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Abstract

The Indo-Gangetic plain is one of the ideal regions for agricultural practices. Over-
exploitation, unmanaged use of groundwater resources, and geogenic and anthropogenic pollutions
threaten the aquifer system of Gangetic plain. Arsenic pollution in groundwater and sediment of
Gangetic plain is a growing problem due to its toxicity and widespread distribution. Hence,
understanding the arsenic sources and mobilization in groundwater, soil and sediment and their
toxicity to human health is the prime aim of this study. The study area is geomorphologically
differentiated into older alluvium (OA) and younger alluvium (YA). It was observed that younger
alluvium is associated with an elevated As concentration in groundwater and sediment both in the
study area. The hydrogeochemical facies (Piper diagram) shows that CaHCO3 water type is
dominated in the study area. In addition, a thermodynamically stable Eh-pH diagram was plotted
to understand the As and Fe species in the groundwater. A mineralogy study has been done to
identify the As source and mobilization through the available minerals. The hydrogeochemical
evolution has been carried out to understand the dominant processes governing the major ion
chemistry. A geochemical model (PHREEQC) was used to identify the saturation indices (SI) in
groundwater. It shows that groundwater is supersaturated with fibrous goethite, hematite, kaolinite,
and illite minerals, which tend to precipitate from groundwater. The bivariate plots between As
and other physicochemical parameters show that reductive dissolution of Fe oxyhydroxide is the
prime mechanism for As mobilization in younger alluvium, while in older alluvium, reductive
dissolution and other processes are involved in As mobilization. Objective two aim to understand
the distribution and fractional of As in groundwater and sediment. The results show that As(I11) is
dominated in younger alluvium while As(V) is dominated in older alluvium in the study area. The
vertical distribution plot of As with depth shows shallow aquifers (20-35 mbgl) are more prone to
As contamination than the deeper aquifers. A three-step sequential extraction method was used to
identify fractioned bind with the different forms. The results show residual fraction is the
dominated fractioned followed by reducible, acid-soluble and oxidizable fractions. A sediment
tool color chart was used to understand the association of total As with sediment color, but a
significant association was missing. The presence of the secondary mineral-like siderite act as a
potential sink for arsenic and partial dissolution of fibrous goethite (FeEOOH) liberates As into the
groundwater. In the present study, stable isotopes tracer (5°H and §*80) was used to understand




the groundwater recharge and organic carbon dynamics. The results show OA and YA
groundwater recharged from local meteoric water, which undergoes little evaporation. While the
river water is getting recharged from meteoric water in both the study area. The enrichment of
5Cric in YA groundwater shows that carbonate dissolution is dominated over silicate weathering.
The 8Cric vs. pCO2 indicating silicate and carbonate weathering was the major source of DIC in
the groundwater of both the study area. Finally, As exposure was calculated for adults and children
from different exposure pathways in groundwater. A person correlation plot is plotted for the
sediment core to identify the source of As and TMs in sediment. The result shows that fine silt and
clay act as reservoir pools for As and TMs. The geochemical interpretation like geoaccumulation
index (lgeo), enrichment factor (EF) and degree of contamination (DC) was calculated and it shwos

sediments are unpolluted in the study area.

Keywords: As mobilization; Central Gangetic plain; Stable isotopes; Dissolved organic carbon;

As exposure.
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CHAPTER 1

1. Introduction

Water is not only a vital component for human survival, but it also serves as the foundation
for the long-term viability of our global ecology. In humans, around 60% of our body's weight is
built up by the water. More than 90% of body weight in some organisms resulted from water
(Popkin et al., 2010). On Earth, only 2.8% of the total water, contributed by surface (river, lake,
glacier, etc.) and groundwater, is considered fresh (Meissner & Mampane, 2009; Gupta & Sarma,
2016). Groundwater is their primary water source for millions of people worldwide, from shallow
drilled wells or deeper tube wells (Carrard et al., 2019). India covers only ~3% of the entire world's
land area, with ~23% of the total global population (Mukherjee et al., 2015; Sharma et al., 2018;
FAO, 2021). Increasing population and development of the economy increase the human water
demand. Water is a valuable resource that can never be replaced. Many countries and regions are
currently experiencing varying degrees of water scarcity (Rijsberman, 2006; Garg & Hassan, 2007;
Boretti et al., 2019). Toxic substance contamination of public drinking water systems causes a
severe problem on a global scale (Page, 1981). Groundwater pollution is assumed to be less
vulnerable than surface water (Konikow & Kendy, 2005; Sasakova et al., 2018). The requirement
of groundwater daily increases to enhancement industrialization, urbanization and agricultural
sectors etc., development. The unmanaged withdrawal of water from an aquifer causes
groundwater depletion. Groundwater depletion is a severe problem in Middle and South-East Asia,
North America, North China, North Africa, Australia, and isolated regions around the globe
(Konikow & Kendy, 2005). Other natural events like climate change and scorching summer also

contributed to groundwater depletion and frequently causes drought severity (Udmale et al., 2016).

In India, the primary source of groundwater recharge is rainfall, but uncertainty regarding
rainfall time and place and undeveloped rainwater management cause floods. However, India is
one of the most drought-prone nations in the world. Drought affects almost two-thirds of the
country, and the per capita water supply diminishes as the population grows (Udmale et al., 2016).
According to World Resources Institute (WRI), India falls in the extremely high baseline water-
stressed region in National Water Stress Ranking. Groundwater is one of the crucial water
resources for Indian people, and about 85 percent of the population relying on it. The physical and
chemical properties of groundwater in an area are mainly altered by geological and anthropogenic
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input (Srinivasamoorthy et al., 2014). Many researched revealed groundwater contamination
occurs due to agricultural and industrial wastewater discharge (Stefanakis et al., 2015; Herath et
al., 2016; Venkatesan & Subramani, 2018; Sharma et al., 2020; Nath et al., 2021). The groundwater
quality also deteriorated by the influence of geogenic sources such as As (arsenic), F (fluoride),
trace metals, radioactive pollutions etc., (Shah, 2015; Vermaet al., 2015; Mukherjee, 2018; Yadav
et al., 2020; Chattopadhyay et al., 2020).

1.1  Sources and occurrences of arsenic in the environment

As (arsenic) is a p-block element with an atomic number of 33 and molecular weight 74.9
g/mol. In the outer shell, As having five electrons that belong to the nitrogen group row and 20%
most prevalent naturally occurring element in Earth’s crust. As(-111), As(0), As(l11), and As(V) are
the most common oxidation states of As. In natural groundwater, inorganic arsenic is found in the
form of arsenite (Aslll) and arsenate (AsV). Arsenite is predominantly present in reducing water,
while arsenate is dominant in oxidizing water. Organic species of As are mostly detected at an
ultra-trace level in groundwater. Three major organic species of As such as mono-methylarsonic
acid (MMA), di-methylarsinic acid (DMA), and arsenobetain has been reported in aquatic animal
(Schramel et al., 2002; Gault et al., 2003; Khairul et al., 2017). The toxicity of inorganic As is
much higher than the organic forms of As, and both are harmful to human health. In the case of

inorganic arsenic species, As(l11) is more poisonous and mobile than As(V).

As is a metalloid and naturally available in numerous minerals. Arsenic is also found in
allotropes (solid form) with yellow, grey and black colors. Arsenic present in more than 200
minerals species, mainly sulfide and iron-containing minerals, reported high As concentration
(Bissen & Frimmel, 2003; Shankar et al., 2014). The most common mineral of As is arsenopyrite,
made up of iron, sulfur and As and generally present in an anoxic environment. Other minerals
like realgar, orpiment and enargite also contain As on a small scale (Acharyya et al., 1999). The
nature of the minerals and their texture also significantly influences the concentration of the As in
sediment, ranging from 3 to 10 mg/kg (Brammer & Ravenscroft, 2009). Large quantities of Fe
oxide, hydrous metal oxides or pyrites have exceptionally high amounts of As in sediments than
other oxides. The depth-wise As concentration in the sediment increases with reducing sedimental

condition (Roychowdhury, 2010; Robinson et al., 2016; ). Arsenic in the soil or sediment can
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easily dissolve in the groundwater and become the source of river water contamination and
seawater (Kim et al., 2015; Chatterjee et al., 2017). Geothermal water, such as the hot springs at
Hot Creek, Nevada, may also be a source of direct arsenic mixing into the aquatic environment
(Wilkie & Hering, 1998). Adsorption of arsenic to mineral surfaces (Fe oxide, hydrous oxide of
metals and fine sediment with organic matter) serves as a significant sink. The minerals
assemblages are presumed to be the essential source for As mobilization in the groundwater of
India and Bangladesh basin. The reductive dissolution of weathered alluvial sediment coated with
Fe(I11) oxides is the well-accepted hypothesis of As mobilization in the groundwater (Nickson et
al., 1998; Acharyya et al., 1999; Acharyya & Shah, 2007; Ghosh et al., 2010; Barringer & Reilly,
2013; Verma et al., 2015; Kumar et al., 2018; Mukherjee, 2018; Yadav et al., 2020).

1.2 Global scenario of As contamination (an overview)

Groundwater As contamination can be geogenic or anthropogenic and spread improperly
throughout the groundwater system (e.g., hydraulic fracturing). As a result, its contamination can
affect a significant number of individuals (Bagchi, 2007; Murcott, 2012). As first discovered in a
well in Argentina in 1917 and has since been found in shallow aquifers in over seventy nations,
with India being the most prominent (Mukherjee et al., 2006). Groundwater pollution caused by
As has been documented in many places around the globe, including the United States, China,
Africa, Europe, and South Asian countries (Nickson et al., 1998; Schreiber et al., 2000; Chen &
Ma, 2001; Mandal, 2002; Smith et al., 2003; Appleyard et al., 2006; Mukherjee et al., 2006; Zavala
et al., 2008; Sappa et al., 2014; Shankar et al., 2014; Wu et al., 2014; Mahanta et al., 2015; Herath
et al., 2016; Mayer & Goldman, 2016; Chatterjee et al., 2017; DeVore et al., 2019; Yadav et al.,
2020; Rahman et al., 2021) (Figure 1.1).
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Figure 1.1: World map illustrating the Arsenic-affected countries with the intensity shown by the
red circles (Adapted from: Shaji et al., 2021).

In Asia, the river delta aquifers from India, Bangladesh and Vietnam are reported As
contamination regularly (Berg et al., 2001; Smedley, 2005; Van Geen et al., 2006; Winkel et al.,
2011). The As finding in Latin America is relatively newer, and new studies from various sections
of the continent are being identified every day (Budschuh et al., 2012). For the African continent,
significantly fewer studies have been reported. Around the globe, India (particularly West Bengal)
and Bangladesh are highly vulnerable (PHED, 1993; BGS and DPHE, 2001), and hundreds of
millions of individuals are at risk of developing As-related diseases (Smith et al., 2000; Mandal
2002; Smedley, 2005; Martinez et al., 2011; Chakraborty et al., 2018).

