rays. The crystals of sodium iodide
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Figure 2.4: Interaction of gamma rays with matter [10]. The photoelectric effect
prevails at lower energy levels, the Compton effect at intermediate gamma ray
energies and pair production is predominant at higher gamma ray energies.

are commonly employed as scintillation material for gamma-ray spectroscopy. A
thallium doped sodium iodide detector of 63 mmx63 mm AT1315 by Atomtex,
Belarus detecting gamma radiation in the 50-3000 keV energy range is used for
detecting natural radionuclides and a picture is shown in figure 2.5 [13]. It can operate
at room temperature and has the highest output among scintillation detectors. One
drawback of the few inorganic crystals, such as Nal (T1), is their hygroscopic nature,
which necessitates storing them in a hermetically sealed container to shield them
from moisture.
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The components of the instrument consist of -

1. Sodium iodide crystal - It is typically doped with a minute quantity of thallium.
Thallium doping increases the light output and shifts the emission wavelength
to approximately 415 nm, aligning well with the sensitivity of photomultiplier
tubes (PMTs). When incoming gamma or X-ray photons interact with the
crystal, it results in fluorescence, which generates a brief burst of light for each
absorbed photon. The magnitude of the light pulse is directly proportional to
the energy of the incident photon.

2. Photocathode - A photocathode is a slender film on a transparent substrate
(quartz) that photons encounter after traversing the crystal. An electron is
expelled as a result of the photons' interaction with the photocathode. The
different types of materials used for making photocathode are bi-alkali like
Cs-K-Sb, multi-alkali like Na-K-Cs-Sb and gallium arsenide.

3. Photomultiplier tube - The photomultiplier tube, which can be cylindrical or
rectangular in shape, is situated immediately after the photocathode, as shown
in figure 2.6 [14]. It is made up of a series of metal cups with voltage applied
to each of them. This voltage accelerates the expelled electron, which in turn
causes more electrons to be knocked loose and accelerate as well. The signal is
amplified by repeating this process. They are shielded to protect the electron
trajectories inside the tube from being influenced by external fields.

4. Signal Processing - The preamplifier is placed after the photomultiplier tube to
optimise the signal and is also connected to the amplifier. The output pulses
are converted into a digital number using an Analog to Digital Converter
(ADC) that is integrated into a Multichannel Analyzer (MCA). The MCA is
utilised for the purpose of capturing and preserving data, which is subsequently
used for the analysis of pulse height distribution.

| ==

Figure 2.5: A photograph of the sodium iodide detector by Atomtex, Belarus [13].
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Figure 2.6: Schematic representation of a thallium doped sodium iodide detector
[14]. The Nal(T1) crystal which is surrounded by lead shielding designed to prevent
interference from extraneous radiation. When gamma rays penetrate the detector,
a fraction of them leads to the emission of photoelectrons within the crystal. The
scintillation light generated from these interactions is then channelled to the pho-
tocathode of a PMT. The PMT is equipped with several dynodes, each serving to
amplify the signal prior to its final conversion into an electrical pulse.

Working - The operational mechanism of a scintillation detector entails the conversion
of the energy from incident radiation into optical energy using a scintillator. This
process results in the production of flashes with different intensities [15]. The
scintillation phenomenon in inorganic materials relies on the energy states dictated
by the crystal lattice of the substance. Semiconductors or insulators are materials in
which electrons possess only discrete energy bands. The valence band refers to the
lower energy band in which electrons are tightly bound to lattice sites, whereas the
conduction band have electrons that possess enough energy to freely move across the
crystal [9]. The presence of thallium impurities generates electron orbitals between
the conduction and valence bands, which are referred to as activation centers as shown
in figure 2.7 [16]. In the ground state, both the valence band and the ground state
of each activation center are occupied by electrons. Conversely, the conduction band
and the excited energy levels of the activation centers remain unoccupied. As a result,
without radiation, no electron movement occurs. When a gamma ray enters the
crystal, one or more secondary electrons with elevated kinetic energy are produced.
As these electrons traverse the material, they induce ionizations and excitations,
resulting in the production of numerous low-energy electrons that also possess high
kinetic energy which in turn generate additional low-energy electrons. While the
majority of these low-energy electrons dissipate their energy as thermal energy, a
subset possesses sufficient energy to transit to the conduction band. Each electron
that is excited to the conduction band leaves behind a vacancy, or a hole in the
valence band. The electrons that migrate into the conduction band are free to move
within the crystal lattice; however, they are restricted from directly returning to the
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valence band. Instead, they try to return to the lowest available energy levels, which
correspond to the excitation states of activation centers. Meanwhile, the presence of
holes allows electrons to move within the valence band, eventually leading to their
filling by electrons from the activation centers, which creates vacancies in the ground
state orbitals of these centers. When an electron fills a hole, it releases excess energy
as a scintillation photon [16].

The gamma ray photon emitted during the radioactive decay of the nucleus interacts
in the detector in various ways, leading to a complex detector response that is
characterised by a continuous distribution of energy and distinct peaks at specific
energy levels. The continuous energy distribution results from the incomplete
absorption of energy of photon within the detector volume, causing the photon to
exit the detector. The presence of complete energy peaks is a consequence of the
complete absorption of gamma ray photons by the detector, either through the
photoelectric effect or through multiple interactions. Due to the variability in the
number of electrons, a photo-peak is created instead of a sharp line.
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Figure 2.7: The figure (a) shows the activation centers between valence and
conduction bands. Figure (b) shows scintillation mechanism: First, some of the free
electrons generated by the interaction with gamma rays possess sufficient energy to
overcome the energy gap and enter the conduction band. Second, these electrons,
now within the conduction band, move towards the excited-state orbitals of the
activation centers, while the holes in the valence band transition to the ground-state
orbitals of the activation centers. Finally, the emission of a scintillation photon
occurs when an electron transitions from an excited-state orbital of the activation
center to its ground-state orbital [16].

Calibration of the detector - The energy scale stabilization of the gamma radiation
line with the energy of 661.6 keV from the reference source of *7Cs, 1170 keV and
1330 keV from %°Co were carried out. The efficiency calibration was performed by
using the standard set by IAEA of 233U, 232Th and *°K i.e. RG-U, RG-Th and RG-K,
respectively. The data was collected for a duration of 10800 seconds. This calibration
determined the detector's detection efficiency based on the energy of the radiation.
In order to reduce the inaccuracy caused by the weakening of gamma radiation, all
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three standard sources were created with the same shape and composition. In order
to prevent the accidental accumulation of gamma rays, a gamma ray standard with
the same radionuclide as the one being monitored is employed. This calibration
enables the formation of the correlation between the channel numbers of the analyser
and the energy of the photons. The specific activity is calculated using-

g xme xT x W

(2.2)

where C,, is the specific activity in Bq/kg, Ny, is the net counts, vq is v ray emission
probability, ng is the detection efficiency, T is the counting time (sec), and W is the
dry mass of the sample (kg). The uncertainity and limit of detection is calculated as

2 2 2 2 2
ONn O~d OnE or ow
oon=0Chp - +|—) +t1—) +t|{= ) + | 2.3
nen () () () () () e
where ocy, ONn, Oya, OyE, 0T, oW are the uncertainities of above mentioned factors.
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where b is the background count rate.

The minimum detectable activity is a crucial factor in low-level counting, particularly
when the count rate of a sample is nearly indistinguishable from the count rate of
the background [16-17]. In these circumstances, the background is assessed by using
a blank, which consists of a sample holder, for example, a planchet and all other
components that are included in the measurement of the real sample, provided that
the blank does not contain any activity. The concentration of “°K was determined
by monitoring the 1460 keV rays that are emitted during the decay of “°K. The
activity concentration of 2'4Bi, as estimated from its 1764 keV gamma ray peak, is
selected to measure the presence of 238U. For quantification of 232 Th, the activity
concentration of 2°T1 is used at a gamma ray peak of 2615 keV.

2.2.3 Measurement of heavy metals in water - atomic absorption
spectrometry

The selection of an analytical technique for quantifying heavy metals in water sam-
ples is contingent upon the type of sample, the concentration of heavy metal, its
capacity to detect exceedingly low concentrations in addition to accuracy [18]. An
assortment of analytical techniques are utilised, such as Inductively Coupled Plasma
(ICP), Atomic Absorption Spectroscopy (AAS), UV spectroscopy, Fluorimetry, X-ray
fluorescence along with electrochemical techniques. The atomic absorption spec-
trophotometer AAS-7000 manufactured by Shimadzu, is employed for the detection
of heavy metals in water due to its sensitivity, precision and cost-effectiveness. The
initial detection of atomic absorption dates back to 1802, when Wollaston noted
the presence of indistinct bands in the solar emission spectrum. In the year 1859,
both Kirchoff and Bunsen, who held professorships at the University of Heidelberg
in Germany, accurately elucidated Wollaston's finding by demonstrating that the
dark bands were a result of the absorption of emission radiation by atoms in the sun.
The AAS was first developed in the 1950s by a group of Australian chemists. Sir
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Alan Walsh led the team at the Division of Chemical Physics, located in Melbourne,
Australia [19].

The sample is usually in a liquid state, and after undergoing vaporisation, the target
elements are transformed into free atoms by being introduced into a flame via a
nebulizer. The principle relies on the absorption of photons of light by unbound
atoms in their ground state. A lamp emits light at precise wavelengths corresponding
to the atoms present in a gaseous state within the flame. The absorption of light
energy results in the elevation of electrons within atoms to an excited state, as
shown in figure 2.8 [9]. Atomic absorption spectroscopy determines the wavelength of
absorbed light based on the specific type of atom (element) present. Every wavelength
is uniquely associated with a specific element and the absorption line's width is
often only a few picometers (pm), giving the technique its ability to selectively
identify elements. The absorbance is determined by Beer- Lambert's law, which
is the logarithmic relationship between the intensity of the incident light and the
intensity of the absorbing species [19].

A =log (?) = ecl (2.5)

0

where A represents the absorbance, log(I,/It) represents the absorbance value, K
represents the molar absorptivity (L m™ mol!), I represents the length over which
light travels (m), and c represents the concentration of atoms in the flame (mol L!).

The AAS-7000 is based on the generation of a calibration curve from standard
solutions, which is then employed to ascertain the concentration of the element in
an unknown sample with AAS measuring the absorbance.

The instrument includes

1. Light source - The light source is usually a hollow cathode lamp, as shown in
figure 2.9, that emits specific spectral lines [20]. The lamp contains an inert
gas, often argon, at a low pressure. When the high voltage is applied across
the two electrodes, the filler gas will undergo acceleration towards the cathode.
Moreover, the collision of atoms results in their excitation, followed by their
return to the ground state, leading to the emission of radiation with a certain
wavelength. The measured quantity is the absorbance of the light emitted by
the lamp as it traverses the atomized material.

2. Sample introduction - The liquid sample is injected at a higher speed into the
nebulizer through a thin capillary tube. Upon the high-velocity impact of a fluid
sample with a glass bead, a fine mist of droplets, known as aerosol, are generated
which are directed towards the spray chamber. Following nebulisation, the
metal ions are finely dispersed into a high-temperature flame, where they reduce
to their constituent atoms and then absorb light emitted by a hollow cathode
lamp. The processes involved are desolvation, vaporisation, atomization and
ionisation. Desolvation refers to the process of removing solvent or drying. The
solvent is volatilized, leaving behind desiccated nanoparticles of the sample.
Vaporisation refers to the particles that undergo a phase transition and are
transformed into the gaseous state. Atomization refers to the process of
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breaking down a substance into individual atoms or smaller particles. The
focus of AAS analysis is on ground state atoms. lonisation is defined as the
process through which an atom or molecule is transformed into an ion by the
addition or removal of one or more electrons. Under specific flame conditions,
certain atoms will undergo ionisation, resulting in the formation of ions. The
extent of ionisation will be influenced by factors such as the composition of
the oxidant/acetylene gas mixture and the ionisation potential of the analytes
in the solution.

3. 3D-double beam optics - The AAS-7000 series features 3D double-beam optics.
The optical system has been engineered to achieve peak performance for every
measurement minimising light losses in addition to optimising light beam.

4. Monochromator - To differentiate the radiation emitted by each element
from other radiation produced by the source of radiation, the radiation is
subsequently directed through a monochromator. The process is conducted by
employing a prism monochromator.

5. Detector - The detector measures the magnitude of light that passes via
wavelength selector. It quantifies the energy absorption from particular light
wavelengths. The light that exits the output slit of the monochromator is
directed towards the PMT, where it strikes a photodiode. This interaction
results in the conversion of the light into an electrical signal. The generated
electrical signal is then subjected to amplification via a series of dynodes prior
to collection.
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Figure 2.8: A schematic showing atomic absorption and emission process [9].

Accurate quantification of analytes is crucial in environmental monitoring. However,
the presence of interfering species can lead to false readings or inaccuracies, making
the study of interferences a necessary aspect of analytical method development [20)].
Interferences can arise from a variety of sources, such as the formation of compounds
that do not absorb at the desired wavelength or the inability of the instrument to
distinguish between the analyte and the interfering species. Interferences in AAS are
categorized into two distinct types: Spectral and non-spectral interferences. Spectral
interference primarily occurs when another atomic line absorbs light, or when a
molecule absorbance band is located near the spectral line of the element being
studied. Non-spectral interferences are further divided into three categories, namely,
matrix, ionisation and chemical interference. Matrix interference originates when a
sample demonstrates increased viscosity or elevated surface tension in comparison
to the standard, resulting in fluctuations in the rate at which the sample is taken up
due to alterations in nebulization efficiency. During intense combustion, ionisation
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interference is more prevalent. The process of dissociation goes beyond merely
forming ground state atoms. A flame with high energy can ionize these atoms by
removing electrons, resulting in a depletion of these atoms. Chemical interference
takes place when a specimen mixed with an analyte, produces a molecule that is
resistant to decomposition by the heat of the flame [21].

Analytical procedure - The AAS-7000 shown in figure 2.10 is calibrated using
standard solutions. A calibration curve is constructed by plotting the concentration
of the analyte against the absorbance after measuring the absorbance of each known
solution. The groundwater sample is thereafter introduced into the instrument to
measure its absorbance. The concentration of the element of interest, which is not
known, is determined using a calibration curve. The observed concentration of the
target element exhibits a direct proportionality to the number of ground state atoms
present in the flame. The standard solutions are created by diluting a stock standard
with a metal concentration of 1000 mg L !, (ISO-certified) and using de-ionised
water. AAS-7000 has a limited analysis scope, focusing largely on metals and certain
metalloids. It is not appropriate for analysing non-metal elements.
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Figure 2.9: The components of atomic absorption spectroscopy. The liquid sample
used for examination is introduced into the burner. The mirrors, designated as M,
are rotated in order to assess the properties of both the incident and the absorbed
light. The path deviated from the flame measures the unimpacted light intensity.
The pathway traversed by the light through the flame, referred to as the absorbed
energy route, quantifies the intensity of the light subsequent to its passage through
a burner that contains the co-injected dissolved sample [21].

2.2.4 Measurement of heavy metals in food - inductively coupled
plasma - optical emission spectroscopy

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) is a reliable
analytical method employed to identify and measure the concentration of various
elements. The commercial availability of ICP-OES began in 1974, and it has
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subsequently gained widespread global usage, making it one of the most often
employed analytical techniques. It is the preferred method for many applications
that necessitate the analysis of a sample's elemental composition [22]. It is extensively
utilised in diverse disciplines including environmental science, metallurgy, geology,
petrochemistry, pharmaceuticals, materials science and food safety. The instrument
has the capability to analyse many sorts of samples, such as aqueous and organic
liquids and solids. It has several advantages compared to other elemental analysis
techniques, such as an extensive linear dynamic range, significant tolerance to
matrix effects and enhanced speed of analysis. ICP-OES has become the favoured
technique for elemental analysis since it can measure several elements simultaneously.
The Prodigy ICP-OES by Teledyne Leeman Labs [23] is used for analysing the
concentration of heavy metals in wheat samples.

Figure 2.10: A picture of atomic absorption spectrophotometer-7000 by Shidmazu
[24].

The approach is based on the principle that specific elements, when stimulated, emit
light at a precise wavelength. An argon plasma is employed to stimulate the atoms.
Upon returning to their ground state, these atoms release energy in the form of
photons, which are then detected by the spectrometer. ICP-OES utilize a calibration
curve constructed from standard solutions to determine the concentration of an
element in an unknown sample with measuring emission intensity.

The instrument setup includes -

1. Sample introduction - The liquid sample is introduced into the nebulizer and
is transformed into a fine aerosol by a stream of argon. The aerosol is further
introduced into the spray chamber, where larger droplets are eliminated. The
residual aerosol then advances into the plasma burner.

2. Excitation source - The ICP serves as the excitation source for the analysis. The
plasma torch is composed of three concentric glass tubes. Argon gas circulates
through the two outermost tubes, as shown in figure 2.11. An electric current
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flows through the metallic coil encircling the glass torch, resulting in the
generation of a magnetic field. When a spark is introduced into a flow of argon
gas, it generates plasma. The metal coil surrounding the flame transfers energy
to the argon gas, thereby maintaining the plasma. A separate flow of argon
gas transports the aerosol of the sample through the centre of the plasma
torch. The high temperature of the plasma causes the solvent in the sample
to vaporise. The heat causes the sample molecules to dissociate into atoms
and ions and supplies the necessary energy to stimulate the electrons in these
atoms and ions, transitioning to higher energy states.

3. Radio-frequency generator - In ICP-OES, the ions are propelled using radiofre-
quency discharge (RF). The radio-frequency (RF) generator is an electronic ap-
paratus that generates radio frequency energy, subsequently conveyed through
the metallic coils encircling the plasma torch. The operator has the ability to
manipulate the power of the radio frequency (RF), hence adjusting the energy
level of the plasma.
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Figure 2.11: The fundamental constituents of ICP-OES. The induction coils
generate a circular formation of plasma with temperatures about around 10,000
°C. The water sample is entrained and introduced into the plasma by the flowing
carrier gas. Elements emit light as a result of being heated and excited. The use
of a diffraction grating allows for the simultaneous analysis of a broad spectrum of
light frequencies by dispersing the light [22].

4. Spectrometer - This component is utilised for the purpose of selecting specific
wavelengths. Within the spectrometer, the light undergoes separation, similar
to how a prism separates white light into a spectrum of colours. This allows
for the exact measurement of light intensity at certain wavelengths. The spec-
trometer consists of two sections: the fore-optics and either a monochromator
or a polychromator. After passing through the mono-or polychromator, the
light is directed towards the detector.

5. Detector - The detector measures the intensity of light that traverses through
the spectrometer. It quantifies the energy absorption from particular light
wavelengths. Charge coupled devices (CCD) are often used where chip's surface
is partitioned into pixels, with each pixel measuring photons of light at distinct
wavelengths.
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6. Signal processing - The electrons are collected at the anode of the PMT. The
digital signal is then transmitted to the computer for further signal processing.

The Prodigy ICP-OES shown in figure 2.12 is calibrated using standard solutions
from LGC standards (VHG labs, England). The intensity of the emitted light
at particular wavelengths is measured and plotted in relation to the predefined
concentrations. An ICP-OES system can be optimised for analysis by configuring it
in one of three configurations: radial, axial, or dual-view, depending on the type of
samples. Salsa software is utilised for the purpose of collecting data of concentrations
of analytes in samples [24].