1.3  Arsenic contamination in India

In India, Datta & Kaul (1976) reported the first case of As toxicity from drinking water in
Chandigarh in early 1976, followed by several reports of As-induced skin lesions in Kolkata, the
capital of West Bengal state, has been reported in 1984 (Garat et al., 1984). Since then, several
states bordering the upper, middle, and lower Gangetic and Brahmaputra plains have been infected
with chronic As illnesses (Sarin & Krishnaswami, 1984; Chakraborti et al., 2003; Ghosh et al.,
2007; Shah, 2008; Chauhan et al., 2009; Bhardwaj et al., 2010; Chakraborty et al., 2015; Saha &

4
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Sahu, 2016; Chakraborti et al., 2017; Kumar et al., 2018; Singh et al., 2020; Yadav et al., 2020).
The NRDWP (National Rural Drinking Water Programme), a subdivision of the Ministry of Jal
Shakti (MoJS) has published a recent report on As contamination and an estimated number of
people's lives at risk. According to the NRDWP report, more than ten million people are at
immediate threat by drinking As contaminated water in West Bengal, Assam, Bihar, Uttar Pradesh,
Haryana, Punjab and Jharkhand. Several workers conducted substantial research on groundwater
As contamination in India, particularly in the Ganga basin (Chakraborti et al., 2018; Shaji et al.,

2021; references therein).

The Ganga and Brahmaputra river basin is one of the wealthiest groundwater provinces of
the country (Singh, 2006). The majority of the extraction occurs in Northern and Northwestern
India throughout the Indo-Gangetic basin, resulting in considerable drawdown and water table fall
in several areas (Shaji et al., 2021). According to Shaji et al. (2021), around 20 Indian states and

four union territories are highly As contaminated (Figure 1.2).

In India, two types of terrane identified with high As contamination in the groundwater; a.
alluvial terrane and b. hard rock terrane. Approximately 90% As contamination was centered in
the alluvial aquifer, only 10% was associated with hard rock terrane (Figure 1.3). As is mainly
limited to gold-mining sites from Karnataka, while in Chattisgarh, As associated with the acid

volcanic linked with the Kotri lineament.
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Figure 1.3: Arsenic-affected states and union territories superimposed on geology map of India.
The alluvial aquifer is more affected in the diagram compared to the hard rock terrane (Adapted

from: Shaji et al., 2021, CGWB, 17-18).

1.4 Arsenic contamination in groundwater, soil and sediment

Arsenic enters the food chain via irrigation water, soil-plant systems once prevalent in the

environment (Shankar et al., 2014). The direct consumption of As-contaminated groundwater has

proven disastrous in several parts of India and worldwide (Shankar et al., 2014; Srivastava, 2020).

As contamination of agricultural soil has become a growing concern, arsenic passes from soil to

various trophic levels of the ecosystem and humans, particularly through plant uptake animal
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consumption (Kumar et al., 2016b). The maximum permissible limit for As in agricultural soil is
20 mg/kg prescribed by U.S. Environmental Protection Agency (Rahaman et al., 2013). According
to research, As distribution in the sediment is significantly influenced by metal oxides and organic
matters. The size of the soil texture also influences the adsorption and desorption of As in the soil.
Usually, the As concentration in clays and peats is ten times higher than in the sandy sediment.
Clays sediment or peat contains a maximum of 100 mg/kg As, while sand sediment contains a
maximum of 10 mg/kg As (Nickson et al., 1998; Chakraborty et al., 2015). The concentration of
the solid phase of As is usually high in the irrigated soil. However, this could be due to arsenic

input through groundwater irrigation and sorption of the soil (Harvey et al., 2005).
1.5  Arsenic mobilization

Four major processes predominantly control arsenic transportation and mobilization in the
groundwater; Pyrite oxidation, competitive ion exchange, reductive dissolution of iron

oxyhydroxide and reduction and reoxidation (Srivastava, 2020).
a. Pyrite dissolution

Pyrite dissolution is also known as sulfide oxidation. Several authors have suggested that
pyrite oxidation is thought to play a crucial role in mobilization in the alluvial aquifer of India and
Bangladesh (Chakraborty et al., 2015). In this process, sulfide minerals such as pyrite or
arsenopyrite are oxidized in oxygen near the water table. The water should be sulfide-rich and
acidic but not necessary to contain a high Fe concentration (Kumar et al., 2018). In pristine
condition, As and S was dominant species and existed in multivalent oxidation state. Fe
oxyhydroxides constituted the main Fe surface species after reaction with air-saturated distilled
water. At the same time, As(V), As(l11), and As(l) also exist in the aqueous environment and As(l)
is the dominant surface species (Blowes et al., 2014). The equation for the As-bearing pyrite

minerals dissolution can be expressed as follows:
FeAsS + 13Fe3t + 8H,0 = 14Fe?t + S02™ + 13H* + H3As0, (aq.)

The shallow water well with over-exploitation of groundwater is more prone to pyrite

oxidation than deeper wells. Sulphide oxidation and As mobilization was reported from
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Washington state USA, Nova scotia, Ghana, France and central Asia (Ravenscroft et al., 2005,
2009).

b. Reductive dissolution of iron oxyhydroxide

The desorption of As from iron oxyhydroxide in reducing conditions is the most widely
recognized theory for India and Bangladesh. According to this theory, As is mobilized by the
dissolution of metal oxides and Fe hydroxides (Shah, 2015; Verma et al., 2015; Kumar et al., 2018;
Yadav et al., 2020). Most As-contaminated water worldwide has been discovered to have an
extremely low redox potential, which is a sign of reduced circumstances. According to this theory,
As has been adsorbed on clay surface coated with iron oxyhydroxide in alluvial and deltaic regions
(YYadav et al., 2020). The bacterial decomposition of organic matter breaks down the metal oxides
and iron oxyhydroxide minerals and releases As in the aqueous solution. A group of bacteria
known as Geobacter, involved in the decomposition of organic matter and metals oxides and
reduced Fe(111) into Fe(ll) and helped to release the As(V) in the aqueous environment (Smedley
& Kinniburgh, 2002; Acharyya & Shah, 2007; Shah, 2015). Bicarbonate is also significantly
involved in As mobilization in the aqueous environment, while NO3s™ and SO4? are most probably
absent (Kumar et al., 2018). The processes of organic matter decomposition in the presence of
bacteria and reductive dissolution of iron is represented by the following equation;

8Fe0O0OH + CH;COOH + 14H,C0; = 8Fe?t + 16HCO3 + 18H,0

South Asian provenances such as India, Bangladesh, China, and Vietnam face the As
contamination in the groundwater and As mobilization is mainly governed by dissolution

processes.
c. Alkali desorption

Alkali desorption is the second most common process of As mobilization. In this process,
As is mobilized in the presence of higher pH (<8) and high dissolved O, NO3", and SO4% and low
concentration of Fe and Mn with evolving water known as "alkali-oxic" (Ghosh et al., 2010).
Research has been identified that maximum adsorption of As(V) occurred at pH 5 and As(I11) was
occurred at pH 8-9. The sorption/desorption of arsenic in the groundwater is dependent on the pH
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and competitive ions (Luo et al., 2019). The basin-Range provinces of the USA and Pampean plain

of Argentina are the best example of this process.
d. Geothermal

In the deep geothermal reservoir, As present in pyrite and arsenopyrite minerals. Naturally
occurred As in the geothermal reservoir has been detected in many countries including Alaska,
Central America, western USA, Nothern Chile, Japan, Taiwan, Iceland, Indonesia, France and
Philippines etc., (Bundschuh & Maity, 2015). The As concentration in the geothermal water is
very high and temperature-dependent. As is predominantly present as neutral HzAs(I11)O3
(arsenius acid) in geothermal reservoirs, while in the deeper part of the geothermal system, it is
present in thioarsenites under sulfidic conditions (Bundschuh & Maity, 2015). The upper surface
of the earth system, which is close to the atmospheric oxygen, causes an oxidizing environment
where As(V) is the dominant species, but it is a slow process. A few meters up from the spring
outflow, As(l11) is the dominant species in the geothermal spring, but it was swiftly oxidized by

microbial catalysis and converted to As(V) (Connon et al., 2008).
1.6 Arsenic speciation and its role in mobilization

Arsenic enters the environment through hydro-geochemical processes and anthropogenic
inputs (Smedley & Kinniburgh, 2002). Arsenic is a multivalent element and is involved in various
biogeochemical activities. As causes severe toxicity effect on human health at a low level of
exposure and categories as class 1 carcinogen (\Wang et al., 2016; Kumar & Ramanathan, 2018).
Arsenic is most commonly found in the form of inorganic As species such as AsHs, As(l11) and
As(V). The organic form of As is rare, and it is present in the form of methyl and dimethyl
compound. The inorganic As species are more toxic than organic As species, while inorganic
As(111) is more toxic and mobile than inorganic As(V) (Dixit & Hering, 2003; Gault et al., 2003).
The behavior of As is distinctly different from the other oxyanions forming metalloids, and the pH
of the groundwater significantly influences its mobilization (Smedley & Kinniburgh, 2002). As
the pH rises, arsenate becomes more mobile (Kumar et al., 2016). The bioavailability of As in
sediment, its mobilization, toxicity, retention time, chemical behavior and potential risk to human

health in the environment are all influenced by the form in which As is available in the groundwater
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(Kumar et al., 2016). In oxygenated or well-drained soil, arsenate is the dominant species, while
in reducing conditions, generated by degradation of organic matter and regularly flooded areas
associated with elevated arsenite (Acharyya etal., 1999). The avilability of total As in groundwater
and sediment are insufficient to calculate the environmental exposure scenario (Kumar et al.,
2016). So, arsenic speciation is a robust tool for determining the environmental impact and risk to

human health.

In soil or sediment, the geochemistry of As was widely controlled by metal (Fe and Mn)
oxides and aluminosilicate minerals through adsorption and desorption processes (Chen et al.,
2019). The arsenic availability in soil is also dependent on the amount of the sorbing compound,
pH and redox potential of the soil. Arsenic mobility in the sediment is very low. It has been shown
that solubility of As increased with high salinity, extreme pH and high P concentration, and high

resuspension events.
1.7  Application of stable isotopes in As contamination

The application of stable isotopes (8'80 and %H) is an important tool for understanding
the aquifer recharge/discharge and subsurface hydrological processes on a regional scale (Saha et
al., 2011; Mukherjee et al., 2012; Parda et al., 2016; Thilagavathi et al., 2016; Das & Pal, 2020).
Since the early 1990s, naturally occurring environmental isotopes in natural water investigations
have grown in popularity (Bishop, 1990). The use of stable isotopes in groundwater research is
critical for determining the source, age, and kind of water. Stable isotopes are also used to study
various hydrological processes in nature, including precipitation source, groundwater recharge,
river and lake source identification, hydrograph separation, surface water groundwater interaction,
evaporation and evapotranspiration etc., (Rai et al., 2014). The changes in the behavior of isotopic
composition in water along the flow channel reveal information about the water's history, including

mixing, mineralization, and recharge/discharge (Kumar et al., 2016; Joshi et al., 2018).

It is well known that water on the Earth's surface was primarily derived from precipitation
and evaporation. At a particular site, meteoric activities alter the isotopic signature of precipitation.
This characteristic acts as a natural tracer for locating groundwater recharge sources (Gupta &

Deshpande, 2003; Rai et al., 2014). Hence, understanding the variation in precipitation and
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evaporation in an area, a stable isotopic signature tool has been used widely. Various research has
been conducted to understand the origin of precipitation and evaporation processes in groundwater
its role on groundwater recharge using stable isotopes (520 and §2H) in The Gangetic basin
(Sengupta et al., 2008; Kumar et al., 2010; Saha et al., 2011; Mukherjee et al., 2012; Singh et al.,
2013; Rai et al., 2014; Kumar et al., 2016; Joshi et al., 2018).

Dissolve organic carbon (DOC) plays various significant roles in groundwater. It is one of
the primary carbon and energy sources for heterotrophic microbial communities to thrive and is
responsible for reducing conditions in the middle Gangetic basin (Cooper et al., 2016). And it is
well known that reducing conditions are significantly involved in carbon cycling and metal
transportation, including As mobilization in groundwater. The ratio of §'3C to 12C is 1 percent in
the natural water. The alteration in this ratio can be related to the environmental history of carbon,

which aids in tracing the DOC source in the natural water (Kumar et al., 2016).
1.8  Arsenic and trace metal exposure and health effect

Due to its extraordinarily high toxicity, arsenic has been considered one of the most severe
hazards to living organisms for ages. Thus, it is referred to as the “king of poisons” (Nriagu et al.,
2007). Millions of people around the globe are infected with As. It entered into human lives
through food, water and air (Shankar et al., 2014; Chakraborti et al., 2017). It was estimated that
around 99% absorption of As occurs through ingestion of food and drinking, while dermal
absorption of As is negligible except occupational accidental (Saha et al., 1999). Consumption of
arsenic cause acute and chronic dysfunction of the organs and several types of cancers. As existed
in both inorganic and organic form, and inorganic As is more mobile and toxic than organic arsenic
(Smedley & Kinniburgh, 2002; Shankar et al., 2014). Arsenite is 20-50 times severely harmful
than arsenate and obstructs the methylation mechanism by degenerating the neurons in the human
body (Intarasunanont et al., 2012). Long-term exposure to As contaminated water causes chronic
poisoning such as skin cancer, liver disorder, renal failure, etc. Men are more susceptible to As

poisoning than the female (Mazumder, 2008).

The distribution of As and trace metals in sediment and water can determine the extent of

the metals poisoning caused by geogenic and anthropogenic inputs. Estimating the possible human
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health risk associated with As exposure through contaminated water has become a widely used
approach in recent years (Saha et al., 2011; Saha et al., 2017). A standard approach has been used
to calculate human risk assessment, prescribed by US Environmental Protection Agency (USEPA,
1989). Human risk assessment was assigned for a single representative value for each potentially

harmful metal, resulting in a single risk output value (Saha et al., 2017; Zhang et al., 2019).

Globally, there is no effective cure for arsenicosis, mitigation techniques and long-term
water development are the only hope for avoiding diseases associated with the As threat. Another
best strategy to treat your conditions by eliminating yourself from As exposure. Furthermore,
finding a maximum value of As in water and food is difficult due to the lack of a dose-response
relationship for determining the carcinogenicity of As. The maximum acceptable limit for As in
potable water is 10 ppb prescribed by WHO (2011) and BIS (Bureau of Indian standard, 2012).

1.9  Arsenic contamination in Central Gangetic Basin

Previously it was assumed that As contamination was limited to the shallow aquifer of
Bhagirathi and Hooghly rivers in West Bengal. But several research studies have confirmed the
elevated As concentration in the groundwater of the upper and middle Gangetic basin in Uttar
Pradesh, Bihar and adjoining areas such as Haryana, Punjab and Jharkhand (Mandal, 2002;
Acharyya & Shah, 2007; Shah, 2008; Shankar et al., 2014; Verma et al., 2015; Mahanta et al.,
2015; Kumar et al., 2016; Shaji et al., 2021). In India, a large geological domain is affected by As
contamination, mainly derived from natural geogenic settings. The anthropogenic inputs include
mining, industrial and thermal water activity also contribute As on a localized scale (Acharyya &
Shah, 2007). The geology of the Central Gangetic plain is made up of Holocene and Pleistocene
deposits. Holocene deposits are again divided into older and younger alluvium. The younger
alluvium mainly consists of freshly deposited silt and clay and is highly rich in organic matter,
enhancing As mobilization in the study area. (Singh, 2006; Saha, 2009). The As contamination
was limited to shallow depth (0 to 40 mbgl) in the central Gangetic plain, also known as the hot
spots region. The elevated As concentration is significantly associated with fine silty clay lenses
with micaceous grey enriched with organic matter (Saha et al., 2010; Saha & Sahu, 2016). As
concentration significantly changed between the tube well on a short distance due to groundwater

recharge/discharge and river influences (Kumar et al., 2018). The central Gangetic plain has well
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distinct geology and geomorphology setup compared to the lower Gangetic plain. River
geomorphology such as river meandering, avulsion, river bed and levees etc., significantly
influence the As mobilization in the central Gangetic plain. Due to these uneven changes in a shot
location, the concentration of As is highly variable.

1.10 Relevance of the study

Several studies on As pollution in groundwater, soil, and sediment in the middle and lower
Gangetic plains have been conducted (Ahamed et al., 2006; Ali et al., 2012; Srivastava & Sharma,
2013; Kumar et al., 2014; Saha & Sahu, 2016; Kumar et al., 2018). Only a few researchers have
attempted to comprehend the role of geochemical processes, the behavior of the subsurface
chemistry in different geomorphic setups in two different study areas, and their role on As
distribution and quantification in groundwater, soil and sediment in the central Gangetic plain. To
identify the groundwater and subsurface sediment interaction, geochemical processes and their

role on As mobilization in the central Gangetic plain.

Stable isotopes (580 and &°H) applications were used to understand the groundwater
recharge and discharge, source, history and age of the groundwater, and the interlinkage between
groundwater and surface water. Several studies have been conducted thoroughly to apply stable
isotopic signature tools to identify the origin and interaction of aquifer and surface water in the
lower Gangetic plain (Saha et al., 2011; Thilagavathi et al., 2016; Das & Pal, 2020). However,
very limited research has been documented from the central Gangetic plain (Mukherjee et al.,
2012; Kumar et al., 2019). Thus, an attempt has been made to identify the groundwater
recharge/discharge processes and their interaction with the surface and stagnant water, and how
the recharge or discharge influences the As mobilization, etc., using the stable isotopes application.
Also, examine the groundwater recharge source regarding meteoric circulation/ rainfall and
understand the inter-relationship between the shallow aquifer and the deeper aquifer. Test the

hypothesis of organic carbon deposits, sources and their role in As mobilization in the study area.

According to the published research, it is well accepted and hypothesized that As
desorption occurs from the metal oxyhydroxide triggered by bacterial reduction of organic matter

in the Gangetic plain (Kumar et al., 2018; Yadav et al., 2020). Previous studies based on the
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estimation of total As in groundwater and soil and sediment, and only a few studies focused on the
As speciation in groundwater, soil and sediment in the middle Gangetic plain (Chandrasekharam
et al., 2007; Kumar et al., 2016). Thus, an attempt was made to fill the gaps and understand the
different behavior of inorganic As species in the groundwater. Sequential digestion of sediment
samples has been carried out to recognized the association of As with the solid phases in the
environmental media based on the chemical activity in the aquifer system. Mineralogical studies
have been carried out to identified the minerals assemblage with As and its mobilization processes
in the aquifer system. Finally, A sediment tool application (Hossain et al., 2014) was used to

distinguish the sediment based on the four colors in the central Gangetic plain.

Arsenic and trace metals (TMs) contamination in groundwater is causing skin diseases and
different kinds of cancers in human beings. Two common As exposure pathways, ingestion and
absorption, have been identified for acute and chronic As effects on living beings. So, it is needed
to understand the As and TMs assessment in drinking water. Calculate the cancer risk and hazard
index due to ingestion of As contaminated water through ingestion and absorption. Understanding
the spatiotemporal distribution of As and TMs in the sediment core help to determine their sources
and behavior in the aquifer environment. The elemental composition of sediment profiles in the
research area is currently unknown. Hence, calculating the degree of contamination, geo
accumulation index and enrichment factor etc. will be helpful to determine the pollution sources

and their level.
1.11 Research hypothesis and objectives

The current study has been conducted to understand the hydrogeochemical characterization
of groundwater and subsurface sediment from two geomorphic units, older and younger alluvium,
in two study areas. This study is focused on groundwater chemistry and subsurface sediment
geochemistry, their interdependency. Identify the groundwater recharge/discharge processes and
delineate the source with the help of stable isotopes (5'80 and §°H) and DOC. This study also aims
to enhance the knowledge of the role of inorganic As speciation in groundwater, soil and sediment.
And also, an attempt has been made to identify the possible contamination source of As and TMs
in groundwater and sediment. So to fulfill these gaps, a comprehensive study has been carried out

with the following objective and their respective research questions or hypothesis.
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The following hypothesis was tested in this thesis;

Do geomorphological, lithological /geochemical variations are responsible for the variable

concentration of arsenic in the study area?

. Are mineralogy plays an important role in the mobilization of arsenic and enrichment in As-

contaminated water, sediment, soil?
Is rivers or stagnant water bodies and DOC play any direct/ indirect role in groundwater dynamics
and arsenic mobilization?

Evaluate the potential risk of heavy metals and their exposure related to the human population.

Objectives:

Identification of arsenic provenance and fate by examining the geochemical/hydrochemical
processes and geomorphological variations.
Questions;

What is the role of weathering on solute chemistry and dynamics of major ions and arsenic?
How is the Geomorphology of an area significantly influenced the As concentration in
groundwater, soil and sediment? Is there any particular geochemical processes between
groundwater and subsurface sediment in As librations?

Distribution and fractionation of arsenic in groundwater, soil, sediment.

Questions;

How are As(l11) and As(V) species variable in groundwater? What are the role of geochemical
sediment fractions and assessing the potential mobilization of As in the sediment (coarse and fine
particles) in the study area? What is the role of mineralogy in As distribution and mobilization?

Understand the groundwater dynamics, recharge/discharge and DOC behavior using stable
isotopes in relation to arsenic mobilization.