Figure 2.12: A picture of Prodigy ICP-OES [25].

2.2.5 Difference between AAS and ICP-OES

Atomic Absorption Spectroscopy involves the measurement of light absorption by
vaporized atoms, with each element requiring a specific hollow cathode lamp for
analysis. This technique operates sequentially, addressing one element at a time. In
contrast, Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
measures the light emitted from atoms that are excited in a high-temperature plasma,
facilitating the simultaneous analysis of multiple elements. AAS is characterized
by higher detection limits and reduced sensitivity, making it suitable for samples
with elevated concentrations. In contrast, ICP-OES offers lower detection limits
and greater sensitivity, which is advantageous for trace element detection. AAS is
inherently slower due to its sequential measurement approach, while ICP-OES is
faster, allowing for the concurrent measurement of various elements. The choice
between these techniques is influenced by their respective advantages, the specific
analytical requirements, detection limits, sample matrix complexity, and financial
considerations.

2.2.6 Physico-chemical properties of water

The salinity, total dissolved solids (TDS), pH and conductivity are crucial parameters
for assessing water quality for drinking purposes. The measurement of TDS in water
is an essential parameter used to evaluate the quality of a water sample. It is directly
linked to higher levels of turbidity, hardness and conductivity in the water samples.
It refers to the overall amounts of dissolved compounds in water like inorganic salts,
minerals and organic matter. The acidity or alkalinity of a solution, as measured by
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its pH, is influenced by the amount of hydrogen ions that are present within that
solution. The salinity directly impacts the solubility of dissolved oxygen, which is
pivotal to the survival of organisms inhabiting aquatic environments. Conductivity
is a quantitative assessment of water's ability to transmit electrical current, which is
directly correlated with the number of ions present in the water.

The physicochemical properties of water were measured using NPC-362D Micropro-
cessor based digital water and soil analysis kit by Naina Semiconductor Limited,
Noida, as shown in figure 2.13 [26]. The pH, conductivity, TDS and salinity of the
water samples were measured for the analysis.

pH - The resolution for pH measurement is 0.01pH. There are two calibration options
of auto and manual. The automatic calibration is done using the standard buffer
solutions of 4.00, 7.00 and 9.20 pH.

TDS, conductivity and salinity - The instrument measures TDS in the range of
0-200 ppt with automatic range selection and resolution of 0.1ppm. The range of
conductivity is from 0 to 1000 milli mho with automatic range selection, a resolution
of 0.1 micro mho and an accuracy of +£0.5%. The salinity range for the instrument
is from 0 to 50 ppt, resolution of 0.1 ppt, an accuracy of £+ 0.5% and an automatic
temperature component.

Figure 2.13: A photograph of NPC-362D Microprocessor kit [26].
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Chapter 3

Health risk assessment using determin-
istic and probabilistic approach

Monte-Carlo simulations serve as a valuable tool for assessing health risks by reducing
the variabilities in the data. Therefore, simulations are carried out in MATLAB and
Argo for risk assessment and sensitivity analysis of uranium and other heavy metals
in Mansa region of Punjab. The hazard quotient, annual effective dose and excess
cancer risk are calculated using both deterministic and probabilistic methodologies.
The chapter commences with an introduction followed by materials and methods in
section 3.2. Heavy metal indices and spatial distributions, along with health risk
assessment using deterministic and probabilistic approaches are discussed in section
3.3 followed by the conclusion.

3.1 Introduction

Water, essential for human survival, is becoming contaminated with pollutants,
resulting in a scarcity of safe drinking water. According to UNESCO [1], over
2 billion individuals worldwide, which accounts for 26%, an alarming fraction, is
deprived of access to safe drinking water. In addition to sustaining life, water is
essential for the maintenance of healthy ecosystems, the cultivation of food and the
generation of energy [2]. The water sources are mainly polluted by heavy metals
through human activities, which include mining, agricultural practices, hazardous
waste sites, landfilling, urban wastewater and dredged sediments [3]. There exist
two categories of aquatic heavy metal species, specifically stable and liable states.
The formation of a liable state is observed with weak ligands, as they exhibit a
high susceptibility. Consequently, these complexes can be easily discharged using
conventional methods. On the other hand, strong ligands lead to the formation
of heavy metal complexes that possess great stability, making them withstand
conventional methods [4]. Although certain heavy metals are essential for humans
in meagre quantities but due to biomagnification, heavy metals can cause significant
adverse effects on human well-being. Chromium (+43) is a crucial nutrient, whereas
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ingestion of Cr (46) for a long period can cause breathing problems, skin irritation,
and kidney and liver issues. Itai-itai disease, renal failure and nervous system damage
are also consequences of higher chromium intake [5]. High iron intake can lead to
hemochromatosis and can damage endocrine organs, resulting in necroptosis [6].
Zinc is classified as a trace element and plays a crucial role in supporting growth and
development. However, excessive zinc intake can result in adverse effects such as
cell proliferation, anaemia, and elevated insulin levels [7]. The half-life of cadmium
varies from 10 to 33 years therefore, the persistent uptake impairs kidneys, nervous
system and skeleton [8].

Uranium has garnered substantial interest in recent years in the realms of environ-
mental and health-related studies attributable to its chemical toxicity. It is present in
elevated concentrations in potable water and groundwater [9-10]. The groundwater
in 16 states in India has been found to contain uranium. With the exception of
north-west (NW) India, all states in India possess Pre-Cambrian rocks, which are
inherently regarded as a potential uranium source [11]. Punjab, a north-western
state, is currently experiencing a crisis as a result of elevated levels of uranium and
other heavy metals in the groundwater table, which has been in the news for more
than a decade for being the epicentre of debilitating diseases such as cancer [12-13].
Therefore, substantial research has been carried out over the past several years on
the concentration of uranium in groundwater of south-western region of Punjab,
India and high levels of uranium contamination is observed [14-20].

Health risk assessment, encompassing evaluations of both carcinogenic and non-
carcinogenic risks, is widely acknowledged as a crucial method for identifying potential
health hazards. The deterministic approach has been extensively applied to assess the
health risks associated with pollutants in water. Nevertheless, because of variations
in age, sex, and metabolic factors across individuals, different people are subjected
to varying levels of risk [21]. Therefore, deterministic risk assessment may not
accurately reflect the true extent of the danger. Since this approach relies on a
single-point estimation, it has the potential to either underestimate or overestimate
the consequences [22]. In order to address this issue, the Monte-Carlo simulations
are carried out which are based on a probabilistic approach. There is a scarcity of
research that employs a probabilistic technique for the assessment of health hazards
due to contamination in groundwater in the Mansa region of Punjab. The following
objectives are addressed -

(a) heavy metals, including uranium contamination analysis is conducted using
both deterministic and probabilistic approaches to gain a more comprehensive
understanding. The sensitivity analysis is also carried out to assess the impact
of various input parameters.

(b) heavy metal indices are calculated.

(c) spatial distribution of heavy metals, including uranium contamination in Mansa
district, Punjab, is estimated.
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3.2 DMaterials and Methods

3.2.1 Study area

The Malwa region comprising of 11 districts, is situated to the south of Sutlej river.
The Mansa district with 242 villages, is part of the Malwa region. The boreholes dug
in the area up to a depth of 60 m indicate the existence of predominantly fine sand
mixed with "kankar", and consist of two primary aquifer zones. Each aquifer zone
has a thickness ranging from 4 to 25 metres and is divided by clay layers measuring
3 to 5 metres in thickness [23-24]. The southwest monsoon, commencing in the
final week of June and concluding in late September, is responsible for precipitation.
The yearly precipitation is 378 mm on an average in the region. The primary
trajectory of groundwater movement in the region is oriented from the northeast
towards the southwest. The seasonal agricultural practices are negatively affected by
monsoonal waterlogging resulting from the regional hydraulic gradient, particularly
in the southwestern parts, as well as the depletion of the water table due to excessive
exploitation [25]. The Ghaggar river and Sirhind drain are the primary drainage
systems in the region [26]. The canal irrigation system encompasses a significant
area of 90 sq. km. while the remaining acreage is irrigated using groundwater. The
groundwater in this region is characterised by poor quality, primarily due to elevated
levels of salinity as well as alkalinity [26-27]. The water level in the district has
been consistently decreasing at a rate ranging from -0.14 to -0.82 metres each year
[26]. The predominant crops in the region are wheat, rice, cotton, and bajra, with
corresponding areas of cultivation reaching 170,000 hectares, 74,000 hectares, 92,000
hectares, and 1,000 hectares [23].
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Figure 3.1: Map of Mansa district, Punjab showing locations from where water
samples were collected.
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Table 3.1: Heavy metal concentration (ug L!) in groundwater samples collected
from different locations in Mansa, Punjab.

S.no. Cadmium Chromium Zinc Iron Uranium
1 24.40 £+ 1.20 1.50 £ 0.10 7.65 +£ 0.70 | 48.15 £+ 2.40 | 84.50 + 0.67
2 64.60 + 3.20 5.60 £ 0.50 890 + 0.80 | 21.30 & 1.90 | 43.43 £+ 0.42
3 61.90 + 3.10 | 15.70 £ 0.80 9.80 £ 0.90 | 35.60 + 1.80 | 67.23 £+ 1.70
4 4.60 £ 0.40 20.30 = 1.00 | 16.70 = 0.80 | 34.50 4 1.70 | 131.72 + 0.74
5 55.50 = 2.80 | 32.50 &= 1.60 | 19.40 = 1.00 | 41.60 4+ 2.10 | 234.2 + 1.78
6 17.50 + 1.60 | 36.10 &= 1.80 | 19.73 £ 0.90 | 15.00 £ 1.40 | 48.34 4+ 0.40
7 133.60 & 4.00 | 44.20 & 2.20 | 22.10 & 1.10 | 22.00 £ 2.00 | 264.92 + 1.63
8 23.40 = 2.10 | 54.30 = 2.70 | 23.23 == 1.20 | 9.50 & 0.90 | 279.09 4 2.52
9 9.40 £ 0.80 70.60 & 2.10 | 11.40 £ 1.00 | 3.80 & 0.30 | 235.65 £ 1.97
10 166.30 & 5.00 | 62.40 & 1.90 | 16.90 & 0.80 | 1.80 £ 0.20 | 111.71 £ 1.01
11 81.20 = 4.10 | 72.60 = 2.20 | 32.60 == 0.70 | 4.50 & 0.40 | 91.28 + 1.15
12 211.90 £+ 4.20 | 92.90 £1.90 | 73.40 £ 1.50 | 30.80 4 1.50 | 449.79 + 2.68
13 49.10 & 2.50 | 85.80 &= 1.70 | 17.50 &= 1.60 | 11.60 = 1.00 | 104.8 £ 0.92
14 47.00 & 2.40 | 119.40 4+ 2.40 | 19.00 & 1.00 | 15.20 & 1.40 | 182.85 £ 1.62
15 4.60 +£0.40 | 111.70 &+ 2.20 | 20.20 £ 1.10 | 3.50 == 0.20 | 98.17 £+ 1.04
16 54.20 £ 2.70 | 99.60 = 2.00 | 118.10 £ 2.40 | 3.50 &+ 0.40 | 65.72 4+ 0.82
17 19.50 + 1.80 | 106.20 &= 2.10 | 30.20 £ 1.50 | 1.70 &= 0.20 | 133.45 £ 0.96
18 4.90 £ 0.40 38.60 = 1.90 | 17.50 £ 1.60 | 6.30 & 0.30 | 239.99 + 0.97
19 68.80 + 3.40 | 135.20 £ 2.70 | 7.50 + 0.70 1.90 £ 0.18 | 376.24 £+ 2.34
20 4.60 £ 0.40 21.80 &= 1.10 | 12.10 &= 1.10 | 2.00 & 0.20 | 135.68 &+ 0.37
21 68.80 &= 3.40 | 23.90 £+ 1.20 4.20 = 0.40 | 14.00 £ 0.40 | 95.41 £ 1.94
22 4.60 £ 0.40 28.60 = 1.40 | 48.50 &= 1.50 | 24.50 & 0.70 | 116.63 &+ 1.56
23 69.40 + 3.50 | 33.30 £ 1.70 3.50 £0.30 | 15.40 + 0.80 | 71.05 £ 0.66
24 114.70 4+ 3.40 | 41.00 + 2.10 8.40 + 0.80 | 20.50 = 1.00 | 147.11 + 1.53
25 181.80 + 5.50 | 46.80 +2.30 | 11.50 + 1.10 | 9.40 + 0.80 | 63.27 £+ 0.60
26 9.20 + 0.80 19.50 + 1.80 | 14.50 &+ 1.30 | 8.19 = 0.70 | 134.27 £ 0.75

3.2.2 Measurement Technique

Atleast three samples of groundwater were collected from each location and were
averaged for the respective location shown in figure 3.1. The heavy metal concen-
trations in the groundwater of the district are listed in table 3.1. Iron, cadmium,
chromium and zinc were analysed using atomic absorption spectrophotometer AAS-
7000 (Shimadzu). The elements were examined using the flame absorption method
to atomize them in an Air-CoHs atmosphere. The analytical line wavelengths for Cd,
Cr, Zn and Fe were 228.80 nm, 357.87 nm, 213.85 nm, and 492.5 nm, respectively. In
AAS, atoms of heavy metals absorb specific wavelengths of electromagnetic spectra
after the excitation by acetylene flame. Before analysis, the samples were filtered
using Whatman filter paper to get rid of impurities. All the standard guidelines
were followed during the analysis. The linear calibration was done using wizAArd
software prior to sample analysis with R? = 0.99. The concentration vs absorbance
calibration curve exhibited strong linearity with absorbance less than 0.4. The blank
samples were measured to reduce any effect of the instrument and environment on
the absorbance value of a sample. The USEPA standards for the analysis of water
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samples were followed. The samples were repeated for precision, and a spike test
was conducted. The threshold for detecting cadmium and chromium is 0.2 ppb, in
contrast to zinc and iron, which have a detection limit of 1.5 ppb. The LED LF-2a
fluorimeter of Quantalase was used to quantify the uranium concentration in the
samples. The uranium concentration from different locations is listed in table 3.1,
ranging from 43.43 pug Lt to 449.79 ug L', The instrument has a detection range of
0.5-1000 pug L', The quality assurance was conducted utilising Accustandard refer-
ence material. The LED fluorimeter underwent calibration using standard solutions
of uranium with concentrations of 10 and 100 pg L [18]. The detailed information
regarding sample preparation and instrumentation is mentioned in chapter 2.

Table 3.2: Parameters used for calculating risk assessment using probabilistic and
deterministic approach.

Parameters Probabilistic Approach Deterministic Approach | References
Concentration | Child Adult Child Adult
(mg L)
Cr Weibull Weibull
(Shape - 1.42, | (Shape - 1.42,
scale - 0.06) scale - 0.06)
Cd Exponential Exponential Mean Mean Current
(Rate - 16.71) | (Rate - 16.71) study
Zn Weibull Weibull
(Shape - 1.12, | (Shape - 1.12,
scale - 0.02) scale - 0.02)
Fe Weibull Weibull
(Shape - 1.15, | (Shape - 1.15,
scale - 0.01) scale - 0.01)
Ingestion rate | Lognormal Lognormal 0.78 2.50 [28-29]
(L day) (0.65£0.39) | (1.38=0.71)
Body weight | Lognormal Lognormal 10.22 49.29 [30]
(kg) (10.2241.43) | (49.2948.82)
Exposure du- | Uniform (0,6) | Uniform 6 30 [31]
ration (years) (0,30)
Exposure fre- | Triangular Triangular 365 365 [31-32]
quency (days | 345 (180-365) | 345 (180-365)
year—1)
Average time | 2190 10950 2190 10950
(days)
Permeability | Cr-0.002, Cd | Cr-0.002,Cd | Cr - 0.002, | Cr - 0.002, [31]
coefficient - 0.001, Zn -|- 0.001, Zn - | Cd - 0.001, | Cd - 0.001,
(cm hr=1) 0.0006, Fe -| 0.0006, Fe - | Zn-0.0006, | Zn - 0.0006,
0.001 0.001 Fe - 0.001 Fe - 0.001
Surface area | Lognormal Lognormal 6600 18000 [28]
(cm?) (5838+920) | (19771+3373)
Exposure time | Triangular 0.2 | Triangular 0.2 | 0.25 0.25 [33]
(hr day~) (0.13-0.33) | (0.13-0.33)
Conversion 0.001 0.001 0.001 0.001 [34]
factor (L
cm~2)

Average time for calculating carcinogenic risk is 70 years.
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3.3 Health risk assessment for radiological and chemical
risks

3.3.1 Chemical risk due to Cr, Zn, Cd and Fe contamination

The different ways of human exposure are via ingestion, inhalation and dermal
based on the intake medium in which the pollutant is present. Ingestion and dermal
contact are considered for water exposure to children and adults in this study for
assessing health risks due to the presence of Cr, Cd, Zn and Fe in groundwater. To
evaluate the non-carcinogenic risk linked to heavy metals, it is essential to calculate
the average daily dose (ADD) for each route of exposure for children and adults.
The parameters used for deterministic and probabilistic approaches are listed in
table 3.2. The average daily dose is given as [35]-

_ _ CxIRx EF x ED
ADDing (mg kg 1day 1) - ( (AT x BW) ) (3:1)

_ _ CxK,xSAx ETxEF xED xCF
ADD ger (mg kg~ day 1) _ ! P (AT % BV ) (3.2)

where ADDjy is the average daily dose for ingestion in mg kg! day™?, C is the
concentration in mg L', IR is the ingestion rate in L day™!, EF is the exposure
frequency in days year!, ED is the exposure duration in years, AT is the averaging
time in days, and BW is the body weight in kg. ADDyge, is the average daily dose
for dermal contact in mg kg™! day™, K, is the permeability coefficient in cm hr !,
ET is exposure time, SA is the surface area in cm?, and CF is the conversion factor
in L cm™.

The risk assessment for a chemical pollutant, considering both ingestion and skin
exposure is determined by calculating the hazard quotient in respect to the reference
dosage. The hazard index (HI) quantifies the combined non-carcinogenic risks
associated with a certain pollutant due to all probable pathways of exposure. When
the hazard index (HI) is more than 1, it signifies the presence of hazardous non-
carcinogenic toxicity in all age categories [35]. Hazard quotient is given as-

ADD;
HQ, =_——"7—"4"9 3.3
ng Ry ( )
ADDy,,
HQger = R : (34)
der
HI = Z (Hang + HQde'r) (35)

where HQjyg is the hazard quotient for ingestion, ADDj,, is the average daily dose
for ingestion in mg kg™' day!. For Cd and Cr, the reference dose, Rq is 5 x 10~% mg
kg! day ! and 3 x 1073 mg kg! day™', respectively. For Zn and Fe, Rq is 3 x 10~ mg
kg! day!. HQger is the hazard quotient for dermal contact, ADDge, is the average
daily dose for dermal contact in mg kg! day™' and Rge, for Cd, Cr, Zn and Fe are
5x 1075, 1.50 x 1075, 6 x 1072 and 4.50 x 1072 mg kg* day™' [31].
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The carcinogenic risk is assessed for chromium and cadmium, as they are identified
as carcinogens. It is calculated as [32]-

Excess cancer risk = ADDjyg x CSFiyg (3.6)

where the cancer slope factor (CSF) for Cd is 3.80 x 107! and for Cris 5 x 10~ [28].