Questions;

Are river channels involved in the recharging of the specific aquifer in the study areas? What are

the major source of DOC and pCO: in the study area, and how do help in As mobilization?
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4. ldentification of degree of contamination and potential health risk of arsenic and trace
metals to the human population.

Questions;

Identify the degree of contamination and level of cancer risk of As and TMs in groundwater and

sediment. What are the probable source of TMs in groundwater and sediment?
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2. Study Area:

Both the study areas, Gorakhpur (study area 1) and Ghazipur (study area 2), are the eastern
district of Uttar Pradesh and part of the central Gangetic basin (CGB). These areas are densely
populated because of highly fertile soils, favorable climate, numerous river drainage systems and
flat terrain. In this current study, two study areas were identified by the preliminary survey. Study
area 1 is a part of the Gorakhpur district, which is lies between 83° 20" to 83° 27' E and 26°43' to
26°50" N. Two major river (Rapti and Rohini) drainage system has been reported from the
Gorakhpur district. Another river Ghaghara is flowing through the south-western boundary of the
Gorakhpur district, but the current study was focused on a small part of the district. The entire
drainage system of the district is finally discharged into the Ghaghara river. Small lake and water
bodies like Ramgarh lake Nandaur Tal, Amir Tal, Taraina Tal and Bheuri Tal were reported.
Gorakhpur district comes under the Tarai region of the Himalayan foothills. The sedimentation
load of the Rapti and Rihin is very high during the flood. A periodic has been reported due to the
low-lying area in Gorakhpur city. As a result, the Rapti River is also known as Gorakhpur's Sorrow
(Singh et al., 2015).

Study area 2 is a part of the Ghazipur district and located between 83°04' to 83° 58' E and
25°19' to 25°54' N. The entire district is formed by the alluvium deposition transported from
Himalaya and Craton peninsular with the holy river “Ganga” (Singh et al., 2007; Kumar et al.,
2018). The deposition of alluvial sediment of the Ganga and its tributaries remains in excess
throughout the sedimentation rate, resulting in the exposure of the Pleistocene to easy and steady
fresh groundwater (Shah, 2015; Singh, 2004; Saha & Sahu, 2016).

In CGB, a very shallow water table has been reported due to enough groundwater recharge
from monsoon precipitation (Saha & Sahu, 2016). The cultivation and cropping activities are
dependent on monsoonal rainfall during summer, but during winter, agricultural activities are
dependent on groundwater to meet irrigational and other requirements (Saha et al., 2011; Kumar

et al., 2018). The economy of both the study area is based on agricultural practices.

Several authors have been suggested that As is evenly distributed in the groundwater and

sediment, and its mobilization is highly dependent on redox condition and pH of the groundwater,
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geology and geomorphology of that location (Saha & Shukla, 2013). Previous studies have been
explained the geology and geomorphology of the central Gangetic. The geographical features such
as active flood plain (To), river valley terrace (T1) and upland interfluvial surface (T2) can be easily
distinguished as a topographical mapping scale of the Quaternary accumulation basin (Ahamed et
al., 2006; Acharyya & Shah, 2007; Saha & Shukla, 2013; Kumar et al., 2018). A significant surface
feature has been identified in the CGB, showing a successive sediment deposition of Holocene
over the Pleistocene epoch deposited by river Ganga (Shah, 2008, 2014).

The quaternary alluvium is made up of older and younger alluvium. Older alluvium is well
oxidized, radish brown in color, and mainly consists of sand silt and clay with ample kankar,
calcareous and pisolitic Fe nodules (Kumar et al., 2018). Older alluvium is also known as Bhangar.
However, younger alluvium consists of greyish-yellow to brown fine sediment particles (silt and
clay dominated) with a highly reducing environment. Younger alluvium is reported along with the
stream courses, levees, swamps and flood plains. At some locations, the younger alluvium
sequence can be distinguished as older and present-day flood plain, representing the past and
present oscillation limits of Ganga and its tributaries. The newest sediments in the Ganga basin are
less compact, with a high carbonaceous content; they appear grey or black and form a porous and
water-bearing layer (Lourma, 2010).

The Holocene aquifer system of the central Gangetic plain is confined or semiconfined and
used for water extraction. Generally, a two-tier aquifer system has been reported in and around the
study area; a. shallow aquifer up to the depth of 120-140 mbgl and b. deeper aquifer system 220-
240 mbgl. In central Gangetic, most hand pumps were installed in shallow depth (20-60 mbgl)
only, and shallow aquifers are more prone to As and TMs contamination (Saha & Shukla, 2013;
Kumar et al., 2018).

Three climatic conditions have been experienced; a. hot season (March to July), b. rainy
season (June to September) and c. winter season (October to September). The average annual
rainfall is 1060 mm, with the south-western monsoon accounting for 88 percent. Pre-monsoon
rainfall is contributed by local convectional storms (5% of yearly rainfall), while winter rainfall

accounts for the remaining 7%. The economy of this area is mainly based on agricultural practices,
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which are dependent on monsoonal rainfall. But winter crops are dependent on groundwater that

fill the gap between soil moisture availability and crop water requirement.
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Figure 2.1: Showing the Geology of the Gangetic basin and surrounding areas. Cubic areas on
the map are our study areas, Gorakhpur and Ghazipur. River Rapti is flowing through the
Gorakhpur and river Ganga flowing through the Ghazipur districts. (Adapted from Heroy et al.,

2003).

The details of the study area with sampling location and lithology have been separately

given in each objective (Chapter 3-6).
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Abstract

Groundwater and sediment cores of four boreholes (to a depth of 35 mbgl) from two
geomorphological units (OA and YA) of Gorakhpur and Ghazipur districts of eastern Uttar
Pradesh, India, were collected to analyze the As content and geochemical processes. The As
concentration in Gorakhpur district's groundwater ranged from ND to 0.24 mg/L in older alluvium
(OA), ND to 0.26 mg/L in younger alluvium (YA) and ND to 0.05 mg/L in river water. However,
As concentration in sediment cores ranged from 5.03 mg/kg to 19.19 mg/kg in Khorabar (OA) and
3.6 mg/kg to 23.96 mg/kg in Farshiya (YA). In the borehole of older alluvium, As decreased with
depth, while in the younger alluvium, high As concentration was reported at a depth of 15 mbgl.
As concentration in Ghazipur’s groundwater ranged from ND to 0.125 mg/L in OA, ND to 0.621
mg/L in YA and ND to 0.03 mg/L in river water. The As in sediment cores ranged from 1.40
mg/kg to 26.31 mg/kg in Jagadishpur (OA) and 2.6 mg/kg to 31.52 mg/kg in Firozpur (YA). In
both the sediment cores, As decreased with the depth while a sharp peak of elevated As
concentration was observed in YA at 27.4 mbgl. Groundwater of both the study area was
dominated by CaHCOz type. In addition, to better understand the arsenic and iron speciation in
groundwater, a pH-Eh diagram was generated using the Geochemist's Workbench (GWB)
software. An X-ray mineralogy study of sediment samples was done to understand the availability
of minerals for As liberation in the groundwater. Hydrogeochemical investigation suggested that
weathering was the important process that governed the major ion chemistry, followed by
evaporation enrichment and anthropogenic inputs. In study area 1, the bivariate plots indicated As
liberated in OA groundwater by the dissolution of iron oxyhydroxide and Cl and SO4 oxidation
while in YA groundwater reductive dissolution of iron oxyhydroxide and microbial degradation
of DOC was a major process of As mobilization. In study area 2, As is liberated in the groundwater
by the dissolution of Fe and Mn oxyhydroxide; although, in YA groundwater, reductive dissolution
of Fe and Mn oxyhydroxide and competitive PO4 were significantly controlled As mobilization

processes.

Keywords: Older alluvium; Younger alluvium; Reductive dissolution; As mobilization; Sediment




CHAPTER 3

3.1 Introduction

Elevated geogenic As (arsenic) contamination of groundwater is reported notably in South
and South-East Asian countries. It causes an alarming menace to human health and threatens the
availability of safe drinking water in an affected area (Biswas et al., 2012; Mukherjee et al., 2015;
Kumar et al., 2016). The upraised arsenic concentration in the drinking water than the WHO
prescribed limit (10 pg/L) was documented in more than 20 countries globally (Mukherjee et al.,
2008; Verma et al., 2015). High levels of arsenic-contaminated groundwater aquifers are mainly
associated with fluvial and Flavio deltaic regions (Shankar et al., 2014; Kumar et al., 2016). The
Bengal basin and Bangladesh are formed by the sedimentary deposition of the Ganga-
Brahmaputra-Meghana mega fans delta. Recently these delta’s are considered the most seriously
arsenic-affected region globally (Mukherjee et al., 2009; Burgess et al., 2010; Bonsor et al., 2017
Kumar et al., 2018). Freshly deposited mega fans are highly enriched with nutrients provide
favorable conditions for the microbe. The metabolism of nutrients in sediment stimulates microbial
activities and creates a reducing environment (Brevik et al., 2020). The local conditions such as
geology, geomorphology and hydrogeochemistry of groundwater significantly influence the As
occurrences and mobility in the aquifer system (Nickson et al., 1998; Biswas et al., 2012b; Kumar
etal., 2016).

As is widely distributed in rock and weathered soil. According to the published research,
the river originating from Himalayan mountain and Tibetan plateaus is susceptible to arsenic
pollution due to high arsenic-containing weathered sediment load (Chakraborti et al., 2004, 2018).
The weathered sediments of the Gangetic basin are derived from sulfide deposition and allowing
the arsenic into the groundwater (Nickson et al., 1998). However, south of the Ganga river,
arsenopyrite mineral permits moderate arsenic contamination in the copper belt of Bihar and
Chhattisgarh (Acharyya et al., 1999). Presently, it is hypothesized that quaternary alluvium from
the upper and central Gangetic basin having characteristic properties that favor the holding and

releasing mechanism of arsenic in the groundwater (Chakraborty et al., 2015).

The Gangetic Basin is one of the greatest quaternary alluvial-deposited terrains in Asia. A
large population lives on a limited alluvial track area (Shah, 2014a), mainly occupied by Uttar

Pradesh, Bihar, and West Bengal. The alluvial sediment deposited by Ganga-Brahmaputra-
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Meghana makes this region highly fertile for agriculture and provides favorable conditions for
developing large cities and villages (Islam, 2016). In recent decades, groundwater has been over-
exploited for household and irrigational purposes (Mukherjee et al., 2012; Bhanja et al., 2017).
The overexploitation of groundwater causes water table declination and quality deterioration. The
weathered alluvial sediment differentiates between the deposits of Holocene and Pleistocene and
seems correspondingly to be grey and brown. It was speculated that elevated groundwater arsenic
concentrations were recorded high in shallow Holocene aquifers' gray and dark gray sediments
(Nickson et al., 1998; Acharyya et al., 1999; Mukherjee & Fryar, 2008; Saha & Sahu, 2016).

The first case of arsenic poisoning due to prolonged As intake has been reported in West
Bengal and Bangladesh. Several scientific and social reports on groundwater arsenic poisoning
have been published from the upper Gangetic plain (Mukherjee et al., 2009). More than twenty-
one states are reported to have high As contaminated groundwater (Jadhav, 2017). At present,
more than 70 million people in the middle Gangetic plain (MGP) are affected by the increasingly

elevated arsenic concentration in groundwater (Jadhav, 2017).

In the CGB, several surveys and scientific research on elevated arsenic contamination in
groundwater have been well established (Ahamed et al., 2006; Saha, 2009; Janardhana Raju, 2012;
Mukherjee et al., 2012a; Singh & Pandey, 2014; Kumar et al., 2014). There is still a significant
lack of documentation about the occurrence and mobilization of arsenic in central Gangetic basins.
The CGB is consists of heterogeneous topography with an irregular upland surface, plain area, and
low laying natural bodies (Shah, 2015). The objective aims to investigate the chemistry of
groundwater and river water and the role of the subsurface geochemical processes in arsenic
mobilization. The heterogeneous topography is responsible for distinctive geomorphic and

geological terrains in the study area (Mukherjee et al., 2012).

3.2 Materials and methods
3.2.1 Background of the study area

The study area is a part of CGB (Central Gangetic Basin) and covered 2610 km?. The study
area is divided into two distinctive districts (Gorakhpur and Ghazipur) based on the river flows

through the region. Study area 1 (Gorakhpur) is located along the banks of river Rapti, originating
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from the Dhaulagiri Himalayas region in Nepal. A small tributary, Rohini flows from the city's
western side and integrates with the river Rapti. Further 60 km beyond the Gorakhpur city, river
Rapti falls confluence with the river Ghaghara (Shah, 2015). The Rapti River also is known as

‘Gorakhpur’s Sorrow” due to its recurrent flood in the monsoon season.

Study area 2 (Ghazipur) is unearthed on the bank of river Ganga. The holy Ganga
originated from the Gangotri glacier, Himalaya. The study areas extend from the Gangetic plain
to the Tarai zone of the Himalayan foothills. It consists of weathered alluvial sediment commonly
transported from the Himalayas foothills and Peninsular Craton (Ahamed et al., 2006; Kumar et
al., 2018). The sediment accumulation of the river Ganga and its leading tributaries always remain
surplus over the sedimentation rate resulting in quickly and continuous fresh groundwater
accessible during the Pleistocene (Singh, 2004; Saha & Sahu, 2016).

3.2.2 Remote sensing and geology/geomorphic classification

The geology/geomorphic identification of the study area was recognized by using remote
sensing & GIS. The satellite image was acquired from Landsat 8, Operational Land Imager (LOI)
sensor on 07" September 2017 from USGS scientific agency, USA (Earthexplorer,

https://earthexplorer.usgs.gov) based on digital image processing. The Landsat picture pixel has a

resolution of 30 m in a multispectral band refined to a resolution of 15 m panchromatic band. The
Landsat images were used to construct the false color composite (FCC). The geomorphological
changes of the study area were identified with three-band combinations 5,4 and 3 (Near-infrared,
red and green) of FCC. The Landsat satellite images were already orthorectified and georeferenced
to UTM 45 (Universal Transverse Mercator) projection with Datum-WGS 84 (World Geodetic
System). The geomorphic feature of the landforms was differentiated by remote sensing & GIS
and confirmed by field visit surveys. The available feature was also compared with the reported
scientific publications in this area (Singh & Pandey, 2014; Saha & Sahu, 2016; Kumar et al., 2018).

3.2.3 Study area geomorphology

The Central Gangetic plain is one of the most dynamic and active fluvial depositional
basins in the world. It is significantly influenced by climate-driven sediment, soil water regime,

and extra and intravaginal tectonics (Sinha et al., 2005; Singh & Pandey, 2014). The study areas
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are classified into different geomorphological units: younger alluvium, older alluvium, active flood
plains, channels deposition, river water bodies, paleochannels, and active river channels (Figure
3.1&3.2).

CGB constitutes recent unconsolidated sediment, including stream, flood channels referred
to as quaternary alluvium, and classified into older and younger alluvium. The older alluvium
consists of sand silt and clay, reported during Late Pleistocene to the Early Holocene. The younger
alluvial is predominantly argillaceous and consists of silty clay or sandy clay (Acharyya & Shah,
2004). Sometimes, underlain clay lenses are reported and forming a shallow aquifer system. The
width of the younger alluvium is very narrow; it mostly covers the area bordering the Rivers. The
younger alluvial and active flood plains are generally uniformly flooded every year, so the
sediment's moister holding capacity is high (Guo et al., 2017). They give high spectral resolution
in their satellite images. The younger and older alluvium also differentiates based on the soil color
(Hossain et al., 2014). The older alluvium is yellowish; however, the younger alluvium is grey and
represents the reductive subsurface condition due to high microbial activities (Chakraborty et al.,
2015). Conversely, older alluvial plain is mainly upland, having less moisture content and
therefore low spectral resolution observed compared to younger alluvium, giving blurred image

appearances in satellite images.

The present is mainly focused on the As sources and As mobilization governing factor in
the study area. Water sampling was carried out during October 2017 (post-monsoon) and February
2018 (premonsoon). However, sediment coring was done in February 2018. In both the study
areas, it was observed that there were no any significant factors involved in As mobilization during
pre and post-monsoon. However, the geomorphology of the study area played an important role in
As occurrence and mobilization. Therefore, our study was focused on available geomorphology

and its role in As mobilization.
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Figure 3.1: Map of the study area, (a). India with state boundary and study area marked as a
square, (b). Landsat images are prepared from FCC (false-color composite) band combinations
(5, 4 and 3) to distinguish the image in different geomorphic features available in the study area,
(c). Study area map with different geomorphic features (older alluvium, younger alluvium, point

bars, forest and river etc. with As concentration.
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Figure 3.2: Map of the study area, (a). India with state boundary and study area marked as a
square, (b). Landsat images are prepared from FCC (false-color composite) band combinations
(5, 4 and 3) to distinguish the image in different geomorphic features available in the study area,
(c). Study area map with different geomorphic features (older alluvium, younger alluvium, point
bars, forest and river etc. with As concentration
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3.24 Sampling and analysis

A total of 70 groundwater and 13 river water samples from Gorakhpur and 84 groundwater
and 13 river water samples from Ghazipur district were collected during August 2017 and February
2018. Two areas have been chosen for the study because both are located on different Riverbank
and having different geomorphological features. The groundwater samples of both the districts
were further classified into older and younger alluvium. In Ghazipur, out of 84 groundwater
samples, 26 were collected from the older alluvium region and 58 from the younger alluvium
region. The river water samples were collected from the Ganga. Similarly, In Gorakhpur, out of
70 groundwater samples, 28 were collected from the older alluvium region, 42 from the younger
alluvium region and 12 from the Rapti river and its tributary Rohin river, one from the Ramgarh
lake. The groundwater samples were collected from both the side of the Riverbanks in the study
area, either from the government-installed India Mark 11 hand pump or privately installed tube

well.

Groundwater samples were collected after purging water 5-10 minutes from the tube well
to remove the standing water in the well's casing. Purging was conducted to stabilize the physical
parameters such as pH, electrical conductivity (EC), temperature, and oxidation-reduction
potential (ORP). A portable HORIBA (U-50 series) multiparameter was used to measure the water
quality parameters such as pH, EC, TDS, and ORP in situ. The accuracy of the multiparameter for
the measurement of the parameters like pH, EC, TDS and ORP were 0.1, +1% full scale, £5 mg/L
and £15 mV, respectively. In the field, the multiparameter were fitted with the cell flow to
minimize the contact of the atmospheric oxygen. The groundwater/river water samples for total
arsenic and trace metals were collected in 50 ml in a pre-washed polypropylene bottle. Each sample
was filtered in a hand-operated vacuum pump through a 0.45 um Axiva membrane filter followed
by the addition of 3.4 drops of 5M nitric acid (HNO3) to preserved the sample. A replicate (second
set) of each sample was collected in a 100 ml pre-washed polypropylene bottle without adding any
preservatives for major cation and anions. All the samples were transferred in a transportable
icebox in situ to minimize the chemical alteration. Further, all the samples were transferred to the

laboratory’s refrigerator at 4°C until analysis.
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Core (subsurface) sediment was collected from both districts. Based on the
geomorphological feature (younger and older alluvial region), two locations have been chosen for
the coring in each study area (Singh & Pandey, 2014; Kumar et al., 2018). A common and localized
hand flapper drilling method was applied for coring. A total of four cores were collected to a depth
of 110 feet (33.53 m) below ground level at Khorabar and Farshiya (Gorakhpur) and Jagadishpur
and Firozpur (Ghazipur). Sediment samples were collected at a regular interval around 10 feet
(3.05 m) from these above cores and taken into account if any anomalies were perceived during
the regular sediment interval. The collected sediment samples were packed in a zip lock bag.
Finally, samples were brought to the lab air-dried for 24 hours, then oven-dried at 50 °C for 72
hours and stored in a dark place until the analysis start.

3.2.5 Sediment preparation and digestion

The soil or sediment sample was digested using a method developed by Shapiro (1975).
Approx. 0.10 gm sediment samples were accurately weighed and transferred to the Teflon vessels,
and 2 ml of aqua regia (HNO3z and HCl ratio 3:1) and 5 ml hydrofluoric acid (HF) were added. The
vessels were kept open for 30 min allowed to predigestion. Next, put the cap and seal the Teflon
vessels appropriately and placed in an oven heated for 1 hr at 100 °C and allowed to cool down at
room temperature. Now, a complete digested sediment sample was obtained, which was visually

clear and transparent.

A separate boric acid solution was prepared by adding 5.6 g boric acid and 2 ml of distilled
water. The prepared boric acid solution was transferred to the vessel and make the final volume
100 ml by adding distilled water. Next, the solution was mixed with the digested samples in a
polypropylene bottle. Samples were kept overnight to allow the borosilicate precipitate formation
and settling down. The gelatinous precipitate was separated from the solution using a 0.45 um

membrane filter and keep the extract at 4 °C for elemental analysis.