The heavy metal concentrations in the study region vary and are ordered as Cd
> Cr > Zn > Fe. The cadmium concentration in all samples and the chromium
concentration in approx. 42% samples is above the permissible limit of 0.003 mg L!
and 0.05 mg LY, respectively [36-37]. The concentration of zinc and iron is below the
recommended limit of 5 mg L' and 0.3 mg L! in the study region [36,38]. Bajwa et
al. [39] also found that chromium was above the recommended limit in the same
region, whereas, iron was well below the recommended limit. The excess cancer
risk and hazard quotient are calculated using deterministic as well as probabilistic
approaches. The excess cancer risk due to chromium and cadmium contamination for
children using a deterministic approach is 2.13 x 1073 and 1.71 x 1073 , respectively.
There is a prevalence of approx. 2 children at risk per 1000 for exposure to chromium
and cadmium. In adults, the excess cancer risk is 1.42 x 1073 and 1.15 x 10~3 due to
chromium and cadmium contamination, respectively. There is more than 1 in 1000
adults at risk of developing cancer due to chromium and cadmium contamination
in drinking water in the study region. The hazard quotient caused by ingestion of
chromium contaminated water for children and adults using a deterministic approach
is 1.38 and 0.92, respectively. The hazard quotient for children is greater than 1,
which signifies that they are at higher risk. Chromium is commonly recognised as a
significant carcinogen, and Zhang Z (2020b) [40] found that prolonged exposure to
Cr (VI) leads to the development of cancerous tumours and enhances the occurrence
of colorectal cancer in mice. Additional human investigations have shown that long-
term exposure to Cr (VI) by drinking water can elevate the likelihood of developing
stomach, bladder, kidney, and prostate cancer [41]. Similarly, the hazard quotient
using a deterministic approach due to ingestion of cadmium contaminated water for
children and adults is 9.00 and 6.06, respectively. Both adults and children are at
risk due to the ingestion of high cadmium concentration in water. Cadmium tends to
accumulate in the human body, particularly in the kidneys, leading to kidney disease
known as renal tubular injury. Additional consequences of exposure to cadmium
include disruptions in calcium metabolism, excessive excretion of calcium in the urine
and the development of kidney stones [42]. The hazard quotient due to ingestion
of zinc contaminated water for children is 5.6 x 1073, and for adults is 3.7 x 1073
for adults. The hazard quotient due to iron ingestion is 4.0 x 10~3 for children and
2.68 x 1073, Due to dermal exposure to chromium contaminated water, the hazard
quotient for children and adults is 1.17 and 0.66, respectively. The hazard quotient
due to dermal exposure of cadmium in groundwater is 1.91 and 1.08 for children
and adults, respectively. The hazard quotient of dermal exposure due to zinc in
groundwater is 3.61 x 107° and 2.04 x 107° for children and adults, respectively.
The hazard quotient of dermal exposure due to iron in groundwater is 5.60 x 10~°
for children and 3.16 x 10™° for adults. The hazard quotient is lower than 1 for both
zinc and iron. The deterministic hazard index for children and adults is 13.46 and
8.72, respectively, which is much larger than 1.
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The reliability of health risk evaluation using a deterministic model is compromised by
the use of fixed parameters. Therefore, probabilistic approach is employed, wherein
each input variable adheres to a specific distribution. To establish the appropriate
statistical distribution types for producing probability distribution functions (PDFs),
the input variables/parameters were assessed by Anderson - Darling and Kolmogorov
- Smirnov Test. The probabilistic approach for these metal contaminants is done
using Argo - an Excel add on. The 5" and 95" percentiles are employed in a
probabilistic method to prevent underestimation or overestimation of outcomes. For
children, the 5*® percentile for excess cancer risk due to chromium contamination in
groundwater is 2.40x 1072, 50" percentile is 4.11 x 10~%, 95*" percentile is 2.51 x 1073,
Similarly, for adults the 5%, 50t 95" percentile of excess cancer risk due to chromium
contamination is 1.07x 107°, 1.8 x 1074, 1.13 x 1073, respectively. The 50" percentile
of children and adults due to chromium contamination in groundwater has higher
cancer risk than the permissible limit of 10 [43]. The 5" percentile of excess cancer
risk (children) due to cadmium contamination in groundwater is 8.93 x 1076, 50"
percentile is 2.6 x 10™%, 95" percentile is 2.8 x 1073. For adults, the 5, 50t 95th
percentile of excess cancer risk caused by the presence of cadmium in groundwater
is 4.68 x 1075, 1.12 x 1074, 1.04 x 1073, The 50" percentile children have higher
chances of developing cancer than adults, which is approx. 2 in 10,000 as compared
to approx. 1 in 10,000 for adults.

The non-carcinogenic risk assessment of ingestion and dermal pathways using a
probabilistic approach for these metals is carried out. The 5%, 50", 95" percentile of
hazard quotient for children due to chromium ingestion via groundwater is 1.52x 1072,
0.27 and 1.70, respectively as shown in figure 3.2. The 5%, 50t", 95" hazard quotient
of adults due to chromium ingestion is 7.35 x 1073, 0.12 and 0.74, respectively as
shown in figure 3.2. The 5", 50", 95" percentile of hazard quotient for children due
to cadmium ingestion via groundwater is 0.04, 1.4 and 12.03, respectively as shown in
figure 3.2. The 5", 50", 95*" hazard quotient of adults due to cadmium ingestion is
0.02, 0.65 and 5.26, respectively as shown in figure 3.2. The 5%, 50t 95" percentile
of hazard quotient for children due to zinc ingestion via groundwater is 3.91 x 1075,
9.07 x 10~* and 7.24 x 1073, respectively. The 5% 50", 95" hazard quotient of
adults due to zinc ingestion via groundwater is 1.78 x 1075, 4.14 x 1074, 3.05 x 1073,
respectively. The 5 50t 950 percentile of hazard quotient for children due to
iron ingestion via groundwater is 2.66 x 1072, 6.37 x 10™4, 4.94 x 10~3. The 5%,
50t 95" hazard quotient of adults due to iron ingestion is 1.37 x 107°, 3.19 x 1074
, 2.28 x 1073. The 5, 50", 95" percentile of hazard quotient for children due
to dermal exposure by chromium contamination via groundwater is 0.01, 0.25 and
1.22, respectively. The 5, 50" 95" percentile of hazard quotient for adults due
to dermal exposure to chromium contaminated groundwater is 0.01, 0.17 and 0.87,
respectively. The 50 and 95" percentile of hazard quotient for children due to
dermal exposure to cadmium contaminated groundwater is 6.9 x 10~* and 2.58,
respectively. The 5% 50t 95 percentile of hazard quotient for adults due to
dermal exposure to cadmium contamination via groundwater is 0.007, 0.23 and 1.68,
respectively. The 5 50t 95" percentile of hazard quotient for children due to
dermal exposure to zinc contaminated groundwater is 2.24 x 1076, 5.23 x 10~ and
3.3 x107%. The 5, 50", 95" percentile of hazard quotient for adults due to dermal
exposure to zinc contaminated groundwater is 3.12 x 1077,7.24 x 1076, 4.82 x 1072,
The 5%, 50", 950 percentile of hazard quotient for children due to dermal exposure
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to iron is 5.87 x 1077, 1.17 x 107° and 7.13 x 107°, respectively. The 5, 50" 95th
percentile of hazard index for children is 0.79, 2.90 and 13.79, respectively. The 5,
50", 95t percentile of hazard index for an adult is 0.43, 1.54 and 6.35, respectively.
The 50" percentile of children and adults are impacted by high concentration of
these metals.
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Figure 3.2: The probability density function of hazard quotient due to (a) water
ingestion of cadmium (child), (b) water ingestion of cadmium (adult), (c) water
ingestion of chromium (child) and (d) water ingestion of chromium (adult).

Sensitivity analysis: Uncertainty can be defined as a state of not having sufficient
understanding about the true value of a parameter. The sensitivity analysis reveals
the effect of the predictor factors on the accurate prediction that affects the assess-
ment. The Spearman correlation is used for sensitivity analysis for ingestion and
dermal contact of heavy metals using Argo - an Excel add-on. The concentration
of heavy metal is the most dominant factor affecting the population, followed by
exposure duration ingestion rate and exposure frequency, as shown in figure 3.3 and
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3.4 for both ingestion and dermal contact.
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Figure 3.3: The sensitivity analysis for adults in (a), (b), (c) and (d) for ingestion
pathway.

3.3.2 Heavy metal indices

Pollution indices are typically computed to assess the suitability of water for a
certain intended purpose. The evaluation of these indices is based on the comparison
between measured values of the parameters and the permissible concentrations of
the relevant parameters.

Heavy metal evaluation index (HEI) - The level of heavy metals in water can be
measured using HEI method and is calculated as [44]:

HEI = i = (3.7)

where HEI is the heavy metal evaluation index where C; is the concentration of jth
heavy metal and S; is the standard permissible limit of j** heavy metal. The S; for
chromium, iron, zinc and cadmium is 0.05 mg L' and 0.3 mg L', 5 mg L' and
0.003 mg L', respectively [36-38].
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Heavy metal pollution index (HPI) - The HPI is an assessment method employed

to evaluate the overall impact of particular elements on the quality of water. It is
given as [45]-

HPI = 1= 3.8

> 33)

where W; and Qj is calculated as

1 .
Wj = gj; Qj = <gj> x 100 (3.9)

where HPI is the heavy metal pollution index, Wj is the unit weight for j** metal
and Qj is the sub-index of i heavy metal, S; is the standard permissible limit, C; is
the concentration of j** heavy metal.

Nemerow pollution index (NPI) - The Nemerow Pollution Index approach is a
broader strategy for evaluating the quality of water, focusing on the primary sources
of pollution while also taking into account for various supplementary factors in the
evaluation process. This approach categorizes water quality through the calculation
of an intricate pollution index, which is a multi-factor environmental quality index
that considers the highest or most extreme values. It is given by [46]-

P2 .+ P?
NPI = w (3.10)

where NPI is the Nemerow pollution index, P, is the maximum pollution index
and P,y is the average pollution index of the heavy metals involved.

The calculated HEI of heavy metals i.e. cadmium, chromium, zinc and iron, is
21.07, which indicates severe pollution. The calculated HPI determined all the heavy
metals is around 1867.99. This large value shows a high amount of heavy metal
contamination in the water samples of the study area. Cadmium is a dominant
pollutant in the groundwater of the region. Similarly, the NPI is around 15.76, which
is significantly greater than 1.

3.3.3 Radiological and chemical risk due to uranium contamination

A comprehensive assessment of radiological and chemical risks associated with
uranium consumption through water is also done. It is crucial to evaluate these risks
associated with the direct ingestion of contaminated groundwater in order to fully
comprehend the adverse effects on human health. The excess cancer risk refers to
the increased probability of developing fatal cancer associated with lifelong exposure
to carcinogens [47]. It is given by the following equation [44]-

Excess cancer risk = Cy X R. x IR x ED (3.11)

where C, is the uranium concentration (Bq L!), R. (risk coefficient mortality) is
1.13 x 1079 Bq! for 238U [43], IR is the ingestion rate (L day™') and ED is the total
exposure duration of 25550 days (70 years x 365 days) [45]. The parameters used
for deterministic and probabilistic calculations are given in table 3.3.
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The assessment of chemical risk is required for uranium as it is a heavy metal. It is
calculated as the lifetime average daily dose (LADD) as given in equation below [46]-
Oy xIRxEF X ED

LADD (ugkg 'day™') = BW %< AT (3.12)

where Cy is the uranium concentration (ug L™!), IR is the ingestion rate (L day™),
EF is the exposure frequency (day year') and ED is the exposure duration (year),
BW is the body weight (kg), and AT is the average time (days). The values of
these parameters are listed in table 3.3 for calculations using deterministic and
probabilistic approach.

The hazard quotient is calculated as [46] -

LADD
Ryd

HQ = (3.13)
where LADD is the lifetime average daily dose (ug kg 'day™!) and Red is the reference
dose of 0.6 ug kg 'day'. If HQ is more than 1, it signifies that there is a surpassing
of the non-cancer health criterion [48].

The annual effective dose (AED) is the total amount of radiation exposure to the
complete body and is calculated by using the expression [49]-

AED (,uSv year_l) = CyuxED x AI (3.14)

where C, is the activity concentration of uranium in Bq L™! of water, ED is the
effective dose per unit intake as 0.045 uSv Bq! [50] and Al is the annual ingestion
estimated to be 1350 L year™ (3.7 L day! x 365 days) for male and 985 L year™!
(2.7 L day™! x 365 days) for female. The recommended upper limit of the annual
effective dose is 1 mSv year™ for general population [51].

As the number of iterations increases in Monte Carlo simulations, the simulation's
outcome becomes more stable, resulting in a larger range of possible input values being
generated based on the probability distribution of each individual parameter [52-53].
To establish the appropriate statistical distribution types for producing probability
distribution functions (PDFs), the input variables/parameters were assessed by the
Anderson - Darling and Kolmogorov - Smirnov Test. The simulations took into
account the range of possible values for each input as determined by the distribution
functions. The distributions of parameters used in the calculations for risk assessment
due to uranium contamination are given in table 3.3. The factors contributing to
radiological risks include the concentration of uranium (log-normal distribution), the
overall period of exposure (point value), the risk factor of uranium (point value) along
with water ingestion (normal distribution). For chemical risks, the factors considered
are the concentration of uranium (log-normal distribution), water ingestion (normal
distribution), body weight (normal distribution), frequency (triangular distribution)
as well as the duration of exposure (point value). The iterations are set to 50,000
in MATLAB. Different matrices such as concentration, ingestion rate, body weight,
and frequency are pre-allocated to store numbers generated during the iterations.
Within each iteration, random numbers are generated from respective distributions.
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Figure 3.4: The sensitivity analysis for adults in (e), (f), (g) and (h) for dermal
contact.

The uranium concentration in each sample exceeds the permissible limit set by
WHO of 30 ug L' [58]. The statistical analysis which includes geometric mean,
minimum and maximum using deterministic approach is given in table 3.4. N Sharma
et al. [59] observed the uranium levels in the groundwater and municipal water
supply samples varied from 0.13 to 1340 pg L' in the Mansa district. Similarly,
D Sharma et al. [60] found the uranium concentration varying between 2.3 to 357
pg L in the same region. However, the northern districts of the state have far
less uranium concentration, with the mean uranium concentrations in groundwater
samples of Pathankot, Amritsar, in addition to Gurdaspur districts being 3.0 ug L,
8.6 ugL™t, and 4.3 ugL!, respectively [61]. Saini et al. [62] reported that the
average values recorded in North-East, South West and West Punjab were 4.74
pg Lt 84.69 pg Lt and 23.86 ug L, respectively. The uranium concentration
in the study area is evaluated against the concentrations recorded in India and
around the world in table 3.5. The current measurements show much higher uranium
concentration as compared to other studies. Both male and female genders were
taken into consideration for risk assessment. The excess cancer risk (mortality)
for the male population is 4.12 x 10~ and for female population is 3.00 x 1074,
This indicates that the lifetime chance of cancer is more than 4 in 10,000 for men
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Table 3.3: Parameters used for probabilistic and deterministic approach for calcu-
lations of risk assessment due to uranium contamination in groundwater.

Parameters Probabilistic Deterministic | References
approach approach
(Distribution)

Uranium  concentration | Log normal | Mean

(ug L) (154.094102.48)

Risk coefficient (Bq) Point 1.13x107 [43]

Ingestion rate (L day™!)

Male Normal (4+0.62) | 3.7

Female Normal (3£0.37) | 2.7 51-52]

Exposure duration (years) | Point 70 [45]

Average time (days) Point 25550 [45]

Exposure frequency (day | Triangular 365 [45,56)

year™t) 345(180-365)

Body weight (kg)

Male Normal 51.5
(52.146.5)

Female Normal 44.2 [54,57]
(45.4%7.0)

and 3 in 10,000 for women in the population. The male population has a higher
excess cancer risk as their ingestion rate is higher in comparison to women. The
higher ingestion rate observed in males may be attributed to factors such as their
larger body size, which leads to increased food and water consumption rates. The
calculated mean values of cancer mortality are higher than the general permissible
limit of 10~* [45]. The mean of lifetime average daily dose for males is 11.07 ug
kg! day! and for females is 9.41 ug kg' day!. The mean hazard quotient for
male and female population is 18.45 and 15.68, respectively. The hazard quotients
due to uranium contamination in water are significantly higher than 1, indicating
that the inhabitants in the study area are at substantial danger owing to uranium
contamination in the groundwater. The calculated annual effective dose is 0.23 mSv
year™t, which is below the recommended value of 1 mSv year™ [29]. The health risks
due to uranium contamination are calculated using Monte-Carlo simulations with
50,000 iterations in MATLAB. The lifetime average daily dose 50, 25t 50th 75tk
and 95" percentile of the male population is 2.58, 4.96, 7.77, 12.25 and 23.18 ug
kgl day™!, respectively. Similarly, for the female population lifetime average daily
dose of 5 percentile is 2.28 pg kg' day™!, 25" percentile is 4.34 ug kg! day!,
50t percentile is 6.78 ug kg'! day™!, 75" percentile is 10.69 pg kg'! day™! and 95"
percentile is 20.17 pg kg™ day'. The predicted probability function of LADD for
male and female population is shown in figure 3.5. The 5" and 95" percentiles are
utilised as lower and upper bounds for estimation, rather than relying on the lowest
and maximum values, in order to prevent underestimating and overestimation. The
predicted probability function hazard quotient for male and female population is
shown in figure 3.6. The 5", 25t 50t 75t and 95" percentile of hazard quotient
for the male population is 4.36, 8.36, 13.08, 20.45 and 38.25, respectively. The 5,
25t 50t 75t and 95t percentile of hazard quotient for female population is 3.81,
7.27, 11.40, 17.80, 34.26. The predicted probability density function for excess cancer
risk is shown in figure 3.7. The excess cancer risk for male population at 5, 25
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500 75" and 950 percentile are 1.31 x 107, 2.40 x 10%, 3.64 x 10, 5.59x 104,
1.02x1073, respectively. For female population, 5™ percentile of excess cancer risk is
9.95%x107°, 25t percentile is 1. 81x107%, 50" percentile is 2.74x 104, 75" percentile
is 4.16 x10™* and 95" percentile is 7.62x 10™*. The excess cancer risk for all male
population is above the limit of 10 [45], whereas, only 5% of the women population
is below the recommended limit. The 95" percentile value of excess cancer risk male
population shows that 10 in 10,000 men are at risk of cancer, and for female, it is
around 8 in 10,000 population. The 5%, 25t 50th 75th and 95" percentile of annual
effective dose for male population is 0.74 mSv year™!, 1.35 mSv year!, 2.08 mSv
year !, 3.18 mSv year! and 5.79 mSv year™!, respectively. The 5% 25th 50th 75th
and 95" percentile of annual effective dose for female population is 0.56 mSv year™,
1.03 mSv year™, 1.56 mSv year, 2.37 mSv year' and 4.33 mSv year!. The annual
effective dose of 25" percentile population is lower than the recommended dose of 1.0
mSv year™! [29]. The predicted probability function of annual effective dose for male
and female population is shown in figure 3.8. Given the numerous characteristics
involved in health risk assessment, identifying the most effective parameter can aid
in gaining a better understanding of risk causing parameters [63]. The assessment
of uncertainty is conducted by sensitivity analysis, which involves determining the
impact of various input factors on the resulting conclusions [64]. As a result, a
sensitivity analysis was conducted to rank the potential health effects caused by
various input variables and their respective contributions. The sensitivity analysis
using probabilistic parameters for calculating LADD for 50,000 iterations for Pearson
correlation was done using MATLAB (R2023b). The results are presented as bar
graphs in figure 3.9. The primary factor that has the greatest impact on both male
and female populations is the concentration of uranium in groundwater, followed
by ingestion and exposure frequency. The Pearson correlation between LADD and
the concentration of uranium in groundwater is 0.92 for male and female. Similarly,
the Pearson correlation between LADD and ingestion rate is 0.20 for male and 0.17
for female population. Exposure frequency and LADD have Pearson correlation of
0.19 for male and female, respectively. The body weight and LADD has negative
correlation for both the male and female population.