3.2.6 Instrumentation

Analysis of major cations and trace metals were done on inductively coupled plasma
optical emission spectrometry (ICP-OES 5110, Agilent Technologies, USA). A standard reference
material (SRM-1643d) provided with the instrument was used to calibrate the instrument. The
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instrument was standardized against the standard with best fitted linear regression (r?=0.9998) for
As. The method detection limit (MDL) for As at 188.98 nm wavelength was 0.5ug/L. MDL is
three times higher than the instrument detection limit (DL). Anions were analyzed on an ion
chromatograph (Metrohm-930 Compact IC). The instrument was calibrated with IC standards
provided by the Metrohm itself. Percent RSD and percent recovery were within £5%. A laser
particle size analyzer analyzed the percent distribution of soil texture in the sediment (Microtrac,
S3500 coupled with Microtrac SDC unit). The dried sediment was treated with H.O> to remove
organic carbon, boiled with 10% HCI to remove inorganic carbon and added tetrasodium
pyrophosphate as a dispersive agent (Konert & VVandenberghe, 1997). Treated samples were dried
and analyzed. The dissolved organic carbon (DOC) was analyzed on Shimadzu TOC 5000 (Kyoto,
Japan, detection limit 0.5 mg/l and precision £10%). The samples were treated with dilute HCI to

pH ~3 to purge the DOC from the samples.

Mineralogical analysis has been done on X-ray powder diffractometer, Malvern Empyrean,
PANalytical (UK) model. The instrument was worked on < 1 uSv/h radiation level and over an
angular range of 5 to 85 (20) with 0.02 degree steps 2s count time on unoriented side-packed
powder mounts. The peak identification was made with the PANalytical Xpert High score software
with ICDD (International Centre for Diffraction Data) database to identify the minerals in the
aquifer sediment using calculated powder pattern and Rietveld full pattern fitting options (Gates-
Rector & Blanton, 2019).

An X-ray fluorescence spectrometer analyzed the trace metal concentration in core
sediment (WD-XRF, Axios Max, PANalytical, UK). In this technique, simultaneously, we can
analyze multi elements. The instrument's resolution was Mn-Ka based with 35eV and detection
range, 0.1 ppm (Lower limit of detection) to 100%. For the analysis, the pellet was prepared on a
Kameo pellet pressed machine. Around 8 grams of sediment samples were appropriately mixed
with polyvinyl alcohol (binding agent) and applied pressure of 40 tons to prepared the pellet.

3.2.7 Quality control and quality assurance

All the equipment and utensils used in the laboratory were “A” grade and made up of

borosilicate or polypropylene. Required utensils and vessels wash properly and shock in 5 M
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HNO3z (overnight) before being used. The reagent and compound used in the analysis were
analytical grades. A standard reference material (SRM), NIST-8704, also known as Buffalo river
sediment (n=4) was used to verify the As results in sediment. The standard certified value for As
is 17 mg/kg and the observed was detected 16.72+0.08 mg/kg. The recovery of the As was obtained
98.32%. JA-2 and GSP-2 standard reference material in XRF analysis was used parallel to check
the instrument's accuracy. The percent error for all the elements were <10% except for Co(+24%)
in JA-2 and CaO (+19.7%) and Cr (+21.4%) in GSP-2.

3.2.8 Hydrogeochemical and statistical modelling

Saturation Indices were calculated to understand the subsurface minerals solubility of the
selected elements in the groundwater. The mineral phases speciation modeling was calculated with
PHREEQC, USGS software (Parkhurst, 1995). A Geochemist workbench software (community
version, 15.0) was used to identify the As species in the aqueous environment. LLNL thermo
database (thermo.dat) was used in the software. The study area map was prepared in ArcMap

(version 9.3). All the statistical analysis was carried out in SPSS (version 21).

3.2.9 Data analysis

A principal component analysis (PCA) was carried out to understand the relationship
among the groundwater samples. It is a statistical procedure to reduce the dimension of a large
dataset with more interpretation without losing the information. The hydrogeochemical grouping

was constructed based on the distribution of major cations, anions, heavy metals (Fe, Mn, and Zn).

3.3 Results and discussion
3.3.1 Major ion chemistry of water samples

In study area 1 (Gorakhpur), pH was reported neutral to little alkaline in nature (Table 3.1).
The means value of pH was 6.86 in the groundwater of younger alluvium (YA), followed by older
alluvium (OA) (7.00). The mean pH value in the river water (RW) was slightly alkaline (7.28) in
nature. The pH of the river water was highly variable and depended on monsoon, local
geomorphology, upland and lowland terrace, and man-made contaminants (Hamid et al., 2020).
The potential electrode (pe) was observed more reducing in the groundwater of YA (-0.94 volts)

in contrast to OA (-0.39 volts) and river water (1.09 volts). The highest mean concentration of

30



CHAPTER 3

Ca?*" was detected in the groundwater of YA (82.83 mg/L), followed by OA (50.23 mg/L) and
river water (50.12 mg/L). The concentration of Ca?" and Mg?*" was almost similar in the

groundwater of Older and younger alluvium. Among anions, HCO3 was the dominant, followed
by CI,, NOs and SO4”, respectively. The mean concentration of HCOs™ was reported high in the
groundwater of YA (461 mg/L) followed by OA (421 mg/L) and river water (205 mg/L),
respectively. A similar trend of the concentration of anions was reported in OA, YA and river
water except for PO4% and SO,%. The mean concentration of PO,> and SO,> were observed higher
in river water rather than groundwater, indicate anthropogenic activities significantly influence the

concentration of phosphate and sulphate in surface water.

In study area 2 (Ghazipur), the pH was neutral to alkaline in nature (Table 3.2). The
standard deviation of pH in the river water was higher than OA and YA might be due to
anthropogenic influences. The potential electrode (pe) was reported more negative (reducing in
nature) in the groundwater of YA (-1.02 volts) compared to OA (-0.57 volts) and river water (1.31
volts). Negative redox potential cause a reducing environment in the aquifer system (Naudet et al.,
2004). Among all the cations, Ca?* was dominant in the groundwater of all the geomorphic setups.
The mean concentration of Ca?* was reported higher in the groundwater of OA (107 mg/L)
followed by YA (87 mg/L) and river water (49 mg/L), respectively. Bicarbonate was the dominant
anion in the study area. The mean concentration of HCOs was reported high in the groundwater
of OA (774 mg/L) followed by YA (610 mg/L) and river water (286 mg/L), respectively. The

mean concentration of SO4” was higher in the river water than groundwater of both the geomorphic

setup, indicating anthropogenic activities such as sewage discharge, agricultural runoff and

industrial waste might be there and elevate SO4” in river water.

The mean concentration of dissolved organic carbon (DOC) was observed slightly higher
in the groundwater of YA (0.88 mg/L) followed by OA (0.81 mg/L) in study area 1 (Gorakhpur).
A similar trend was also observed in study area 2 (Ghazipur); the concentration of DOC in the
groundwater of YA (0.85 mg/L) was slightly higher than the OA (0.80 mg/L). However, the mean
concentration of DOC in the river water was almost similar (0.13 mg/L) in both the study area.
The dissolved organic carbon in the groundwater stimulates microbial activity, which might
involve in As mobilization (Anawar et al., 2003; Shah, 2008).
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In Gorakhpur, the mean concentration of silica was observed moderately higher in the
groundwater of YA (35.3 mg/L) compared to the groundwater of OA (32.5 mg/L) and river water
(32.3 mg/L), respectively. A similar kind of trend was also reported in study area 2 (Ghazipur);
the concentration of silica in the groundwater of YA (33.4 mg/L) was a bit higher than the
groundwater of OA (29.8 mg/L) and river water (23.4 mg/L), respectively. The high concentration
of silica in groundwater indicating might be silicate weathering is dominant in the study area. The
silica concentration in groundwater is dependent on residence time. Prolonged interaction with
silicate minerals raises silica concentration in groundwater (Khan et al., 2015). As a result, deeper
aquifers are rich in silica content compared to shallow aquifers. The degree of water-rock
interaction is controlled by permeability, lithology, and groundwater residence time (Hem, 1959;
Marchand, 2001).

In study area 1 (Gorakhpur), the concentration of Fe was reported slightly higher in the
groundwater of YA (1.45 mg/L) compared to the groundwater of OA (1.33 mg/L) and river water
(0.24 mg/L). A similar trend was also observed from study area 2 (Ghazipur). The mean
concentration of Fe in the groundwater of YA was reported (2.33 mg/L) higher than the mean
concentration of Fe in the groundwater of OA (1.50 mg/L) and river water (0.25 mg/L). The high
Fe concentration in the groundwater of YA might be due to the dissolution of Fe-bearing minerals

in a reducing environment (Chakraborti et al., 2003).

The mean concentration of Mn was reported somewhat more remarkable in the
groundwater of YA (0.48 mg/L) followed by the groundwater of OA (0.39 mg/L) and river water
(0.17 mg/L) in the study area 1 (Gorakhpur). A Similar trend was also observed in study area 2
(Ghazipur); the mean concentration of Mn was found 3.56 mg/L in the groundwater of YA
followed by groundwater of OA (1.50 mg/L) and river water (0.25 mg/L). The source of Mn in the
groundwater of YA might be mineral dissolution in reducing conditions (Chakraborti et al., 2003).
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Table 3.1: Summarized statistical results of major and trace metals in the groundwater of younger and older alluvium and river water
in study area 1 (Gorakhpur) (ND = Not detected)

Younger Alluvium (n=42) Older Alluvium (n=24) River Water (n=13)
Parameter | Median \ Range \ Mean \ St. Dev | Median \ Range \ Mean \ St. Dev | Median \ Range Mean ] St. Dev

Depth (m) 30.78 15.24 - 45.7 30.7 7.15 30.48 21.3-45.7 30.8 4.4 - - - -

pH 6.82 6.19-7.39 6.85 0.38 7.11 6.15-7.48 7.00 0.32 7.27 7.21-7.38 7.28 0.05
pe -1.10 -3.06-2.72 -0.94 1.71 -0.28 -3.04-2.8 -0.39 1.34 1.03 0.6-1.5 1.09 0.27
ORP (mV) -65.5 -180 - 162 -55.9 93.01 -16.50 -179 - 167 -22.92 72.84 59 34-86 62.54 14.82
TDS (mg/L) 907 383 - 1800 879.5 288.4 691 300 - 2270 826.9 476.6 620 460 - 693 588.77 69.8
EC (uS/cm) 1420 590 - 2680 1357.7 425.8 1070 538 - 3540 1288.8 697.3 960 705 - 1018 903.69 103.8
HCO; (mg/L) 477.5 129.92-972.2  461.1 179.8 364.9 98.7 - 1237.9 421.3 275.7 212.1 118.5-278.9 205 43.51
F (mg/L) 0.58 0.03-2.61 0.83 0.71 0.71 0.21-2.12 0.77 0.48 0.49 ND - 1.03 0.48 0.33
Cl (mg/L) 53.18 1.52-144.7 49.3 31.61 53.18 8.97 - 252.5 63.13 48.62 114.6 49 - 175 121.14 39.83
NO; (mg/L) 22.91 ND - 170.24 33.72 37.08 11.88 2.58 - 86.41 19.49 20.22 12.3 0.45 - 27.54 12.42 7.77
PO, (mg/L) 0.00 ND - 0.97 0.05 0.19 0.00 ND-0.1 0.01 0.02 1.71 ND - 54.32 5.54 14.11
SO4 (Mmg/L) 4.7 ND - 161.6 17.61 33.28 9.08 ND - 128.7 21.01 31.54 23 ND - 42 22.62 10.27
Na (mg/L) 44.12 5.46-142.2 49.48 26.27 30.88 6.3-131.43 35.19 25.10 29.6 16.8-40.8 28.48 7.11
K (mg/L) 4.5 0.75 - 69.75 9.09 12.34 2.50 1-13 3.08 2.39 11.4 0.6-17.4 10.98 4.67
Ca (mg/L) 90.83 20.9-191.8 82.84 33.67 48.40 12.69 - 129 50.23 26.94 51.57 30.7-71.1 50.12 11.01
Mg (mg/L) 70.27 13.8-181.7 72.69 31.95 42.79 9.8-141.2 45.74 28.47 44.49 27.1-64.3 45.32 10.33
DOC (mg/L) 0.51 0.01-3.19 0.88 0.87 0.57 0.02-3.26 0.81 0.79 0.12 0.09-0.18 0.13 0.03
Si (mg/L) 36.30 23.5-46.7 35.29 5.83 31.60 24.28 - 46.52 32.53 5.26 35.45 13.59 - 42.6 32.26 8.76
Al (mg/L) 0.18 0.02-0.27 0.18 0.05 0.17 0.08-0.231 0.16 0.04 0.23 0.1-0.47 0.25 0.11
Fe (mg/L) 0.26 ND-17.34 1.45 3.30 0.22 0.017-21.2 1.33 4.19 0.15 0.04-0.59 0.24 0.18
Cr (mg/L) 0.00 ND - 0.03 0.01 0.01 0.00 ND - 0.07 0.00 0.01 0.00 ND - 0.02 0.01 0.00
Cu (mg/L) 0.01 ND - 0.04 0.01 0.01 0.00 ND - 0.03 0.01 0.01 0.02 ND - 0.05 0.02 0.01
Mn (mg/L) 0.23 ND - 3.28 0.48 0.66 0.16 ND-3.9 0.39 0.76 0.16 ND-0.31 0.17 0.08
Pb (mg/L) 0.02 ND - 0.07 0.02 0.02 0.01 ND - 0.08 0.02 0.02 0.01 ND - 0.03 0.01 0.01
Zn (mg/L) 0.80 0.02 - 36.7 2.95 6.17 0.63 0.04-24.6 2.97 5.88 0.06 0.01-0.26 0.09 0.07
As (mg/L) 0.03 ND - 0.26 0.05 0.06 0.00 ND - 0.24 0.03 0.06 0.02 ND - 0.05 0.01 0.01
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Table 3.2: Summarized statistical results of major and trace metals in the groundwater of younger and older alluvium and river water
in study area 1 (Ghazipur) (ND = Not detected)

Younger Alluvium (n=58) Older Alluvium (n=26) River Water (n=13)
Median | Range | Mean | St. Dev | Median | Range | Mean | St. Dev | Median \ Range \ Mean | St. Dev

Depth (m) 36.6 24.5-54.86 35.58 8.27 36.58 18.3-54.8 37.3 8.9 - - - -
pH 71 6.36-7.67 7.06 0.31 7.11 6.31-7.46 7.00 0.33 7.18 6.2-7.54 7.09 0.40
pe -1.1 -3.23-1.98 -1.02 1.32 -0.54 -2.14-0.78 -0.57 0.86 1.35 0.56 - 1.77 1.31 0.32
ORP (mV) -65 -192 - 118 -60.5 78.60 -32 -128 - 46 -33.96 50.9 78 32-102 75.6 17.2
TDS (mg/L) 985 306 - 3480 1136 615.62 1321 231 -3940 1407.9 959.2 543 480 - 690 54554  47.67
EC (uS/cm) 1555 471-5520 1833.4  1055.8 2043.5 356 - 6260 2299.1  1611.8 900 809 - 1197 923.2 88.57
HCO3 (mg/L) 517.2 98.52 - 2066 609.7 369.2 745.4 90.9-2173.4 77422  550.04 285 236-334 286.2 27.48
F (mg/L) 0.56 ND - 3.13 0.74 0.63 0.94 ND - 2.37 0.98 0.60 0.15 ND - 1.02 0.33 0.37
Cl (mg/L) 80.9 28.6-296.9 90.77 47.88 84.95 21.45-244.3 99.31 61.51 26.23 18.5 - 48 29.52 7.65
NO; (mg/L) 8.57 ND - 59.6 15.27 14.18 18.54 ND - 176.3 29.07 36.70 0.76 0.18 - 4.56 1.35 1.34
PO4 (mg/L) 0.00 ND - 68.7 6.10 14.70 0.01 ND - 45.82 6.66 11.88 0.32 ND - 3.19 1.06 1.11
SO4 (mg/L) 6.71 ND - 82.11 14.25 19.28 7.26 ND - 97.09 19.43 26.34 23.00 9-42 23.60 9.60
Na (mg/L) 59.27 6.68-244.1 67.28 40.67 83.81 5.36-217.4 80.51 57.28 23.33 10.67-41.33  23.74 8.43
K (mg/L) 3.67 ND - 63.3 7.16 9.27 3.77 1.3-59.3 8.75 12.97 13.67 9-20.3 14.53 3.79
Ca (mg/L) 76.2 20.9-251.7 86.59 46.63 105.84 18.87 - 295.3 106.93 67.95 48.00 35.27-58.08  48.82 6.76
Mg (mg/L) 64.7 14.3-201.1 74.28 37.13 82.81 16.1-198.8 90.79 53.91 35.33 19.37-48.87  36.07 7.02
DOC (mg/L) 0.52 0.01-3.19 0.85 0.92 0.55 0.03 - 2.95 0.80 0.66 0.13 0.1-0.19 0.13 0.02
Si (mg/L) 31.02 24.6-52.6 33.39 6.89 29.50 13.45-47.8 29.85 8.76 23.50 10.26-37.58  23.37 6.96
Al (mg/L) 0.21 0.11-0.64 0.23 0.10 0.25 0.11-0.64 0.28 0.12 0.29 0.13-0.52 0.29 0.10
Fe (mg/L) 1.07 ND - 13.81 2.33 3.23 0.46 ND - 19.5 1.50 3.70 0.21 0.09 - 0.46 0.25 0.10
Cr (mg/L) 0.00 ND - 0.02 0.00 0.01 0.01 ND - 0.02 0.01 0.01 0.04 0.01-0.08 0.03 0.02
Cu (mg/L) 0.01 ND - 0.08 0.01 0.02 0.01 ND - 0.08 0.02 0.02 0.04 0.01-0.08 0.04 0.02
Mn (mg/L) 2.76 0.03 - 20.62 3.56 3.63 0.90 0.04-9 1.41 1.79 0.31 0.13-0.49 0.31 0.11
Pb (mg/L) 0.01 ND - 0.12 0.02 0.03 0.04 ND - 0.17 0.03 0.04 0.15 0.05-0.29 0.15 0.06
Zn (mg/L) 0.96 0.02 - 8.48 1.57 1.82 1.10 0.02-12.23 1.69 2.35 0.13 0.05-0.26 0.15 0.06
As (mg/L) 0.03 ND - 0.62 0.06 0.04 0.00 ND - 0.12 0.03 0.02 0.00 ND - 0.03 0.01 0.01
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As concentration in groundwater varies from location to location, influence by regional
geology. In Gorakhpur, the mean concertation of As was reported high in the groundwater of YA
(0.05 mg/L) followed by the groundwater of OA (0.03 mg/L) and river water (0.01 mg/L),
respectively (Table 3.1). Similar results were also observed in Ghazipur. The mean concentration
of As in the groundwater of YA (0.06 mg/L) was moderately higher than the groundwater of OA
(0.03 mg/L) and river water (0.01 mg/L), respectively (Table 3.2). The high As in the groundwater
of YA indicating unoxidized conditions with rich organic matter might be responsible for elevated

arsenic.

A few studies have reported elevated arsenic concentration in small river streams (Gobra)
in Murshidabad and river Jalangi in upper Ichamati of West Bengal (Sttiben et al., 2003). These
studies have suggested that rivers get recharged from groundwater (effluent nature), which
enhanced As concentration in river water of Gobra and Ichamati. Our study found that rivers Ganga
and Rapti contained extremely low arsenic concentrations, indicating no recharge from

groundwater.

The concentration of trace metals such as aluminum, chromium, and copper was slightly
higher in the river water than in groundwater in both the study area might be due to unwanted man-
made pollutants (Sankhla et al., 2018).

3.3.2 Geochemistry of subsurface sediment

Subsurface sediment cores were collected from older and younger alluvium regions of both
the study area.

In study area 1 (Gorakhpur), the aluminum (Al) concentration was almost constant
throughout the entire core sediments except for a few depths (Figure 3.3). Aluminum is considered
a conservative element in the upper continental crust (Ho et al., 2012). The presence of aluminum
in core sediments might be due to the mineral-like albite, muscovite and aluminosilicate. The mean
value of Al-oxide in older and younger alluvium core sediments was observed 9.91% and 11.21%,

respectively.
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Table 3.3: Statistical summary of sediment geochemistry (older and younger alluvium) of the
study area 1 (Gorakhpur)

OA (n=12) YA (n=13)
Mean Median Range Mean Median Range
Depth (m) 16.64 16.00 0-3353 17.47 18.29 0-33.53
As (ppm) 11.50 11.57 5.03-19.19 11.42 10.04 3.6 - 23.96
SiO; (%) 71.90 72.54 59.55-86.91 69.57 68.35 58.87 - 81.35
Al>,03 (%) 9.97 9.57 5.98 - 16.09 11.21 10.86 9.06 - 14.54
TiO2 (%) 0.33 0.28 0.19-0.77 0.54 0.51 0.38-0.73
Fe,03 (%) 2.87 2.66 158 -5.03 3.30 2.96 2.45-4.87
MnO (%) 0.04 0.03 0.006 - 0.13 0.04 0.04 0.03-0.05
MgO (%) 0.97 0.90 0.47 - 1.58 1.66 1.61 1.29-2.56
CaOo (%) 184 1.09 0.03-5.19 5.68 5.45 1.41-9.03
Na20 (%) 1.60 155 1.09-2.12 1.10 1.14 0.68 - 1.53
K20 (%) 1.99 184 145-29 2.36 2.26 1.85-3.02
P20s5 (%) 0.13 0.10 0.07-0.43 0.13 0.13 0.08 - 0.17
Co (ppm) 1.36 0.00 ND-12.3 2.31 1.27 ND - 9.66
Cr (ppm) 251.70 204.35 73.74-728.9 309.28 239.60 73.3 - 858.01
Zr (ppm) 188.35 142.62 70.8 - 500.8 451,58 347.17 139.4 - 958.9
Ni (ppm) 19.47 17.43 8.94 - 42.17 21.83 21.12 15.4 - 32.6

The mean concentration of Fe»Oz in older and younger alluvium was observed 2.87% and
3.30%, respectively. Fe shows a zigzag pattern throughout the sediment core below the depth
(Figure 3). In the sediment core of older alluvium, the highest concentration of Fe,O3 (5.03%) was
observed near the depth of 3.0 mbgl; however, in the sediment core of younger alluvium, two sharp
peaks of Fe-oxide were observed at the depth of 15.0 mbgl and 33.0 mbgl with a Fe concentration
of 4.35% and 4.87% respectively. The high Fe concentration at these depths might be due to the
presence of the iron minerals like hematite, magnetite and goethite (Mukherjee et al., 2012; Saha
& Shukla 2013; Kumar et al., 2018). The mean concentration of MnO was almost comparable
throughout the sediment core below the depth except for the surface sediment sample in the older
alluvium. The mean concentration of MnO was reported 0.4% in both older and younger alluvium

sediment cores.