Table 3.4: Descriptive statistics of the study region using a deterministic approach.

Parameter (Geometric Minimum | Maximum
Mean

Uranium concentration | 127.79 43.43 449.79

(ng L)

LADD (ug kg! day?) | 9.18 3.12 32.31

(Male)

LADD (ug kg! day!) | 7.80 2.65 27.47

(Female)

HQ (Male) 15.30 5.20 53.85

HQ (Female) 13.01 4.42 45.79

AED  (uSv  year!) | 194.08 65.95 683.11

(Male)

AED (uSv year!) (Fe-| 141.60 48.12 498.42

male)
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Table 3.5: Comparison of uranium concentration of the study area to India and
world.

Location Concentration References
(ng L)

Mansa 43.43 - 449.79 Present study
Jhajjar (Haryana) 5-91 [65]
Chattisgarh 0.5-264 [66]
Rajasthan 5-145 [67]

Austria 0.05 - 160 [68]

Germany 0.006 - 42.33 [69]

Turkey 0.05 - 900 [70]

3.4 Spatial Analysis of heavy metals

The spatial distribution is determined using QGIS 3.16 Hannover, utilising the inverse
distance weighting interpolation approach. This method calculates the distribution
based on the distance between the sites. This approach estimates the value at
a particular location by considering the values at nearby known sites distributed
around that point of interest. The spatial graphs are plotted for cadmium, chromium,
zinc and iron in addition to uranium contamination. The spatial distribution for Cd,
Cr, Zn and Fe contamination in groundwater of Mansa district is shown in figure 3.10.
The natural factors and human activities add to the elevated concentrations of heavy
metals in Mansa district (Punjab). The presence of trace metals in groundwater is
controlled by natural factors such as aquifer type, severity of mineral weathering
from the aquifer, frequency of precipitation, quality of infiltrating water along with
physicochemical attributes, the leaching of subsurface contaminants as well as the
mineral contents of underlying bedrock and sediments [70]. The arid and semiarid
regions are facing increased water scarcity, not only because of low water availability
but also due to poor water quality caused by both ongoing climate change and
extensive human activity. Moreover, the application of fertilisers and pesticides
in agriculture has resulted in the seepage of these heavy metals into groundwater.
Mansa, characterised by a flat agricultural landscape, has experienced significant
industrial growth during the past twenty years. Anthropogenic chromium mostly
refers to the release of chromium in the form of Cr(VI). Industrial waste generated
by refractory manufacturing, coal burning, dyes, wood preservation, leather tanning,
and textile industries could be the reason for high chromium in groundwater [71].
Chromium-based compounds, which are a result of industrial activity get mixed
with surface water and subsequently seep into the groundwater. Similarly, cadmium
in groundwater has anthropogenic sources such as the deposition of combustion
emissions and the utilisation of phosphate fertilisers [52]. The presence of iron in
groundwater can represent significant risks, but in the study region, iron is well
under the permissible limit of 0.3 mg L. Fertilisers and pesticides can contribute
to the poisoning of groundwater with zinc. Zinc is emitted into the environment
from several sources such as metal production, coal combustion, waste incineration
and the degradation of rubber tyres on vehicles [72].

The key determinants affecting the level of uranium in groundwater are the concentra-
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Figure 3.5: The probability density function for LADD (a) male and (b) female
using Monte-Carlo simulations with 50,000 iterations due to uranium contamination
in groundwater.
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Figure 3.6: The probability density function for hazard quotient (a) male and
(b) female using Monte-Carlo simulations with 50,000 iterations due to uranium
contamination in groundwater.
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tion of uranium in the source rock, sediments/soils, and its leachability. Furthermore,
the close proximity of water to rocks or minerals containing uranium, impacts the
uranium concentration in groundwater. The pH and oxidation of water increase the
solubility of uranium in water [73]. The spatial distribution of uranium contamina-
tion of groundwater in Mansa district is shown in figure 3.11. The groundwater of
the district is significantly contaminated with uranium values greater than WHO
limits [67]. The apex of the topography is situated in the middle vicinity, namely
in Mansa and Budhlada, while the lowest elevation is found in the southeastern
area. These variations in elevation are indicative of the topographic gradients. The
hydraulic gradient is significant in the middle section due to the nature of formations
in the northeastern half and the presence of finer sediments in the southeastern part
[18]. The spatial distribution graph indicates a progressive rise in the concentration
of uranium in the south-west direction. The current situation may be influenced by
various factors, including regional groundwater flow and an increased groundwater
table due to water logging [75].

The soaring levels of uranium could be due to the geology of the region. The elevated
uranium levels in groundwater could be primarily caused by the release of uranium
from the granitic rocks as well as pegmatites in the Himalayan region. This uranium
is carried by rivers and accumulates in the alluvial aquifers of Punjab. The increased
concentrations of uranium in these regions can also be linked to the presence of
radioactive granitic rock formations in the Tosham hills of the neighbouring state of
Haryana [74]. The uranium concentration in the sediments of Mansa district varies
from 0.5 to 4.5 ppm, above the typical crustal abundance of 2.8 ppm [76]. Moreover,
the groundwater in the region has alkaline pH, high bicarbonate levels and high
electrical conductivity, which promote the solubility and movement of uranium in
the aquifer [60]. The geo-spatial studies have confirmed the presence of calcium
carbonate (kankers), which reacts with carbonic acid generated due to plant root
respiration resulting in bicarbonate, that releases adsorbed uranium from the soil,
further increasing uranium concentration in groundwater [62,65]. The possible source
of high uranium concentration in Mansa could also be the utilization of phosphate
fertilizers as this area is the cotton belt of Punjab. The long and continuous use
of these fertilizers enhances the radionuclide concentration in the soil [77-78]. The
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uranium contamination is more prevalent in shallow depths, while deeper aquifers
exhibit lower levels of contamination, as shown in figure 3.12. Sahoo et al. [79]
and Rishi et al. [80] reported comparable findings on southwest Punjab. While the
quantities of dissolved uranium in deep zone groundwater are lower than those in
shallow zone groundwater, they nevertheless exceed the recommended value set by
the WHO for drinking purposes. The geology of the region reveals the presence of
a distinct thick clay zone that serves as a boundary between the more recent and
older alluvium [16, 80].

3.5 Conclusion

The risk assessment due to heavy metal contamination of groundwater is carried
out using deterministic and probabilistic approaches for Mansa, Punjab. The
hazard index using both approaches is greater than 1 for children and adults.
However, the upper bounds of the probabilistic approach are greater than those
using the deterministic approach. As a result, it is recommended that, if possible,
probabilistic analysis should be used to estimate groundwater quality or associated
contamination risk in order to better depict the actual scenario by accounting for
variability. The evaluation of health risks indicated that children exhibit a greater
susceptibility to health-related dangers compared to adults due to their lower body
weight. The sensitivity analysis revealed that the concentration of heavy metals is the
highest factor impacting the non-carcinogenic health risk assessment. Furthermore,
the groundwater in the research area is deemed contaminated. The analysis also
unveiled a significant level of uranium contamination in the groundwater, posing
consequential health hazards to the people. The uranium concentration in all
the samples is above the safe threshold established by the WHO. Both male and
female population are at risk of developing cancer in the study area and are at
chemical risk due to uranium with hazard quotient of 38.95 and 34.26, respectively,
at 95" percentile. The utilisation of probability-based assessment provided us with
valuable insights such as the impact of concentration of uranium being highest on
the risk assessment parameters. Although Monte-Carlo simulations have advantages
but they can be intricate and necessitate a thorough comprehension of statistical
methodologies. Moreover, exposure factors derived from short-term studies involving
a large number of individuals may not precisely reflect long-term situations in small
groups. Effective regulatory measures and their rigorous implementation, along
with ongoing surveillance, are necessary to mitigate the health hazards faced by the
population. If it is utilised for drinking and irrigation without proper pre-treatment
for prolonged durations, it can present a substantial health risk. Furthermore, it
is imperative to analyse the potential consequences of heavy metal pollution and
devise a comprehensive plan for long-term restoration.
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Chapter 4

Biokinetic modelling of uranium

All living beings are exposed to naturally occurring radionuclides. Uranium (?33U),
identified as a primordial radionuclide, can form water-soluble compounds, facilitating
its absorption into the human body via dietary intake and drinking water. This
chapter commences with an introduction followed by the sampling procedure in
section 4.2. The biokinetic model of uranium is described thereafter. The Pearson
correlation and principal component analysis are also conducted to correlate uranium
with other physico-chemical properties of water.

4.1 Introduction

Naturally occurring radionuclide materials (NORM) possess great health risk and
uranium, being the primordial nucleus, because of its radioactive nature and chemical
toxicity (heavy metal), engenders carcinogenic and non-carcinogenic health hazards
[1]. The water-soluble uranium compounds like uranium hexafluoride and tetra-
chloride, uranyl nitrate, and fluoride lead to acute systematic effects whereas the
insoluble uranium compounds, namely uranium peroxide, dioxide and trioxide are
of the least concern. High uranium intake via ingestion can impair proximal tubes
and cause renal failure [2-3]. Severe nausea, diarrhoea, vomiting and paralytic ileus
can occur due to continuous uranium intake [4]. Van Gerwen et al. [5] established a
notable correlation between elevated thyroglobin antibodies and uranium levels in
urine. Uranium can accumulate in human bones [6]. Although the consequences of
uranium on human reproductive organs are not well established but Wang et al. [7]
observed it deteriorates fertility and lowers the level of sex hormones.

The sources of radiation of naturally occurring radioisotopes are terrestrial, which
includes uranium mining, nuclear accidents, fertilizer production and cosmogenic,
contributing to human exposure [8-11]. Uranium is found in rocks, water and soil
[12]. Uranium reaches groundwater by desorption of adsorbed uranium from mineral
surfaces and mineral dissolution [13]. It exists in different oxidation states in an
aqueous solution. Uranium (VI) is easily found in the environment, whereas uranium
(IV) governs in reducing environment with redox potential, Ej, < 200 mV in water-
logged/wet soil. The higher solubility of uranium (VI) as a uranyl compound is
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caused by its capacity of forming stable complexes with various organic as well as
inorganic ligands [14-16]. Uranium (VI) is reduced to uranium (IV) in groundwater
systems on reaction with compatible reductants [17]. Physico-chemical properties of
water such as pH, total dissolved salts (TDS), salinity and conductivity give in-situ
details of water quality [18]. These properties impact the uranium concentration
in groundwater [19]. The most common route for uranium ingestion is by drinking
water, which makes up a significant part of toxicological and radiological risks
to human beings and being an alpha particle emitter, intense DNA damage can
be caused when the concentration of uranium is extremely high [20]. Therefore,
experimental and epidemiological research has been in focus from the past several
decades, and various models are proposed [21-26] to delineate the consequences of
uranium on the human body. The previous biokinetic model proposed by ICRP
[26] was modified by Li et al. [27] to include the hair compartment as an excretion
pathway. The groundwater usage is at the utmost in India, with 251 km? yr! [28].
Groundwater is the elementary source of drinking water, along with agricultural and
industrial utilisation [29]. The safe limit of uranium intake through water set by
the world health organisation (WHO) is 30 ug L' [30], whereas the Atomic Energy
Regulatory Board of India has set the limit to 60 pg L' [31]. The overall crude
cancer incidence rate for the population in Punjab is 144.0/lakh which is one of the
highest crude cancer incidence rates in India [32]. The four districts, which include
Mansa, Bathinda, Faridkot and Muktsar of Malwa region, have higher cancer rates
[33]. The soaring cancer cases can be linked with enhanced uranium concentration
in groundwater [20, 34-35]. Therefore,

(a) the biokinetics of uranium in human body using the hair compartment model is
investigated in the Mansa district, Punjab, India.

(b) the annual effective radiation dose for various body organs is also estimated
which could act as potential bio-indicators.

(c) the relationship of uranium contamination in groundwater with physico-chemical
properties using Pearson correlation and principal component analysis is assessed.

4.2 Materials and methods

4.2.1 Geomorphology and soil characteristics

The Mansa district is roughly triangular, situated in the southern part of geosyncline
Punjab, India. The area is close to the trans-Aravali Vindhyan basin and the
basement rocks descend from Tusam to Bathinda [36]. The water elevation varies
from 210 to 217 m above the mean sea level, with quality variations from fresh to
highly saline. All five blocks of the district: Mansa, Bhikhi, Budhlada, Jhunir and
Sardulgarh are over-exploited, leading to the depletion of groundwater resources [37].
The detailed geomorphology of the study region is given in chapter 1 and chapter 3.

4.2.2 Sampling procedure and measurement

A minimum of three samples were collected from each of the 26 locations. In total,
79 samples were collected at the beginning of the winter season. The water is used
for drinking purposes for humans and cattle in addition to irrigation purposes. The
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in-depth sampling procedure is discussed in chapter 2. The LED LF-2a Fluorimeter
model by Quantalase (Indore) was used for the analysis of uranium which is based on
the Stokes fluorescence [37]. The detailed measurement technique is also described
in chapter 2. The pH, TDS, salinity and electrical conductivity were measured using
NPC 362D by Naina Solaris. The concentration of uranium, pH, salinity, TDS and
conductivity from 26 locations of Mansa district, Punjab is listed in table 4.1.

4.3 Biokinetic model of uranium

Uranium can be retained in the human body in different organs, specifically kidneys,
bones and liver [38]. Li et al. [27] proposed the hair compartment model of uranium,
which is the enhancement of the biokinetic model of ICRP [26] for ingestion of
uranium, as it considers hair along with urine and faeces as removal pathways. It
was concluded that the hair compartment model is applicable for elevated uranium
ingestion via drinking water pathway. The model is suitable for acute intakes or
chronic intakes at a constant rate over a fixed length of time. The model details
the passage, absorption and retention of uranium using a mathematical simulation
with the first-order differential equation for an adult when ingestion takes place by
drinking water. The first order equation is

day _

pr =Y Agrag— Ap+ M) gp, f,g=1,2,3...n (4.1)
f

where dqf is the measure of change in the uranium quantity (in units of mass) in
a specific compartment, dt represents the corresponding small time interval, g
is the transfer rate amidst two distinct compartments (from compartment g to f),
\f represents the transfer rate from the f! compartment, ), is radioactive decay
constant, and n represents the number of compartments.

There are different transfer rates between the compartments. Uranium can be
transferred to hair from plasma and intermediate turnover soft tissue compartment
(ST1). It is presumed that the ingested uranium is transferred from the small intestine
to the blood, and then it is exchanged or transferred to different compartments.
In the calculations, it is assumed that 0.6% of ingested uranium is absorbed from
the small intestine on its amalgamation with blood plasma and thus reaches the
whole body depending upon the transfer rate of that compartment and is further
reabsorbed back in plasma. The different routes of uranium transportation are
shown in figure 4.1. The biokinetic behaviour of ingested uranium in various body
organs is estimated by calculating retention and excretion. The water intake is taken
as 1.41 L day! [39], standard body weight as 68.83 kg [39], kidney mass as 310 g,
food consumption rate as 0.253 kg day™!, urine volume as 1.38 L day™!, creatinine
excretion in urine as 2 g day™!, faeces mass as 135 g day™' and hair growth rate at
0.1 g day!, GI absorption coefficient (f1) as 0.006 [27].

The retention and excretion of uranium in various organs of the population of the
area studied are compiled in table 4.2 and 4.3. The standard error is calculated as

Standard error = (4.2)

Sie
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where o is the standard deviation of samples and n is the sample size (26 location
points).

GI tract: The intake of water is through the GI tract and the ingested uranium
reaches all the organs and tissues from the small intestine as the nutrients and
compounds are absorbed by its walls. The mean value of retention of uranium
in different components of the GI tract i.e. stomach, small intestine, upper large
intestine and lower large intestine is 8.98 ug, 35.73 ug, 119.1 pug and 214.4 ug,
respectively. Only 0.6% of uranium is transferred to blood plasma and red blood
cells (RBC), while the remaining proceed towards the large intestine and get excreted
through faeces [27]. The time dependence of retention of uranium for the mean
value in the GI tract is shown in figure 4.2(a). The uranium concentration is lowest
in the stomach and highest in the lower large intestine. After some time, uranium
concentration in the upper and lower large intestine saturates. The lower large
intestine exhibits a greater duration of transit compared to the upper large intestine,
resulting in an extended period for uranium absorption and subsequent reabsorption
in the lower large intestine [12].

Skeleton: Kurttio et al. [2] proposed that bones can be additional targets for
uranium toxicity along with kidneys. Uranium enters trabecular bone (cancellous)
and cortical bone (dense) through blood by Haversian and Volksmann’s canals. It
obeys a similar moving pattern as of Ca?* distribution but does not participate
in crystal formation [26]. The skeleton acts as the depository for uranium with
values varying between 59.63 ug and 617.66 ug for cortical bone volume and 15.23
to 157.78 ug for trabecular bone volume. The lower porosity, along with the high
volume fraction, is the reason for the excess uranium retention on the cortical bone.
The mean values of uranium retention in the cortical bone surface and trabecular
bone surface are 1.12 ug and 1.41 ug, respectively. The retention of uranium in the
skeleton is shown in figure 4.2(b). It can be inferred from the figure that retention in
the trabecular bone surface and the cortical bone surface gets saturated after a few
days and in trabecular bone volume after approximately 22 years, whereas retention
in cortical bone volume (non-exchangeable) increases with time.

Blood: The blood compartment within the biokinetic model serves a vital function
in comprehending the transportation and dispersion of uranium in the human body
after prolonged ingestion. It acts as the main pathway for the movement of uranium,
impacting its distribution to various tissues, its retention and eventual excretion.
The uranium retention is minimal in blood plasma, as shown in figure 4.2(c), which is
obvious from the mean value of 0.09 ug with minimum and maximum values of 0.02
ug to 0.29 pg after 69.89 years of continuous water intake. The biological removal
half-time is 0.0198 days and 2 days for plasma and RBC, respectively [27]. It serves
as a transportation channel for uranyl ions (UO?*") with bicarbonates, transferring
(protein) and citrate for concerned organs and tissues [40].

Kidneys: The kidneys are essential organs that play a crucial role in filtration
and excretion from the bloodstream. The kidneys not only filter uranium but
also retain it depending on the binding affinities of uranium. The kidney can be
categorized into two compartments: fast turnover compartment (urinary path) and
slow turnover compartment (other kidney tissue), as shown in figure 4.2. The
fast turnover compartment is characterized by the rapid filtration and excretion of
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uranium. In this compartment, uranium has a brief retention duration, indicative
of the swift clearance of soluble uranium species. The slow turnover compartment
has uranium more firmly bound or sequestered, resulting in an extended retention
duration. This may involve regions where uranium attaches to renal tissues or
proteins, thereby reducing its rate of excretion. It gets stored as insoluble matter
or organo minerals. The mean concentration and retention in kidneys is 8.56 ng
gl and 2.65 ug, respectively. With higher exposure, tubule degeneration and cell
necrosis can take place [41]. It can be noted from figure 4.2(c) that retention in
kidneys with time is higher than blood and urinary bladder.

Liver: The liver plays a crucial role in the metabolism and detoxification of heavy
metals, including uranium. Upon ingestion, uranium can be transported to the liver
via plasma, where it may undergo various metabolic processes and exhibit different
retention durations. The liver 1 and liver 2 are two sections of the liver. The first
compartment, liver 1, is where uranium is quickly metabolized and either excreted
into bile or returned to the bloodstream. Conversely, liver 2 represents regions of the
liver where uranium binds more strongly to hepatic tissues or proteins, resulting in
an extended retention time. This compartment is responsible for the accumulation
of uranium within the liver, which can lead to prolonged exposure and potential
toxic effects. The biological removal half-time of liver 1 is 7 days, and that of liver 2
is 10 years [27]. The former gets uranium from blood and further proceeds it to liver
2. The average uranium preserved in both livers is 8.08 ug, and its time dependence
for mean value is shown in figure 4.2(c). The retention in the liver with time is
higher than blood and urinary bladder.

Urinary bladder: The uranium reaches the bladder through kidney 1 after filtration
with a transfer rate of ky = 6.3 day™! and leaves the body through urine. The average
retention of uranium in the bladder is 0.03 ng which is the least as shown in figure
4.2(c).

Other soft tissue (OST): Skin, fat, muscle and all other soft tissues are part of OST.
The retention of uranium ranges between 25.79 pg and 267.12 pg. There are three
compartments, namely STO (rapid) with removal half-time of 2h, ST1 (intermediate)
of 20 days and ST2 (tenacious) of 100 years.

Excretory pathways for uranium: The uranium leaves the body through hair, urine
and faeces. The faeces mass is taken as 135 g day™!, urine volume as 1.38 L day™! and
hair growth as 0.1 g day™!. The mean values of excretion of uranium via hair, faeces
and urine are 0.82 pg day™!, 214.43 pug day ™! and 0.44 pug day™', respectively. It can
be noted from the data that uranium excretion through faeces is greater as compared
to the other two. Uranium is mostly taken up in the gastrointestinal system and
subsequently transferred to the liver, and reabsorbed back into the intestine from
plasma. The reintroduced uranium is subsequently expelled through faeces, leading
to a greater rate of excretion in faeces compared to urine. The excretion behaviour
of uranium via these pathways as a function of time is shown in figure 4.2(d).

4.3.1 Dose to different organs of the human body

The radiological toxicity due to uranium retention and deposition can be harmful
because it leads to radioactive decay in the organs/tissues. The doses in body organs



4.4. Statistical analysis 93

reckon on intake type, its pathway and time period along with chemical and physical
properties. The effective dose coefficients given by [27] for adrenals, pancreas, bladder
wall, lungs, brain, breasts, skin, thyroid, muscle, ovaries, uterus, spleen and thymus
is 5.9 x 1072 (Sv Bq!). The effective dose coefficients of the bone surface, stomach
wall, small intestine wall, upper large intestine wall, and lower large intestine are
1.7x 1072, 6.9x 1072, 8.3x 1079, 2.1x 1078 and 5.1x 1078 (Sv Bq!), respectively.
The kidneys have an effective dose coefficient of 6.1 x 1078 (Sv Bq!) and liver have
2.3x 1078 (Sv Bq!). The effective dose to different organs is calculated as [42] -

AED grgan = A x DCF x I (4.3)

where AEDgan is the organ specific annual effective dose, A is the activity in Bq
L', DCF is the dose coefficient in Sv Bq™! and I is the water intake in L day™'. The
bone surface has the highest annual effective dose of uranium with values ranging
from 93.8 uSv to 976.4 uSv. As the effective dose coefficients are the same for
few organs therefore, the values for adrenals, bladder wall, muscle, thyroid, brain,
thymus, spleen, breasts, lungs, ovaries, pancreas, skin as well as uterus range from
3.26 pSv to 33.9 uSv with the mean value of 11.6 uSv. The stomach wall and lower
large intestine have mean values 11.3 and 100 uSv, respectively. The kidney has a
mean value of 120 uSv and lungs have 45.2 uSv as mean value. The red marrow
has a mean value of 35.3 uSv whereas remainder mean is 12.7 uSv. The calculated
doses for various body organs for samples collected are listed in table 4.4 and 4.5.

4.4 Statistical analysis

The dataset was interpreted using descriptive analysis with measures such as mini-
mum, maximum, mean, median and Q1 and Q3 quartiles. Pearson correlation was
used to evaluate the relationship between the variables. Kaiser-Mayer- Olkin (KMO)
and Bartlett tests were conducted to assess the appropriateness of the data for factor
analysis [43]. Principal component analysis (PCA) is a robust statistical technique
which retains maximum variability while lowering the dimensionality of the dataset.
The percentage of variance of significant components was calculated by obtaining
eigen values and eigen vectors [44]. The SPSS software [45] was used for calculating
Pearson correlation and PCA.

The descriptive statistics of uranium, pH, salinity, TDS and conductivity is given
in table 4.6. The uranium concentration in the groundwater varies from 43.43 ug
L to 449.79 pg L' with a mean of 154.09 pug L. The values of the first quartile
and third quartile are 86.23 ug L' and 221.36 ug L, respectively. The analysis of
all collected samples indicates that their uranium concentrations exceed the limit
established by WHO limit of 30 ug L', and 96% of total samples have uranium
concentration higher than the AERB limit of 60 ug L'. The pH of the region varies
from 7.56 to 8.85. Therefore, the water of the study region is alkaline in nature.
This phenomenon can be attributed to the prevalence of carbonate minerals within
sediments [16, 19, 37]. The TDS in the region ranges from 350 to 3070 ppm with
a mean of 1459.88 ppm and a median of 1350 ppm. The acceptable limit for TDS
lies between 500 -1000 ppm, and 77% samples are above the acceptable limits in the
study region. The mean salinity and conductivity of the study area is 1606.92 ppm
and 2604.3 uS cm™, respectively. The comparative study of uranium concentration
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Figure 4.2: Uranium retention (or excretion) for the mean value of uranium
concentration in groundwater in (a) stomach, small intestine, lower large intestine,
upper large intestine, (b) cortical bone surface, cortical bone volume, trabecular
bone surface, trabecular bone volume (c¢) blood, kidney, liver, urinary bladder and
(d) hair, faeces and urine as a function of time.

in groundwater with other regions of the India and world is listed in table 4.7. The
data presented in the table clearly indicates that groundwater in south-western
Punjab has a relatively higher concentration of uranium.

4.4.1 Pearson Correlation Analysis

Pearson correlation is used to assess the association among two variables along with
determining the degree of relationship they possess. If Pearson correlation coefficient,
r>1, denotes a positive association between the variables whereas, if r<-1, signifies a
negative association. If r = 0, then no relationship is between the variables. Pearson
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correlation coefficient is given as [46]-

VInX P2 = (P n Q7 = (X Q)]

where n represents the total count of pairs, > (PQ) is the sum of the product of
paired scores, > P and Y Q represent the total of the individual scores while > P2
and Y Q? denote the totals of the squared scores.

The correlation between uranium, pH, TDS, salinity and conductivity is given in table
4.8. The correlations with values greater than 0.5 are significant at a significance
level, o« = 0.05. The positive correlation coefficient, r = 0.68 is observed between
uranium concentration and TDS. The salinity and uranium concentration have r
= 0.51 correlation. The TDS have a high correlation of r = 0.81 and 0.61 with
salinity and conductivity, respectively. The brackish groundwater of the region can
be attributed to the occurrence of salt precipitation resulting from high rates of
evaporation in addition to limited precipitation, particularly in arid and semi-arid
environments [47]. The pH has a negative correlation with TDS and conductivity
and a negligible correlation with uranium. Conductivity and salinity show a positive
correlation (r = 0.66), which can be attributed to the existence of free ions.

4.4.2 Principal component analysis

The principal component analysis is given in table 4.9. The importance is given to
eigenvalues that exceed a value of 1. Principal Component 1 (PCA1) is associated
with the highest eigenvalue and accounts for the highest proportion of variance
within the dataset and principal component analysis 2 (PCA2) accounts for the lower
eigenvalue and explains the highest proportion of the remaining variance, and so on
[45]. The PCA1 and PCAZ2 have eigenvalues of 2.80 and 1.09, respectively. The PCA1
accounts to 55.9% of variance and PCA2 accounts to 21.8% together making 77.7 %
of total cumulative variance. PCA1 demonstrates noteworthy positive loadings of
uranium (0.72), TDS (0.94), salinity (0.91) and conductivity (0.74). The elevated
levels could stem from geological factors, industrial operations, or the application of
phosphate fertilisers in the area. The high uranium levels reported in the area may be
attributed to the interaction of groundwater with soils derived from the weathering
of Malani granites and basement rocks [48]. Moreover, uranium discharges into
groundwater at high salinity and TDS conditions as it is present in the form of
soluble complexes in an oxidising state [16]. PCA2 exhibits a strong loading of pH
(0.93) and negative loading of TDS and conductivity indicating alkaline groundwater.
PCA2 predominantly reflects fluctuations associated with pH, TDS and conductivity
exert contrasting effects on the PCA2 score. The statistical reliability of the PCA
approach was confirmed by the Kaiser-Meyer-Olkin (KMO) with a value of 0.67 and
Bartlett's test with a significance level, p < 0.01.

4.5 Conclusion

The enhanced uranium concentration is observed in groundwater samples of Mansa
district, Punjab. The integrated methodology of using the biokinetic model and
correlations of physico-chemical properties of water have led to the assessment of both
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biological and ecological implications in the estimation of the population at risk. A
high correlation is observed between uranium and TDS and between conductivity and
salinity. The organ specific doses target organs and their bio markers. The kidneys
are highly impacted by uranium ingestion based on dose as they act as storage
sites. The uranium excretion pathways are constant through the years, whereas
the cortical bone surface follows logarithmic growth with the highest storage over
the years. Although biokinetic models connect scientific knowledge with real-world
uses, providing advantages to society in terms of health and safety but they often
presume that each of the compartment begin with no initial uranium load. Thus,
disregarding existing uranium levels can impact the precision of forecasts. These
models generally utilise mean parameters. Therefore, the absence of personalised
data could restrict precision.

Table 4.1: Dataset of Mansa district, Punjab.

Uranium (ug/L) | pH | TDS (ppm) | Salinity (ppm) | Conductivity (1#S/cm)
84.55 8.46 1190 1120 1110
43.43 8.26 400 560 827
67.23 8.48 560 650 2690
131.72 8.48 1380 1350 1910
234.2 7.8 1860 2360 3760
48.34 8.38 650 730 1250
264.92 8.75 1670 1320 2090
279.09 8.47 3070 3230 4890
235.65 8.69 1320 2320 2230
111.71 8.34 920 820 1990
91.28 8.3 1120 1020 3470
449.79 7.68 2450 2130 3320
104.8 8.04 1980 2460 3710
182.85 8.78 2230 2980 4550
98.17 8.25 1570 2150 4930
65.72 8.33 1310 1760 4260
133.45 8.44 1960 1990 970
239.99 8.53 1140 1370 2220
376.24 8.85 2180 2050 1900
135.68 8.57 1220 1830 2160
95.41 8.26 1270 2420 3100
116.63 8.14 1880 1250 3590
71.05 7.56 830 940 1380
147.11 7.99 2040 1450 3970
63.27 8.38 350 260 440
134.27 8.2 1407 1260 995




Table 4.2:

Uranium retention in the different organs of the population under study based on Li et al. (2009) model.

Location Uranium ingestion | Blood Skeleton+ Kidney Liver OST
1C-bone S2 | C-bone V™ | {T-bone S | T-bone V | Retention | Conc.

pg LT s ug s Bg s ng g s pg bg
Bir Khurd 84.55 0.05 0.62 116.1 0.77 29.66 1.45 4.7 4.54 50.21
Dhalewan 43.43 0.02 0.31 59.63 0.39 15.23 0.74 2.41 2.33 25.79
Bachonna 67.23 0.04 0.49 92.32 0.61 23.58 1.15 3.74 3.61 39.92
Datewas 131.72 0.08 0.96 180.88 1.21 46.2 2.27 7.32 7.07 78.22
Bareta 234.2 0.15 1.71 321.61 2.15 82.15 4.03 13.03 12.58 139.08
Kulrian 48.34 0.03 0.35 66.38 0.44 16.95 0.83 2.69 2.59 28.7
Bhakhrial 264.92 0.17 1.94 363.71 2.43 92.93 4.56 14.74 14.23 | 157.33
Boha 279.09 0.18 2.04 383.25 2.56 97.9 4.81 15.52 14.99 | 165.74
Bhaini Bagha 235.65 0.1 1.72 323.6 2.16 82.66 4.06 13.11 12.66 | 139.95
Khokhar Kalan 111.71 0.07 0.81 153.4 1.02 39.18 1.92 6.21 6 66.34
Moosa 91.28 0.06 0.66 125.34 0.83 32.02 1.57 5.07 4.9 54.21
Maujian 449.79 0.29 3.3 617.66 4.13 157.78 7.75 25.02 24.1 267.12
Raipur 104.8 0.06 0.76 143.91 0.96 36.76 1.8 5.83 5.63 62.23
Bajewala 182.85 0.12 1.34 250.95 1.67 64.11 3.15 10.16 9 108.53
Bhamma 98.17 0.06 0.72 134.81 0.9 34.43 1.69 5.46 5.27 58.3
Lakhmir Wala 65.72 0.04 0.48 90.24 0.6 23.05 1.13 3.65 3.53 39.03
Dalelwala 133.45 0.08 0.97 183.25 1.22 46.81 2.3 7.42 7.17 79.25
Jhunir 239.99 0.15 1.76 329.56 2.2 84.19 4.13 13.35 12.89 142.52
Fatta Maluka 376.24 0.25 2.76 516.66 3.45 131.98 6.48 20.9 20.21 223.44
Tibbi Hari Singh 135.68 0.09 0.99 186.32 1.24 47.59 2.34 7.55 7.29 80.57
Nangal Khurd 95.41 0.06 0.7 131.02 0.87 33.47 1.64 5.3 5.12 56.66
Mansa City 116.63 0.07 0.85 160.16 1.07 40.91 2.01 6.49 6.26 69.26
Khiala Kalan 71.05 0.04 0.52 97.56 0.65 24.92 1.22 3.95 3.81 42.19
Bhupal 147.11 0.09 1.07 202.01 1.35 51.6 2.53 8.18 7.9 87.36
Ralla 63.27 0.04 0.46 86.88 0.58 22.19 1.09 3.52 3.39 37.57
Khillan 134.27 0.08 0.98 184.15 1.23 47.04 2.31 7.46 7.14 79.64
Standard error 0.01 0.14 28.14 0.18 7.19 0.34 1.11 1.08 11.93

TC-bone=Cortical bone, {T-bone=Trabecular bone, AS=Surface, “V=Volume, °OST=Other soft tissues
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Table 4.3: Uranium retention in the different organs of the population under study based on Li et al. (2009) model. (continued)

Location AUB Faeces | Urine | Hair | ST cont | {SI cont | « ULI cont | “LLI cont
pg | pgday™t | gt | pg Tt 1g 1g ug 1g
Bir Khurd 0.02 117.66 0.24 0.45 4.93 19.6 65.36 117.66
Dhalewan 0.01 60.43 0.12 0.23 2.53 10.07 33.57 60.43
Bachonna 0.01 93.56 0.19 0.36 3.92 15.59 51.97 93.56
Datewas 0.03 183.3 0.38 0.71 7.68 30.55 101.83 183.3
Bareta 0.05 325.92 0.68 1.26 13.66 54.31 181.06 325.92
Kulrian 0.01 67.27 0.14 0.26 2.81 11.21 37.37 67.27
Bhakhrial 0.06 368.67 0.77 1.42 15.45 61.44 204.81 368.67
Boha 0.06 388.39 0.81 1.5 16.28 64.73 215.77 388.39
Bhaini Bagha 0.05 327.94 0.68 1.27 13.74 54.65 182.18 327.94
Khokhar Kalan 0.02 155.46 0.32 0.6 6.51 25.9 86.36 155.46
Moosa 0.02 127.02 0.26 0.49 5.32 21.17 70.57 127.02
Maujian 0.1 625.94 1.31 2.42 26.23 104.32 347.74 625.94
Raipur 0.02 145.84 0.3 0.56 6.11 24.3 81.02 145.84
Bajewala 0.04 254.32 0.53 0.98 10.66 42.38 141.29 254.32
Bhamma 0.02 136.61 0.28 0.52 5.72 22.76 75.89 136.61
Lakhmirwala 0.01 91.45 0.19 0.35 3.83 15.24 50.81 91.45
Dalelwala 0.03 185.71 0.39 0.71 7.78 30.95 103.17 185.71
Jhunir 0.05 333.98 0.7 1.29 13.99 55.66 185.54 333.98
Fatta Maluka 0.09 523.59 1.1 2.02 21.94 87.26 290.88 523.59
Tibbi Hari Singh | 0.03 188.81 0.39 0.73 7.91 31.46 104.89 188.81
Nangal Khurd 0.02 132.77 0.27 0.51 5.56 22.12 73.76 132.77
Mansa City 0.02 162.3 0.34 0.62 6.8 27.05 90.17 162.3
Khiala Kalan 0.01 98.87 0.2 0.3 4.14 16.47 54.93 98.87
Bhupal 0.03 204.72 0.43 0.79 8.58 34.11 113.73 204.72
Ralla 0.01 88.04 0.18 0.34 3.69 14.67 48.91 88.04
Khillan 0.03 186.85 0.39 0.72 7.83 31.14 103.8 186.85
Standard error 0.00 27.97 0.05 0.10 1.17 4.66 15.53 27.97

AUB=Urinary bladder, {GI = Gastro intestinal, “LLI=Lower large intestine, {SI=Small intestine, ¢ ULI=Upper large intestine, “ST=Stomach
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Table 4.4: Annual dose to different organs of the population of study region based on Li et al. (2009) model.

Location Adrenals | {BW iBS Brain Breasts | «ST °SI AULI +LLI Kidney | Liver Lungs
wall wall wall wall

©Sv © Sv wSv ©Sv ©Sv wSv ©Sv wSv © Sv wSv ©Sv ©Sv
Bir Khurd 6.36 6.36 183.2 6.36 6.36 7.44 8.95 22.6 55 65.8 24.8 6.36
Dhalewan 3.26 3.26 93.81 3.26 3.26 3.81 4.58 11.6 28.1 33.7 12.7 3.26
Bachonna 5.07 5.07 145.9 5.07 5.07 5.92 7.13 18 43.8 52.4 19.7 5.07
Datewas 9.92 9.92 285.8 9.92 9.92 11.6 14 35.3 85.7 100 38.7 9.92
Bareta 17.6 17.6 508.1 17.6 17.6 20.6 24.8 62.8 150 180 68.8 17.6
Kulrian 1.62 1.62 104.2 1.62 1.62 4.23 5.09 12.9 31.3 37.4 14.1 1.62
Bhakhrial 20 20 575.0 20 20 23.3 28.1 71 170 210 77.8 20
Boha 21 21 605.4 21 21 24.6 29.6 74.8 180 220 81.9 21
Bhaini Bagha 17.8 17.8 511.6 17.8 17.8 20.8 25 63.2 150 180 69.2 17.8
Khokhar Kalan | 8.41 8.41 242.0 8.41 8.41 9.84 11.8 29.9 72.7 87 32.8 8.41
Moosa 6.87 6.87 198.0 6.87 6.87 8.04 9.67 24.5 59.4 71.1 26.8 6.87
Maujian 33.9 33.9 976.4 33.9 33.9 39.6 47.7 120 290 350 130 33.9
Raipur 7.84 7.84 225.8 7.84 7.84 9.17 11 27.9 67.8 81 30.6 7.84
Bajewala 13.7 13.7 396.1 13.7 13.7 16.1 19.3 48.9 120 140 53.6 13.7
Bhamma 7.39 7.39 212.8 7.39 7.39 8.64 10.4 26.3 63.8 76.4 28.8 7.39
Lakhimwala 4.94 4.94 142.4 4.94 4.94 5.78 6.96 17.6 42.7 51.1 19.3 4.94
Dalelwala 10 10 289.2 10 10 11.7 14.1 35.7 86.8 100 39.1 10
Jhunir 18.1 18.1 520.3 18.1 18.1 21.1 25.4 64.3 160 190 70.4 18.1
Fatta Maluka 28.3 28.3 816.5 28.3 28.3 33.1 39.9 100 240 290 130 28.3
Tibbi Hari 10.2 10.2 294.4 10.2 10.2 12 14.4 36.4 88.3 110 39.8 10.2
Singh
Nangal Khurd 7.1 7.1 206.7 7.1 7.1 8.39 10.1 25.5 62 74.2 28 7.1
Mansa City 8.7 8.7 252.7 8.7 8.7 10.3 12.3 31.2 75.8 90.7 34.2 8.7
Khiala Kalan 5.3 5.3 153.7 5.3 5.3 6.24 7.51 19 46.1 55.2 20.8 5.3
Bhupal 11.1 11.1 318.8 11.1 11.1 12.9 15.6 39.4 95.6 110 43.1 11.1
Ralla 4.76 4.76 137.2 4.76 4.76 5.57 6.7 17 41.2 49.3 18.6 4.76
Khillan 10.1 10.1 291.0 10.1 10.1 11.8 14.2 35.9 87.3 100 39.4 10.1
Standard error 1.51 1.51 43.64 1.51 1.51 1.77 2.13 5.39 13.1 15.7 5.91 1.51

TBW=Bladder wall, {BS=Bone surface, « ST= Stomach, °SI=Small intestine, A ULI=Upper large intestine, + LLI=Lower large intestine
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Table 4.5: Annual dose to different organs of the population of study region based on Li et al. (2009) model. (continued)

Location Muscle Ovaries | Pancreas RM { Skin Spleen | Testes Thymus| Thyroid| Uterus | R §
wSv wSv wSv nSv wSv wSv wSv uSv nwSv wSv w Sv
Bir Khurd 6.36 6.36 6.36 19.4 6.36 6.36 6.25 6.36 6.36 6.36 7.01
Dhalewan 3.26 3.26 3.26 9.93 3.26 3.26 3.2 3.26 3.26 3.26 3.58
Bachonna 5.07 5.07 5.07 15.45 5.07 5.07 4.98 5.07 5.07 5.07 5.58
Datewas 9.92 9.92 9.92 30.26 9.92 9.92 9.75 9.92 9.92 9.92 10.93
Bareta 17.6 17.6 17.6 53.8 17.6 17.6 17.3 17.6 17.6 17.6 19.43
Kulrian 1.62 1.62 1.62 11.03 1.62 1.62 3.56 1.62 1.62 1.62 3.99
Bhakhrial 20 20 20 60.89 20 20 19.6 20 20 20 21.99
Boha 21 21 21 64.11 21 21 20.7 21 21 21 23.15
BhainiBagha 17.8 17.8 17.8 54.17 17.8 17.8 17.5 17.8 17.8 17.8 19.6
KhokharKala 8.41 8.41 8.41 25.66 8.41 8.41 8.27 8.41 8.41 8.41 9.2
Moosa 6.87 6.87 6.87 20.97 6.87 6.87 6.76 6.87 6.87 6.87 7.57
Maujian 33.9 33.9 33.9 103.4 33.9 33.9 33.3 33.9 33.9 33.9 37.3
Raipur 7.84 7.84 7.84 23.91 7.84 7.84 7.71 7.84 7.84 7.84 18.6
Bajewala 13.7 13.7 13.7 41.94 13.7 13.7 13.5 13.7 13.7 13.7 15.1
Bhamma 7.39 7.39 7.39 22.53 7.39 7.39 7.26 7.39 7.39 7.39 8.13
Lakhmirwala 4.94 4.94 4.94 15.08 4.94 4.94 4.86 4.94 4.94 4.94 5.44
Dalelwala 10 10 10 30.62 10 10 9.87 10 10 10 11.06
Jhunir 18.1 18.1 18.1 55.09 18.1 18.1 17.8 18.1 18.1 18.1 19.9
FattaMaluka 28.3 28.3 28.3 86.46 28.3 28.3 27.9 28.3 28.3 28.3 31.22
Tibbi Hari 10.2 10.2 10.2 31.18 10.2 10.2 10 10.2 10.2 10.2 11.26
Singh
NangalKhurd 7.1 7.1 7.1 21.89 7.1 7.1 7.05 7.1 7.1 7.1 7.9
Mansa City 8.7 8.7 8.7 26.76 8.7 8.7 8.62 8.7 8.7 8.7 9.66
KhialaKalan 5.3 5.3 5.3 16.2 5.3 5.3 5.25 5.3 5.3 5.3 5.87
Bhupal 11.1 11.1 11.1 33.75 11.1 11.1 10.9 11.1 11.1 11.1 12.1
Ralla 4.76 4.76 4.76 14.5 4.76 4.76 4.6 4.76 4.76 4.76 5.24
Standard error 1.51 1.51 1.51 4.62 1.51 1.51 1.49 1.51 1.51 1.51 1.66

RMt= Red marrow, R{=Remainder
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Table 4.6: Descriptive analysis of dataset of the study region.

Parameter Min | Max | Mean | Median | Q1 Q3
Uranium (ng L) | 43.43 | 449.79 | 154.09 124.17 | 86.23 | 221.36
pH 7.56 8.85 8.32 8.36 8.25 8.48
TDS (ppm) 350 3070 | 1459.88 1350 1125 | 1940
Salinity (ppm) 260 3230 | 1606.92 1410 1045 | 2145
EC (pS cm™) 440 4930 | 2604.3 2225 1510 | 3680

Table 4.7: Comparison of uranium concentration in groundwater in different parts

of the world.

Location Uranium concentration | References
(rg L)
Punjab (Mansa), India 43.43-449.79 Present study
Punjab (Southwest) 0.48 - 645.22 [36]
West Bengal (Nadia district), India 0.21-20.9 [49]
Tamil Nadu (Tiruvannamalai dis- 0.2-25.8 [50]
trict), India
Rajasthan (Northeast), India 0.89-166.89 [38]
Haryana, India
Jhajjar, Haryana 14.4-57.43 [51]
Yamuna Nagar, Haryana 5-91 [52]
Yamuna Nagar, Haryana 7.12-29.94 [53]
Jaduguda, Jharkhand 0.03-11.6 [54]
Thailand 5.16-11.4 [55]
United States of America (South- <1-270 [56]
eastern New Hampshire)
Germany (Baden-Wiirttemberg) 0.1-2.2 [47]
Saudi Arabia (Hail region) 3.2-444 [57]

Table 4.8: Pearson correlation between uranium and physico-chemical properties

of water.
Uranium | pH | TDS | Salinity | EC
Uranium 1
pH 0.08 1
TDS 0.68 -0.01 1
Salinity 0.51 0.08 | 0.81 1
EC 0.22 -0.14 | 0.61 0.66 1
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Table 4.9: Principal component analysis for the dataset.

Initial Eigenvalues Rotated Component Matrix

Total | % of variance | Cumulative % PCA 1| PCA 2
1| 2.80 55.9 % 55.9 % Uranium 0.72 0.28
2| 1.09 21.8 % 7.7 % pH 0.04 0.93
3| 0.73 14.6 % 92.3 % TDS 0.94 -0.01
41 0.24 4.9 % 97.2 % Salinity 0.91 -0.02
5| 0.14 2.8 % 100 % Conductivity 0.74 -0.39
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Chapter 5

Assessment of natural radionuclides in
soil and wheat

Wheat is a vital staple grain for humans and it plays a crucial role in the nutritional
cycle of human beings. The contamination in wheat due to heavy metals and
naturally occurring radionuclides is a significant concern worldwide owing to their
adverse health effects. This chapter commences with an introduction followed by
the sampling procedure in section 5.2. The health indices are defined in section
5.3. In section 5.4, radiological risks stemming from radionuclides in soil and wheat
grains collected from Mansa, Punjab are calculated. The radiological risk comparison
of organic and conventional food samples is done in section 5.5, followed by the
conclusion.

5.1 Introduction

Wheat, belonging to the Triticum genus, is a staple cereal grain that holds significant
importance in the dietary patterns of humans throughout numerous countries globally.
It has been produced on a worldwide scale in regions with moderate weather and
extensive agricultural areas, ranking it third in terms of worldwide output [1].
In recent years, an increasing apprehension has emerged regarding the excessive
buildup of metal contaminants in agricultural produce. This is mainly due to
the pollution of agricultural soils with heavy metals, which has harmful effects on
living creatures [2]. Heavy metals are widespread environmental toxins, especially
in places with considerable human activity, due to their non-biodegradable and
bio-accumulative nature [3]. Agricultural activity is a significant contributor to
heavy metal pollution [4]. Mercury (Hg), cadmium (Cd), lead (Pb) and chromium
(Cr) are extremely hazardous to living cells, even at extremely low concentrations
[5]. Micronutrients like zinc (Zn), copper (Cu), nickel (Ni), iron (Fe) and manganese
(Mn) have crucial functions in several metabolic pathways in plants and humans
when present at an optimal concentration [6]. Ingestion is a primary pathway, apart
from occupational exposure, by which humans are exposed to heavy metals [7].
Heavy metal pollutants provide a dual risk to agricultural product safety and the
well-being of organisms by adversely affecting their immunological, reproductive
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and nervous systems upon ingestion through food. Excessive consumption of heavy
metals by humans can harm vital organs such as the thyroid, kidneys, liver, bones
and heart. The buildup of these metals in human organs can lead to numerous
disorders, including osteoporosis, emphysema, cardiovascular disease, and renal and
hepatic dysfunction [8]. Heavy metals that infiltrate plant tissues can impede many
physiological processes in plants [9]. Moreover, the presence of metal toxicity leads
to oxidative stress, and alteration of pigment function, in addition to modification
in protein activity. The excessive production of reactive oxygen species due to metal
pressure can lead to significant harm to cellular structures in plants [10].

Natural radioactivity is present in a variety of matrices such as soil, minerals, air
as well as water. Soil can serve as both a source and conduit for the movement of
radionuclides [11]. The concentration of radionuclides in diverse soil classifications
varies significantly and is influenced by factors such as regional geology, elevation,
and climate, in addition to human activity in the region [12-13]. The soil-plant-man
pathway is a significant environmental route through which radionuclides are ingested
by humans. Various factors, including the characteristics of the soil, types of plants,
competing ions, environmental variables, along with agricultural practices, affect
the absorption of radionuclides by plant roots and their subsequent movement to
edible plant parts [14]. Naturally occurring radionuclides are commonly found in
food to varying extents influenced by variations in background radiation levels, the
environment and agricultural settings [15].

Organic and conventional ways of agricultural produce are extensively practiced com-
mercial farming techniques. Organic farming preserves the soil and plant nutrients by
maintaining the salt ratio, thus impeding desertification by retaining moisture [16].
Organic farming is based on an environment-friendly approach using bovine, guano
manure or vermicompost, whereas, conventional farming is done using chemical
fertilizers and pesticides to increase the yield. The phosphate ores (rock phosphate)
are present in sedimentary rocks, consequently, elevated levels of uranium, thorium
and their progenies are found [17-18]. The concentrations of phosphoric anhydride
(P205) and uranium in various fertilizers are correlated in a proportional manner
[19]. The ternary fertilizers, characterized by their inclusion of nitrogen, phosphorus,
and potassium (NPK), exhibit an elevated concentration of uranium [20]. Hence, the
usage of these fertilizers impacts the radioactivity levels in the soil, which further
affects the crops cultivated in the region. The radionuclides are absorbed by plants
through two main mechanisms: via the leaves from the surrounding atmosphere and
through the roots from the soil.[21]. Various plant species also adsorb uranium from
polluted water [22-23]. The plants are reliant only on the chemical characteristics of
an element for the uptake of essential nutrients. They cannot differentiate uptake on
the basis of radioactive properties therefore, take radionuclides as well [24-25]. The
consumption of staple foods that have high phosphate fertilizers can result in higher
internal exposure to radiation [19]. The uranium ingestion through vegetables is
33% of the overall consumption by adults, and different studies have confirmed the
presence of uranium in plants [26-28].

As wheat serves as the primary dietary staple for the population in Punjab, therefore
impact of the accumulation of natural radionuclides in the human body and the
health implications associated with the same should be taken into account. The
primary goal of vegetation as well as soil monitoring programmes is to establish
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suitable remediation strategies and long-term protective measures [29]. The available
data is significantly restricted on the uptake of amounts of radioactive elements by
plants through the soil, particularly in natural environments. The composition of
the soil, including factors such as pH, levels of calcium and potassium, clay mineral
content, organic matter, as well as the application of soil additives like fertilisers,
have a significant impact on how radionuclides are absorbed, retained and distributed
throughout plants [30]. The heavy metal analysis of wheat grains can serve as the
guide for the contamination analysis of staple food of the region for further studies.
The study aims to

a) analyse the natural radionuclides in both soil and wheat grains.

determine the transfer factor of radionuclides from soil to wheat grains.

)

c¢) the assessment of heavy metal contamination in wheat grains.
) correlate radionuclides and heavy metals contamination of wheat grains.
)

analyse the difference in the concentration of radionuclides in conventional and
organic staple food.

5.2 Materials and Methods

5.2.1 Sample collection and preparation

For analysing natural radioactivity in soil samples, a total of 31 soil samples were
collected from various locations in Mansa district, Punjab as shown in figure 5.1.
Similarly, for measuring natural radioactivity in wheat samples, 15 samples of wheat
grains were collected from the field from same locations, transferred into a plastic bag
and subsequently tagged. The in-depth sample collection and procedure is already
discussed in chapter 2.

A cylindrical Atomtex Gamma-Beta spectrometer of 63mmx63 mm, with an energy
resolution of less than 7.5% and an efficiency of around 20%, was utilised to ascertain
the activity concentration of natural radionuclides in the soil as well as wheat samples.
The energy scale stabilization of the gamma radiation line with the energy of 661.6
keV from the reference source of 137Cs, 1170 keV and 1330 keV from 5°Co were
carried out. '37Cs was used as the reference source for detector efficiency. Each
sample was assigned a counting period of 10,800 sec, which was necessary to yield
reliable statistics and to limit the occurrence of counting errors. Furthermore, the
background spectra were also computed under identical conditions as the reference
materials and the samples. The specific activity is calculated using-

Ny

O —
g xme x T x W

(5.1)

where C,, is the specific activity in Bq/kg, Ny, is the net counts, vq is v ray emission
probability, ng is the detection efficiency, T is the counting time (sec), and W is the
dry mass of the sample (kg). The activity of ?°Ra, 232Th and *°K from soil and
wheat samples collected from Mansa, 2?6Ra, 2*2Th and Punjab is listed in table 5.1
and 5.2. The minimum detectable concentration for ?26Ra and 232Th is 1 Bq/kg and
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Figure 5.1: Sampling locations of soil (circled) and wheat samples (red dots) in
Mansa district.

for 4°K is 50 Bq/kg. The Prodigy ICP-OES, manufactured by Teledyne Leeman labs
was utilised for the measurement of heavy metals in wheat samples. The calibration
process involves the use of standard solutions provided by LGC standards (VHG
labs, England) with R? = 0.99. In order to ensure sustained accuracy and precision
throughout the analysis of wheat samples, blank and spike recovery samples were
conducted at regular intervals. Manganese (Mn), iron (Fe), arsenic (As), copper
(Cu), lead (PDb), strontium (Sr), cadmium (Cd) and zinc (Zn) were detected in wheat
grain, and their concentrations are listed in table 5.3. The calibration curves are
shown in figure 5.2. The minimum detectable concentration for As, Mn, Fe, Zn, Cd,
Cu and Pb are 0.005 mg L', 0.0002 mg L', 0.0003 mg L', 0.0001 mg L, 0.0004
mg/L, 0.0004 mg/L, 0.0014 mg/L, respectively .

Different samples of regular staple food, which includes wheat, rice and pulses were
collected from the organic brands and local markets in Patiala, a city in the Punjab
region (India). The activity of ??°Ra, 232Th and “°K for organic and regular wheat
samples is listed in table 5.4.

5.3 Health risk indices

The assessment of the radiological danger posed by environmental radioactivity in
soil and food is conducted for evaluating hazards. The radium equivalent activity is
determined for materials containing a combination of 23Th, ??6Ra or 238U and 4°K
as it results in a similar index of the gamma yield. The same gamma dose rate is
achieved with an activity concentration of 259 Bq kg™ of 232Th, 370 Bq kg™ of 238U
(can be Rac) or 4810 Bq kg™! of 4°K [31-32]. It is calculated as -

Raey = Uae + (143 x The) + (0.077 x K.) (5.2)

where Ragq is the radium equivalent in Bq kg!, the activity of uranium, thorium
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Figure 5.2: Calibration curves with R? = 0.99 in ICP-OES for different heavy
metals.

and potassium is denoted by Ua., Th, and K., respectively in Bq kg™'.

The annual effective dose quantifies the cumulative radiation exposure an individual
receives within a year, taking into account the specific type of radiation and the
differing sensitivities of various organs or tissues to such exposure. It is calculated
as [33]-

AED gr4in = Ax DCF x I (5.3)

where AEDg;ain is the annual effective dose due to consumption of wheat grains in
mSv year!, A represents the specific activity measured in Bq kg™!, DCF refers to
the dose conversion factor measured in mSv Bq ! and I represent the yearly intake
measured in kg year!. The DCF for different age groups given by ICRP [34] are
listed in table 5.5. The yearly intake of cereals given by UNSCEAR for infants is
45 kg year™, for children is 90 kg year™! and for adults is 140 kg year™! [35]. The
annual intake of cereals and pulses based on Indian standards is given in table 5.6
[36]. The age group of children is average values of two age groups 7-9 years and
10-12 years mentioned in NNMB (National Nutrition Monitoring Bureau) [36].

The annual effective dose for soil is given by [37]-

AED = GyD, xt x CF x OF x 1075 (5.4)

where
GoD, = (0.462Ra. + 0.621Th. + 0.0417K,) (5.5)

where AED is the annual effective dose in mSv year!, G,D, is the outdoor absorbed
dose rate in (nGy hr'!), Ra, is the activity of radium, Th, is the activity of thorium
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Table 5.1: Activity concentration (Bq kg™!) of soil samples of Mansa, Punjab.

S.no. 226Ra 232Th WK
1 8.88+£2.29 | 22.474+6.41 | 291.03£50.15
2 12.45+2.51 | 22.294+6.55 | 266.82+48.39
3 13.10£2.57 | 21.944+6.58 | 227.38+44.98
4 12.10+£2.47 | 21.14+6.44 | 250.60+46.84
) 11.72+2.47 | 24.994+6.58 | 243.06£46.27
6 14.03+£2.29 | 21.384+6.68 | 260.21+£48.23
7 11.80+2.45 | 24.43+6.44 | 251.39+46.83
8 14.75+£2.65 | 22.75+6.58 | 313.06+£52.19
9 12.17+£2.49 | 22.084+6.47 | 291.88+50.26
10 10.944+2.42 | 21.144+6.44 | 274.80£48.70
11 10.21+£2.35 | 20.47+6.34 | 276.53+48.60
12 12.42+2.51 | 22.57+6.47 | 346.13+£54.64
13 12.78+2.52 | 23.14+6.34 | 265.54+48.01
14 7.37£1.91 | 20.83£5.81 | 385.69+£55.65
15 11.46+2.46 | 25.41+6.58 | 226.58+45.12
16 11.94+2.47 | 20.584+6.47 | 248.18+46.94
17 10.13+£2.32 | 24.95+6.37 | 262.03£47.19
18 9.81£2.30 | 25.094+6.34 | 233.84+44.50
19 11.68+2.43 | 24.95+6.47 | 257.35+47.07
20 13.37+£2.56 | 16.31+6.51 | 243.03+46.30
21 11.63+2.45 | 20.09+6.47 | 327.17£53.23
22 10.37+£2.36 | 29.61+7.07 | 250.50+46.45
23 10.56+2.34 | 21.1846.30 | 263.75+£47.19
24 12.82+2.50 | 23.10+6.47 | 221.77+44.10
25 11.38+2.42 | 23.484+6.47 | 246.83+46.21
26 12.97+£2.51 | 23.94+6.47 | 261.82+47.46
27 14.20+2.58 | 19.88+6.405 | 242.41+45.66
28 9.65+£2.30 | 27.16+6.86 | 282.42+48.95
29 11.17+2.43 26.81£7 298.00+50.93
30 13.444+2.62 | 26.284+6.82 | 175.36+41.22
31 13.05+2.51 | 22.23+6.41 | 316.81+£51.96

and K. is the activity of “°K in Bq kg!, t is the time taken as 8760 hr year™', CF is
the conversion factor of 0.7 Sv Gy™!, OF is the occupancy factor of 0.2.

The internal hazard index is calculated for wheat grains, and it quantifies the level of
internal exposure of living cells to radon 2?%229Rn along with their daughter nuclei.
It is given by [32] -

Ra. Th, K.

H;, = 5.6
o 185 + 259 + 4810 (5.6)

where Hj, represents the internal hazard index. The activity concentrations of >?°Ra,
232Th and °K are denoted as Ra., Th, and K, respectively.

The external hazard index due to the presence of radionuclides in soil is calculated
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as [38]-
Ra. Th, K.
Hep = 5.7
370 + 259 + 4810 (5:7)

where the activity of 226Ra, 232Th and °K are denoted as Ra., Th, and K, respec-
tively in Bq kg™

In order to maintain a negligible radiation threat, the value of the hazard index
must be lower than one.

Table 5.2: Activity concentration (Bq kg™') of wheat grain samples of Mansa,

Punjab.

S.no. 22Ra 232Th WK
1 7.91+£2.07 | 22.86+6.17 | 414.83£58.51
2 10.02+2.20 | 23.52+6.29 | 437.71£60.39
3 7.84+2.07 | 26.27+6.73 | 434.70£60.17
4 6.56+1.91 | 24.45+6.51 | 387.14+55.81
) 7.23+1.91 | 23.56+6.14 | 390.43£55.97
6 8.70£2.09 | 17.944+6.06 | 395.744+56.56
7 5.67+1.32 | 23.344+6.12 | 418.12£58.39
8 6.23£1.81 | 25.53+6.30 | 436.02+60.42
9 6.11+£2.5 | 20.32+6.10 | 425.054+59.40
10 5.89+1.99 | 29.0846.99 | 441.31£61.23
11 5.72+£1.43 | 18.64+6.18 | 398.55£55.80
12 6.74£1.90 | 22.2£6.10 | 369.044+54.20
13 7.56+£1.94 | 27.45%+6.77 | 418.10£58.67
14 5.98+1.53 | 19.67+6.09 | 383.01£54.70
15 8.424+2.12 | 24.71+6.32 | 442.82+61.12

5.4 Radiological risks due to soil and wheat samples of
Mansa

The dataset comprising of mean, minimum, maximum, quartile 1 and 3 of activity
levels, the annual effective dose of ??6Ra, 232Th, and “°K for soil and wheat are
given in table 5.7 and 5.8, respectively. The radium equivalent and hazard indices
are also listed in these tables. The radium equivalent of soil varied between 55.40
to 72.45 Bq kg! with an average of 65.24 Bq kg™!, which is below the established
threshold of 370 Bq kg™'. The soil samples show modest levels of radium equivalent
activity, indicating minimal radioactive risk associated with humans. The mean
external hazard index for soil is 0.17. The activity of 2?Ra for soil samples varied
between 7.37 to 14.75 Bq kg! with an average of 11.75 Bq kg™'. Similarly, the
activity of 232Th varied between 16.31 to 29.61 Bq kg™! with an average of 22.98 Bq
kg'!. The activity of “°K varied between 175.36 to 267.81 Bq kg™! with an average
of 267.81 Bq kg™!. The local geological variables, soil composition and evolution in
addition to ambient conditions like temperature and moisture may influence the
radioactivity [39-40]. Bandhan et al. reported the average activity in soils to be
28.58 Bq kg for 2%%U, 50.95 Bq kg! for 232Th and 569.59 for “°K in Ludhiana,
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Punjab [41]. According to Kaintura et al.'s findings in the neutral terrain of Ropar
(Punjab) [42], the activity concentration of 232Th, 28U and %°K varied from 55.58
to 106.82 Bq kg™, 37.00 to 76.13 Bq kg™! and 381.37 to 526.26 Bq kg™', respectively.
The comparison of the present data of soil is done with different parts of India and
the world in table 5.9. The activities of ?Ra, 232Th and °K in Mansa are below
the permissible limits of 35, 45 and 420 Bq kg™!, respectively [43].

Table 5.3: Heavy metal concentration in wheat grain samples in mg/L with adjusted
uncertainties.

S.no. | Mn (mg/L) Cd (mg/L) Cu (mg/L) Fe (mg/L) Pb (mg/L) Zn (mg/L) As (mg/L)
1 0.1457 £ 0.0087 | 0.1333 £ 0.0067 | 0.2076 £ 0.0142 | 0.1981 £ 0.0099 | 0.2155 =+ 0.0151 BDL 0.2092 + 0.0103
2 0.2137 £ 0.0085 | 0.1284 £ 0.0051 | 0.2204 £ 0.0086 | 0.2880 =+ 0.0058 | 0.2287 £ 0.0091 | 0.0310 + 0.0022 | 0.2070 % 0.0083
3 0.1466 £ 0.0088 | 0.1320 £ 0.0066 | 0.2076 £ 0.0145 | 0.2030 £ 0.0102 | 0.2246 £ 0.0157 BDL 0.2021 + 0.0102
4 0.1677 £ 0.0101 | 0.1309 £ 0.0065 | 0.2129 £ 0.0149 | 0.2125 £ 0.0106 | 0.2646 £ 0.0185 | 0.0150 £ 0.0011 | 0.2101 + 0.0105

0.2574 £ 0.0077 | 0.1282 4 0.0064 | 0.2280 £ 0.0091 | 0.3135 & 0.0063 | 0.2179 £ 0.0087 | 0.0448 £ 0.0031 | 0.0448 £ 0.0022

ot

0.2325 £ 0.0070 | 0.1316 £ 0.0067 | 0.2197 £ 0.0085 | 0.2721 & 0.0054 | 0.2310 4+ 0.0092 | 0.0147 + 0.0010 | 0.2032 £ 0.0081
0.1467 £ 0.0087 | 0.1350 £ 0.0068 | 0.2077 £ 0.0145 | 0.2015 £ 0.0101 | 0.2205 4 0.0154 BDL 0.2111 + 0.0106
0.2192 £ 0.0088 | 0.1302 £ 0.0062 | 0.2194 £ 0.0085 | 0.2701 & 0.0054 | 0.2196 + 0.0088 | 0.0103 £ 0.0007 | 0.2208 £ 0.0088

© o N @

0.2431 £ 0.0073 | 0.1266 4 0.0063 | 0.2245 =+ 0.0090 | 0.3200 % 0.0064 | 0.2413 £ 0.0097 | 0.0519 % 0.0036 | 0.2100 + 0.0084
10 0.1864 £ 0.0093 | 0.1292 4 0.0065 | 0.2175 £ 0.0087 | 0.2303 & 0.0046 | 0.2123 + 0.0085 | 0.0030 £ 0.0002 | 0.1988 + 0.0080
11 0.2507 £ 0.0075 | 0.1299 & 0.0063 | 0.2206 + 0.0084 | 0.3384 & 0.0068 | 0.2126 + 0.0082 | 0.0475 & 0.0033 | 0.1999 + 0.0083
12 0.1469 + 0.0088 | 0.1307 & 0.0065 | 0.2085 =+ 0.0146 | 0.2005 & 0.0100 | 0.1942 + 0.0136 BDL 0.2085 + 0.0104
13 0.1940 £ 0.0058 | 0.1294 £ 0.0066 | 0.2196 £ 0.0088 | 0.2480 % 0.0050 | 0.2307 % 0.0092 | 0.058 4 0.0041 | 0.2129 + 0.0085
14 0.1501 + 0.0090 | 0.1308 £ 0.0067 | 0.2081 =+ 0.0144 | 0.2080 =+ 0.0104 | 0.2351 + 0.0165 BDL 0.2029 + 0.0103

15 0.2010 £ 0.0062 | 0.1286 4 0.0064 | 0.2063 £ 0.0144 | 0.2560 & 0.0051 | 0.1965 £ 0.0098 | 0.0148 & 0.0013 | 0.2043 £ 0.0082

In Mansa, the activity of 2?Ra in wheat grains varied between 5.67 to 10.02 Bq kg!
with an average of 7.10 Bq kg™!. Likewise, the activity of ?32Th varied between 17.94
to 29.08 with an average of 23.30 Bq kg™!. The activity of “°K varied between 369.04
to 442.82 Bq kg™! with an average of 412.82 Bq kg™'. Soil naturally contains “°K and
the wheat plants actively absorb potassium from the soil. As wheat grows, it absorbs
40K resulting in higher quantities in wheat grains as compared to the soil around it
[44]. The mean internal hazard index for wheat grains is 0.19. Similarly, the radium
equivalent for wheat grains varied between 59.79 to 71.63 Bq kg™! with an average
of 65.63 Bq kg™!. The annual effective doses of 22Ra and ?*2Th for wheat grains are
well below the reference value of 2.4 mSv year™ [43] whereas for °K, it is higher
than the reference dose for all three groups of infants, children and adults. The
children have a higher annual effective dose of °K than the other two age groups
because the body composition of children differs significantly from that of infants
and adults. The children possess a greater proportion of body water, which enhances
the distribution of “°K, a radionuclide that is soluble in water [45].

5.4.1 Transfer factor from soil to wheat grains

Grains are the consumable part of the wheat crop that is directly ingested by humans.
The contamination of the consumable portions of a plant occurs through a sequence
of meticulously coordinated processes that begin with soil contamination. This is
followed by the absorption of contaminants by the roots, their subsequent transport
through the root system to the stem, and finally, the movement from the stem to the
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Table 5.4: Activity concentration in various food samples collected from the market.

Sample type Type 226Ra (Bq kg ') | 2*2Th (Bq kg!) | K (Bq kg ')
Wheat Organic 1 17.86+3.23 6.37£1.01 465.25+32.42
Organic 2 20.1343.2 4.344+0.85 453.21+38.23
Organic 3 15.13+2.85 3.2240.36 432.29+38.09
Conventional 1 20.83+3.01 6.391+0.96 469.28+36.23
Conventional 2 22.2143.89 5.3240.89 427.82+37.36
Rice Organic 1 19.43+4.21 6.89+0.95 473.22+28.34
Organic 2 19.4143.08 6.97+1.01 485.82+38.09
Organic 3 18.73+3.25 6.06+0.98 455.81+36.23
Conventional 1 19.72+3.45 7.01+£0.87 472.82+31.28
Conventional 2 19.52+3.28 7.60+0.66 465.42+32.21
Rajma Organic 1 16.83+1.96 6.3+0.63 450.81+30.21
Organic 2 18.81+2.09 5.5940.12 470.82+32.25
Organic 3 17.72+2.63 7.41+1.02 493.84+31.28
Conventional 1 14.7242.52 5.93£0.96 452.83428.39
Conventional 2 19.4143.25 7.1140.65 422.89+32.25
Chana Dal Organic 1 15.62+2.58 8.13£1.02 479.82+31.25
Organic 2 14.31+1.97 7.2240.54 472.89+39.21
Organic 3 11.3942.32 8.19140.96 435.4+31.24
Conventional 1 16.32+3.01 9.13+0.56 480.81+34.12
Conventional 2 14.32+3.25 8.28+0.85 489.29+31.28
Masoor Dal Organic 1 13.4243.65 7.8240.78 480.22+28.39
Organic 2 14.83+2.07 6.89+1.03 490.22+32.25
Organic 3 16.82+2.92 7.93+1.01 432.29+37.24
Conventional 1 16.89+2.98 8.08+0.98 472.21+38.09
Conventional 2 19.83+£3.52 8.924+0.91 481.89436.23

Table 5.5: Dose conversion factors for annual effective dose in mSv Bq™! given by
ICRP [34].

Element | Infants | Children Adult
226Ra | 9.60E-04 | 8.00E-04 | 2.80E-04
232Th 4.50E-04 | 2.90E-04 | 2.30E-04

0K 4.20E-05 | 1.30E-05 | 6.20E-05

leaves, which constitute the aerial parts of the plant [46]. The study of the dispersal of
uranium and thorium within various sections of the wheat plant revealed a decreasing
trend from root to grains [30]. The degree of contamination by radionuclides in wheat
grains can serve as an indication of the amount of radiation exposure a person may
experience through consumption [30]. The transfer of naturally occurring radioactive
materials from the rhizospheric zone of soils to wheat grains was assessed using
transfer factors. The transfer factor (TF) is the ratio of the activity concentration
in a specific portion of a plant (measured in Bq kg! dry weight) to the activity
concentration in the soil (measured in Bq kg™ dry weight). The dry weight was
chosen as an ideal measurement because the variability of radioactivity per kilogram
of dry weight is significantly lower compared to the variability per unit of fresh
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weight. It decreases ambiguities [39]. The equation is given as
C lant
TF = -2 5.8
Csoil ( )

where TF is the transfer factor from soil to plant (wheat grain), Cpjant is the
activity concentration of a radionuclide in a plant (Bq kg™') and Cyy is the activity
concentration of radionuclide in soil (Bq kg™).

Table 5.6: Average yearly consumption of cereals and pulses for different age groups
(Indian standards) [36].

Sample type | Age group (years) | Average Consumption (kg year ')
Cereals Infants 43.07
Children 92.16
Adults (Male) 141.62
Pulses Infants 5.47
Children 9.12
Adults (Male) 12.41
Adults (Female) 11.31
Table 5.7: The statistical analysis for soil samples.
Parameter Mean | Minimum | Maximum | Q1 Q3 | Radionuclide
Activity (Bq kg 1) | 11.75 7.37 14.75 10.75 | 12.89 20Ra
22.98 16.31 29.61 21.16 | 24.95 232Th
267.81 175.36 385.69 244.95 | 286.73 0K
Raeq (Bqkg 1) | 65.24 | 55.40 72.45 62.62 | 67.01
AED (mSv year—1) | 0.037 0.032 0.041 0.035 | 0.038
Hex 0.17 0.14 0.19 0.16 0.18

The transfer factor of 226Ra, 2*2Th and “°K from soil to wheat grains is given in
table 5.10. The transfer factor values are greater than the acceptable values given by
IAEA. The acceptable value of transfer factor for 22Ra is 4x 1072, 232Th is 5x 1072
and %K is 1 [39]. The transfer factor for 2Ra varied from 0.46 to 0.89 with an
average of 0.59. For 232Th, the transfer factor varied between 0.73 to 0.92 with an
average of 0.81. The transfer factor for “°K varied between 1.21 to 1.92 with an
average of 1.52. Various factors that may influence the transfer of radionuclides from
soil to plants encompass climatic factors such as weathering, humidity, etc., impact of
competing species, plant physiology, soil traits such as texture, cation exchange, pH
of soil in conjunction with the physico-chemical state of the radionuclides. Moreover,
agricultural practices such as the usage of fertilizers can also impact the transfer
factor [25]. Tufail et al. [47] reported the transfer factors for K, 226Ra and 232Th
from soil to wheat grain to be 0.118, 0.022 and 0.036, respectively, in Faisalabad,
Pakistan. The transfer factors of natural radionuclides from soils to wheat grains
grown in fertilised fields in Pakistan have been measured as 2x1072 to 3x1072 for
232Th, 3x102 to 4x 1072 for 226Ra and 17x 1072 to 20x 1072 for 4°K [48]. The transfer
factors of the radionuclides 2?°Ra, 232Th and “°K from soil to wheat flour of Kars,
Turkiye were found to range from 0.30 to 1.29, 0.15 to 0.86, and 0.45 to 0.83,
respectively [49].
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Table 5.8: The statistical analysis for wheat samples.

Parameter Mean | Minimum | Maximum | Q1 Q3 | Radionuclide
Activity (Bq kg™!) | 7.10 5.67 10.02 6.04 7.87 220Ra
23.30 17.94 29.08 21.26 | 25.12 232Th
412.82 369.04 442.82 393.08 | 435.35 K
Raeq (Bq kg™1) 65.63 59.79 71.63 63.25 | 68.38
AED (mSv year~1) | 0.29 0.23 0.41 0.24 | 0.32 | *°Ra (Infant)
0.29 0.23 0.41 0.25 | 0.33 | *?0Ra (Child)
0.04 0.03 0.05 0.03 0.04 | 2%Ra (Adult)
0.64 0.52 0.72 0.60 0.68 | 2*2Th (Infant)
0.47 0.49 0.56 0.47 0.03 | %2Th (Child)
0.03 0.03 0.02 0.03 0.03 | #2Th (Adult)
4.97 4.45 5.34 4.74 5.25 40K (Infant)
8.75 7.82 9.38 8.33 3.45 40K (Child)
3.62 3.24 3.88 345 | 3.88 | 4K (Adult)
Hiy 0.19 0.17 0.22 0.18 0.20

5.5 Heavy metal analysis of wheat grains

The interaction of plant with metals is contingent upon soil characteristics such as
organic matter, pH as well as clay absorption [50]. These metals accumulate in soil
and permeate the food chain resulting in health problems. Plants can be harmed by
the presence of high amounts of heavy metals, which can disrupt the permeability of
their membranes, hinder the activity of enzymes and deactivate photosystems [51].
Heavy metal concentration in the wheat grain samples is listed in table 5.11. Mn,
Cd, Ar, Cu, Cr, Pb, Mo, Bi and Sr were measured in wheat grain samples of the
study region. The average concentration of Mn in wheat grains is 0.193 ppm, with
minimum and maximum values varying between 0.145 and 0.257, respectively. The
results demonstrate that the measurements are beneath the allowable limit of Mn in
wheat grains i.e. 46 ppm [52]. The cadmium concentration varied between 0.126 to
0.135 ppm with an average of 0.130 which is higher than the permissible limit of
0.1 ppm for cereals set by Kent [52] but below the Indian permissible limit of 1.5
ppm [53]. The reason for the high cadmium concentration in wheat grains can be
various types of fertilisers based on sulphur, nitrogen and potassium, which increase
the concentration of Cd in wheat grains [54-56]. The copper concentration in wheat
grains varied between 0.206 to 0.228 ppm with an average of 0.215 which is beneath
the allowable threshold of 30 ppm [53]. The arsenic concentration in wheat grains
varied between 0.044 to 0.220 ppm with an average of 0.196 ppm, which is below the
permissible limit of 0.5 ppm. The concentration of lead in wheat grains varied from
0.194 to 0.264 ppm with an average of 0.223 ppm, which falls below the acceptable
limit of 2.5 ppm [53]. The average concentration of Zn in wheat grains is 0.013 ppm
which is far below the permissible limit of 50 ppm [53]. The average concentration
of iron is 0.250 ppm and varied between 0.198 ppm to 0.338 ppm, which falls below
the acceptable limit of 46 ppm [52]. Strontium was below the detection limit. The
sequence of heavy metals in increasing order of concentration for the present study
is: strontium, zinc, cadmium, manganese, arsenic, copper, lead and iron. Similarly,
the heavy metal concentration is decreasing in wheat grains in Kunschan, China was:
zinc, copper, lead, chromium, nickel, cadmium, arsenic, and mercury [57]. Wang et
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al. [58] found the accumulation of heavy metals in wheat grains as (in ascending
order): Zn, Pb, Cr, Cu, As, Hg, and Cd. Furthermore, the study found that wheat
has a higher tendency to accumulate heavy metals compared to maize.

Table 5.9: Comparison of the concentration of radionuclides of soil in Mansa,
Punjab with various studies.

Location 226Ra 232Th 40K References
(Bakg!) | (Bakg') | (Bqkeg)

Mansa, Punjab, India 11.75 22.98 267.81

Algeria 593 50 311 [59]
China 40 59.6 751.2 [60]
Pakistan 27.7 45.5 525 [61]
Turkey 8.93 11.39 281.94 [62]
World average 33 45 420 [63]

Table 5.10: The transfer factor from soil to wheat grains for 2?6Ra, 2*2Th and °K.

Radionuclide | Mean | Minimum | Maximum | Q1 Q3
22Ra 0.59 0.46 0.89 0.51 | 0.65
232Th 0.81 0.73 0.92 0.77 | 0.85
0K 1.52 1.21 1.92 1.32 | 1.72

Table 5.11: Heavy metal concentration (ppm) in wheat grain samples of Mansa,
Punjab.

Element | Average | Minimum | Maximum Q1 Q3
Mn 0.193 0.145 0.257 0.148 | 0.225
Cd 0.130 0.126 0.135 0.128 | 0.131
Cu 0.215 0.206 0.228 0.207 | 0.220
As 0.196 0.044 0.220 0.202 | 0.220
Pb 0.223 0.194 0.264 0.214 | 0.230
Zn 0.013 BDL* 0.058 BDL* | 0.037
Fe 0.250 0.198 0.338 0.205 | 0.280
Sr BDL*

*BDL-Below detection limit

5.5.1 Correlation between radionuclides and heavy metals

The Pearson correlation between radionuclides and heavy metals for wheat grains
at a confidence level of 95% is listed in table 5.12. These correlations offer a
comprehensive understanding of the relationship between heavy metal concentrations
and radionuclide levels in wheat grains from the Mansa district. It is essential
to comprehend these relationships in order to evaluate the potential causes for
contamination or natural variability in the radionuclide and heavy metal content
of agricultural products, which is essential for environmental monitoring and food
safety. A strong correlation of Mn with Cu, Fe and Zn is found. Stepien et al. [64]
observed that the content of Cu and Zn in grain was increased when mineral NPK
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fertilisation was combined with micronutrients (Cu, Zn, and Mn) justifying the
strong correlation among them. Cu has a strong correlation with Fe and Zn. As
cadmium competes with zinc, copper and iron for absorption and transportation
within plants therefore, Cd has a strong negative correlation with zinc, copper and
iron [65]. Radionuclides have no relation among themselves as well as with heavy
metals.

Table 5.12: Pearson correlation between radionuclides and heavy metals found in
wheat grains.

Mn Cd Cu Fe Pb Zn As | 226Ra | 232Th
Cd |-0.683*
Cu | 0.878* | -0.649*
Fe 0.969* | -0.692* | 0.838*
Pb 0.035 | -0.028 | 0.241 | 0.016
Zn | 0.866* | -0.746* | 0.833* | 0.839* | 0.242
As -0.424 | 0.274 | -0.471 | -0.363 | 0.105 | -0.259
226Ra | 0.095 | -0.122 | 0.014 | 0.063 |-0.056 | 0.125 | -0.034
232Th | -0.116 | -0.306 | 0.012 | -0.047 |-0.199 | -0.083 | 0.132 | 0.133
0K 0.104 | -0.191 | 0.027 | 0.112 |-0.139 | 0.182 | 0.266 | 0.258 | 0.059

5.6 Radiological risk comparison of organic and conven-
tional food

The average activity of 2?6Ra is 17.70 Bq kg™!,232Th is 4.64 Bq kg'! and “°K and
450.25 Bq kg, respectively in organic wheat samples, whereas in conventional
samples, the values are 21.52 Bq kg™! for ??°Ra , 5.85 Bq kg™! for 232Th and 448.55
Bq kg for 49K, respectively. In organic rice, the average activities of 22Ra, 232Th
and “°K are 19.19 Bq kg, 6.64 Bq kg! and 471.61 Bq kg, respectively. The
average activities of 226Ra, 232Th and 4°K in market samples of rice are 19.62 Bq
kgl 7.30 Bq kg'! and 469.12 Bq kg!, respectively. For pulses, the 226Ra, 232Th
and ‘9K activity concentrations in organic rajma are 17.78 Bq kg™!, 6.43 Bq kg!
and 471.82 Bq kg!, respectively. In conventional market bought rajma, the activity
concentrations of 226Ra, 232Th and “°K are 17.06 Bq kg'!, 6.52 Bq kg™' and 437.86
Bq kg!, respectively. In organic channa dal, the average activity concentrations of
226Ra, 232Th and ‘K are 13.77 Bq kg', 7.84 Bq kg and 462.70 Bq kg!, respectively.
Similarly, for the conventional samples, the average activity concentrations of 226Ra,
232Th and “°K for channa dal are 15.32 Bq kg™, 8.70 Bq kg'! and 485.05 Bq kg!,
respectively. The activity concentrations of 226Ra, 232Th and “°K in organic masoor
dal are 15.02 Bq kg, 7.54 Bq kg'! and 467.57 Bq kg™!, respectively. The average
activity concentrations of ??6Ra, 23Th and “°K in conventional market samples
of masoor dal are 18.36 Bq kg™!, 8.5 Bq kg' and 477.05 Bq kg, respectively.
The bar graph in figure 5.3 shows the activity concentration in different samples.
Although the values of “°K are higher than the reference value of 420 Bq kg™, but
the hemostatic balance of the human body keeps the concentration of “°K in control
despite the intake variations [66]. The radium equivalent and internal hazard index
are listed in table 5.13.
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The calculated 226Ra average annual effective dose of organic and conventional wheat
and rice for children is the highest among all age groups ranging between 1.30 and
1.58 mSv year™'. For all age groups, the values are below the reference value of 2.4
mSv year! given by UNSEAR [35]. The annual effective dose is highest for rice
samples among all samples and can be attributed to their high transfer coefficient
and leaching of water into the soil [67]. A lower annual effective dose is observed
for pulses due to less consumption as compared to cereals in India. The calculated
values are listed in table 5.14 and 5.15. Both the UNSCEAR and Indian standards
gave similar values for cereals [32].
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Figure 5.3: Activity concentration of 2?6Ra, 232Th and “°K in different organic
and conventional market bought staple food samples.

5.7 Conclusion

The risk analysis is carried out for samples of soil, wheat, organic and conventional
samples. The activity of “°K in few wheat samples of Mansa is higher than the
permissible limit of 420 Bq kg'. The radium equivalent for both soil and wheat is
well below 370 Bq kg™'. The annual effective dose for both soil and wheat grains of
Mansa is below the recommended limits. The hazard indices are lower than 1 for
both wheat and soil samples of Mansa. The heavy metal analysis of wheat samples
of Mansa is conducted, and the sequence of heavy metals in increasing order for the
present study is: Sr, Zn, Cd, Mn, As, Cu, Pb and Fe. It is found that cadmium
is in higher amounts than the permissible limits of 0.1 ppm but well below Indian
permissible limits. The organic food shows low activity concentration as compared to
conventional food samples. Moreover, there is a need to further investigate the effects
of fertilizers as the concentration of radionuclides was somewhat higher in that case.
Although organic food is much costlier than regular market food, there is not much
difference in naturally occurring radionuclides concentration in organic and regular
market samples. From the samples collected of organic and conventional staple food,
both categories are safe for consumption as far as radionuclide concentrations are
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concerned.
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Table 5.13: Average radium equivalent and hazard indices for different samples
taken from market.

Sample type Racq (Bq kg™!) | Hipn
Wheat Organic 59.01 0.20
Wheat Conventional 64.43 0.23
Rice Organic 64.99 0.22
Rice Conventional 66.18 0.23
Rajma Organic 63.31 0.21
Rajma Conventional 60.10 0.20
Channa Dal Organic 60.62 0.20
Channa Dal Conventional 65.11 0.21
Masoor Dal Organic 61.81 0.20
Masoor Dal Conventional 67.24 0.23

Table 5.14: Comparison of average annual effective dose in mSv year! due to
cereals for consumption for different age groups for Indian and the world population.

Sample type | Age 226Ra | 22Ra | 232Th | 232Th | 9K 10K
group (In- (World) | (In- (World) | (In- (World)
dia) dia) dia)
Wheat Organic | Infant 0.73 0.76 0.08 0.09 0.81 0.85
Children | 1.30 1.27 0.12 0.12 0.53 0.52
Adults 0.70 0.69 0.15 0.14 3.95 3.90
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Sample type | Age 226Ra | ?2Ra | 232Th | 232Th | 99K WOK
group (In- (World) | (In- (World) | (In- (World)
dia) dia) dia)
Wheat Con- | Infants 0.88 0.92 0.11 0.11 0.81 0.84
ventional
Children | 1.58 1.54 0.15 0.15 0.53 0.52
Adults 0.85 0.84 0.19 0.18 3.93 3.89
Rice Organic | Infants 0.79 0.82 0.12 0.13 0.85 0.89
Children | 1.41 1.38 0.17 0.17 0.56 0.55
Adults 0.76 0.75 0.21 0.21 4.14 4.09
Rice Conven- | Infants 0.81 0.84 0.14 0.14 0.84 0.88
tional
Children | 1.44 1.41 0.19 0.19 0.56 0.54
Adults 0.77 0.76 0.23 0.03 4.11 4.07

Table 5.15: Average annual effective dose in mSv year™! due to pulses consumption
for different age groups for Indian population.

Sample type Age 226Ra | 232Th | 0K
group

Channa Dal Organic Infant 0.07 0.01 0.10
Children | 0.10 0.02 0.05
Adult 0.04 0.02 0.03
(Male)
Adult 0.04 0.02 0.03
(Female)

Channa Dal Conventional | Infant 0.08 0.02 0.11
Children | 0.11 0.02 0.05
Adult 0.05 0.02 0.03
(Male)
Adult 0.04 0.02 0.03
(Female)

Rajma Organic Infants 0.09 0.01 0.10
Children | 0.13 0.01 0.05
Adult 0.06 0.01 0.03
(Male)
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(Female)

Sample type Age 226Ra | 232Th | 40K
group
Adult 0.05 0.01 0.03
(Female)

Rajma Conventional Infants 0.08 0.01 0.10
Children | 0.12 0.01 0.05
Adult 0.05 0.01 0.03
(Male)
Adult 0.05 0.01 0.03
(Female)

Masoor Dal Organic Infant 0.07 0.01 0.10
Children | 0.11 0.02 0.05
Adult 0.05 0.02 0.03
(Male)
Adult 0.04 0.01 0.03
(Female)

Masoor Dal Conventional | Infant 0.09 0.02 0.10
Children | 0.13 0.02 0.05
Adult 0.06 0.02 0.03
(Male)
Adult 0.05 0.02 0.03
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Chapter 6

Conclusion

The Mansa district, located in the southwestern region of Punjab, India, has as
become a prominent area of research, primarily due to escalating concerns regarding
environmental pollution. This thesis aims to evaluate the adverse effects on human
health due to naturally occurring radionuclides and heavy metals found in the water,
soil and food sources of Mansa. Additionally, it seeks to quantify the concentrations
of these radionuclides in both organic and conventional staple foods. The results
of these objectives contribute to a deeper comprehension of the environmental and
health challenges faced by the residents of Mansa district, providing important
insights for future mitigation efforts.

The health risks associated with groundwater through both deterministic and prob-
abilistic methodologies is calculated. The research underscored alarming concen-
trations of uranium, cadmium and chromium present in the groundwater of Mansa
district. The findings offered an extensive risk assessment, demonstrating that the
local population is exposed to considerable health hazards, primarily stemming from
the ingestion of polluted water. The assessed cancer and non-cancer risks surpassed
acceptable thresholds, underscoring an urgent requirement for intervention and
remediation strategies. The results of this study highlight the critical importance
of regular monitoring of groundwater quality of the region. The use of advanced
modelling tools such as MATLAB and Argo have proved effective in predicting health
risks based on probabilistic assessment. It has been found that the probabilistic
analysis should be used to estimate groundwater quality or associated contamination
risk in order to better depict the actual scenario by taking into account variability as
the deterministic approach can underestimate or overestimate the assessment. The
evaluation of health risks indicated that children exhibit a greater susceptibility to
health hazards compared to adults due to their lower body weight. The sensitivity
analysis is also conducted and it revealed that the concentration of heavy metal is
the dominant factor impacting the non-carcinogenic health risk assessment followed
by exposure duration.

The broader toxic effects of contaminated uranium on human health using biokinetic
modelling of uranium are also investigated. The in-depth toxicological risk assess-
ment provided a comprehensive analysis of the mechanisms of uranium exposure
and potential health effects on the population. Long-term exposure to uranium
contaminated groundwater can lead to serious health conditions. The kidneys are
highly impacted by uranium contaminated groundwater ingestion based on dose as
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they act as storage sites. The excretion pathways remain consistent through the years
whereas the cortical bone surface follow logarithmic growth with highest storage
over the years. The correlations of physico-chemical properties of water showed
high correlation between uranium concentration and TDS and between conductivity
and salinity. The study calls for immediate public health interventions, including
educating communities about the risks of uranium exposure and promoting safety
measures to reduce exposure.

In addition to groundwater contamination, the investigation of naturally occurring
radionuclides in soil and wheat grains collected from Mansa district is performed.
The activity of °K in few wheat samples is exceeding the permissible limit of 420
Bq kg!'. The annual effective dose and hazard indices for both soil and wheat grains
are below the recommended limits. The heavy metal analysis of wheat grains is also
conducted. It is found that cadmium is in higher amount than the permissible limit
of 0.1 ppm however, is under Indian permissible limit.

A comparative study of organic and conventional staple food from the market
revealed that organic foods tend to have lower levels of radionuclides compared
to their conventional counterparts. This finding is important because the samples
analysed show that both categories are considered safe for consumption in terms of
radionuclide concentrations. The study indicates that more comprehensive research is
necessary to analyse the effects of fertilizers as the concentration levels are somewhat
elevated.

In this thesis, a comprehensive evaluation of the environmental and health issues
encountered by the inhabitants of Mansa district as a result of uranium contamination
in groundwater and the presence of naturally occurring radionuclides in food and
soil is conducted. In summary, the work cohesively integrates all dimensions of
the assessment of natural radionuclides across water, food and soil. The findings
underscore the need for immediate and sustained interventions to reduce the health
risks associated with contaminants. In addition, emphasizes has been given to the
role of advanced analytical tools and toxicological studies in the complex interaction
between environmental pollutants and human health. The findings derived from this
research can offer a framework for subsequent investigations and the formulation of
policies designed to safeguard the health and welfare of communities in Mansa and
other regions.

FUTURE SCOPE OF THE WORK

Exploring the below mentioned prospective research avenues can enhance exist-
ing studies, thereby contributing to the advancement of knowledge, refining risk
management strategies and safeguarding the public.

¢ The execution of extensive epidemiological studies in the area may facilitate the
identification of particular health outcomes and enhance the precision of risk
assessment models.

e Examining and assessing feasible groundwater remediation technologies to de-
termine their efficacy in lowering uranium concentrations of the region. This
analysis may encompass research on the implementation of sophisticated filtration
techniques, bioremediation strategies and chemical treatment options.
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e Analysing the seasonal fluctuations of groundwater, soil and food resources can
enhance our comprehension of the dynamics within the study area.

e The biocaccumulation factor, which quantifies the transfer of heavy metals from
soil to food can be assessed to enhance our comprehension of the movement of
these contaminants from soil to plants.
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