The mean concentration of As in the older and younger alluvium sediment core was
reported 11.5 and 11.42 mg/kg, respectively (Figure 3.3). It was clear from the figure that As did
not show any distinct trend throughout the core below the depth. As concentration in the sediment

core of older alluvium (at Khorabar) was elevated in the upper section of core sediment and shown
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a good correlation with elevated Fe and Mn. A comparative litholog was illustrated with As
concentration in sediment cores (Figure 3.4). The litholog indicated high As was associated with
light yellow color and silty clay. The upper section of the sediment core was oxidized in older
alluvium due to low water table 4.37 mbgl (Rampur piezometer well, CGWB, 2018) indicating,
Fe gets precipitated from water and might be adsorbed As on Fe-oxides and elevate As in the
sediment core. In the sediment core of younger alluvium (at Farshiya), an elevated As
concentration was reported at a depth of 15 mbgl (Figure 3.3). A similar trend was observed in Al,
Fe, Mg, Ni and Cr below the sediment core depth. They were associated with the dark grey fine
silty clay (Figure 3.4), indicating As might be adsorbed on metal (Fe and Al) oxides and clay

minerals.

The property of soil texture and percentage plays an important role in binding As with
sediment (Reza et al., 2010; Hossain et al., 2014). Several studies have reported that
aluminosilicate clay minerals tend to adsorbed remarkable amounts of arsenate over arsenite
(McLean, 1992; Dousova et al., 2006).

The mean concentration of CaO in the sediment core of OA was reported 1.84% and 5.68%
in the sediment core of YA. In comparison, the mean concentration of MgO was observed 0.97%
in the sediment core of OA and 1.66% in the sediment core YA. The concentration of Ca and Mg
increased in the sediment core below the depth (Figure 3.3), indicating sedimentary deposited
silicate and carbonate minerals might be responsible for the enrichment of Ca and Mg in the study
area. The concentration of Na2O was almost constant with the depth in both the litholog of OA
and YA (Figure 3.3). The mean concentration of Na>O was slightly higher in the sediment core of
OA (1.60%) compared to YA (1.10%), suggesting that Na-containing minerals such as feldspar
and halite might be responsible for Na enrichment in the study area. Evaporation also significantly
influenced the Na concentration in sediment (Zhou et al., 2020). The mean concentration of K>O
was observed 1.99% in the sediment of OA and 2.36% in the sediment core of YA. The vertical
distribution of K20 followed a similar trend to Al.Og, indicating, both may be coming from similar
sources like K-feldspar and aluminosilicate in the study area. The mean concentration of P,Os was
observed 0.13% in the sediment core of OA and YA (Table 3.3). The common phosphate minerals

such as apatite and hydroxyapatite might be responsible for elevated phosphate in sediment cores.
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Figure 3.4: Litholog illustrating the various lithofacies and depth-wise distribution of As in
sediment cores (Study area 1, Gorakhpur)

The mean concentration of Co was observed slightly higher in the sediment core (Table
3.3) of YA (2.31 ppm) compared to OA (1.36 ppm). A positive correlation of Co with Fe2O3 and
Al20s indicates that minerals of the Al and Fe such as mica and magnetite might be responsible
for Co in the study area (Nikova et al., 2016). Similarity Ni also positively correlated with Al>Os,
Fe20s3, and MnO (Figure 3.3), suggesting the availability of accessory minerals such as mica,
pyroxene, magnetite etc., were associated with the contribution of Ni to the sediment. The mean
value of Cr in the sediment core of OA and YA was observed 251.7 ppm and 309.3 ppm,
respectively (Table 3.3). From figure 3.3, it was cleared that there was not any significant trend
observed between the Cr concentration and depth. A sharp peak was observed at 15.0 mbgl (Figure
3.3). It showed a constructive interference with other elements like Al203, Fe203, Ni, Co, P20s,
etc. These elements in the sediment core might come from accessory minerals like mica, pyroxene

etc.

39



CHAPTER 3

In study area 2 (Ghazipur), the mean concentration of Al,O3 in the sediment core of OA
and YA was observed 10.80% and 12.68%, respectively. The concentration of Al>O3 was almost

constant throughout the depth in the core sediments (Figure 3.5). A sharp peak of high aluminum

was observed in the sediment core of YA at a depth of 25 mbgl indicates minerals like albite,

muscovite and aluminosilicate might be there (Kumar et al., 2018b). The depth-wise distribution

of Fe2O3 shown a similar pattern to Al,Oz in study area 2. The mean Fe>Os concentration was
observed higher in the sediment core of YA (4.32%) than OA (3.20%). The concentration of Fe
was decreasing with the depth in both the geomorphic setups (Figure 3.5). A sharp peak of high

Fe concentration was found at 25 mbgl in the core sediment of YA, indicating minerals of the Fe,

goethite, magnetite and hematite might be there for Fe enrichment.

Table 3.4: Statistical summary of sediment geochemistry (older and younger alluvium) of the
study area 2 (Ghazipur)

OA (n=14) YA (n=13)

Mean Median Range Mean Median Range
Depth (m) 16.76 16.76 0-3353 15.73 15.24 0-3353
As (ppm) 11.08 10.89 1.40 - 26.31 14.26 13.31 2.6 - 31.52
SiOz (%) 70.49 72.61 47.49 -85.73 65.70 64.36 53.79 - 83.45
Al>O3 (%) 10.80 10.74 6.79 - 15.09 12.68 11.46 9.46 - 17.79
TiO2 (%) 0.48 0.41 0.29 - 0.85 0.79 0.80 0.53 - 1.06
Fe,03 (%) 3.20 2.99 2.03-5.46 4.32 3.89 243 -7.62
MnO (%) 0.04 0.04 0.01 -0.07 0.05 0.05 0.03 - 0.08
MgO (%) 1.46 141 0.96 - 2.32 1.79 1.75 1.24-253
Ca0 (%) 2.07 1.63 1.05-6.06 2.90 3.35 0.65-4.42
Na,0 (%) 1.41 1.40 0.85-1.86 112 1.08 0.43-194
K20 (%) 2.10 2.14 1.77-2.43 2.20 2.20 1.62-2.85
P05 (%) 0.14 0.11 0.08 - 0.39 0.16 0.15 0.12-0.2
Co (ppm) 3.92 2.53 0-16.21 7.97 5.67 0-25.9
Cr (ppm) 578.49 434.8 64.6 - 1494.1 542.15 287.48 118.6 - 1145.9
Zr (ppm) 271.41 259.21 125.5 - 446.5 432.17 349.77 250.5 - 835.6
Ni (ppm) 23.53 20.97 12.2-49.5 34.34 28.26 14.5-59.5

The mean concentration of MnO in the sediment core of OA was observed slightly low

(0.04%) compared to YA (0.05%). In the depth-wise distribution plot, MnO was not shown any
distinct trend with the depth in both the geomorphic setups (Figure 3.5).
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m——n QOlder Alluvium ®- — ® Younger Alluvium

Figure 3.5: Depth-wise variation of elements in the sediment cores of older and younger
alluvium.
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Figure 3.6: Litholog illustrating the various lithofacies and depth-wise distribution of As in
sediment cores (Study area 2, Ghazipur)

The mean concentration of As was observed higher in the sediment of YA (14.3 mg/kg)
compared to OA (11.1 mg/kg) (Table 3.4). In OA, a significantly elevated As concentration was
observed in the upper section of the sediment core at Jagadishpur. A similar trend was also
observed in Al, Fe and Mn throughout the depth. The lotholog indicated a higher concentration of
As was associated with light yellow silty clay (Figure 3.6). In the study area, the water table was
fluctuated 5.4 to 4.76 mbgl during premonsoon and post-monsoon, and it was recorded from the
nearest piezometer well station at Ghazipur Sadar (CGWB, 2018). The oxidizing condition in the
upper section of the sediment core facilitated oxidation and precipitation of Fe and Mn, which
might be responsible for As adsorption and elevate As in the upper section of the sediment core.
The sediment core of YA (at Firozpur), a depth-wise distribution of As, Fe, Al, Mg, Co, Cr and Ni
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showed a similar trend, indicating some secondary Fe and Al minerals that adsorbed and elevated
As in sediment core (Figure 3.6).

Depth-wise distribution plot of major ion oxides shown the concentration of CaO, MgO
and K>O was almost constant throughout the cores below the depth (Figure 3.5). An elevated Ca
and Mg concentration in older alluvium indicates minerals like mica, calcite and dolomite etc.,
might be at those depths. In the Na2O plot, the Na concentration increased up to 25 mbgl and below
that, it decreased, indicated Na containing minerals like feldspar and plagioclase might be
enhanced Na in the sediment core. Evaporation also significantly influenced the Na concentration
in sediment (Zhou et al., 2020).

The mean concentration of P2Os in the sediment of OA and YA was reported 0.14 and
0.16%, respectively. The phosphate concentration in the surface sediment core was observed very
high and below the depth, was decreasing. The trend of the phosphate was independent with other
metals indicating anthropogenic influences might be there. However, in YA, it was almost the
same throughout the core below the depth, indicating some common minerals such as apatite and
hydroxyapatite might be responsible for phosphate in YA sediment.

The average concentration of Co, Ni and Cr were reported 3.92 ppm, 23.5 ppm and 578.5
ppm respectively in older alluvium, whereas 7.97 ppm, 34.3 ppm and 542.2 ppm respectively in
younger alluvium (Table 3.4). The concentration of Co and Ni was observed higher in younger
alluvium, although Cr was reported higher in older alluvium. The vertical distribution plots of Co,
Ni and Cr, were almost shown similar trends like Fe.O3z and Al.Oz and MnO suggested, accessory
minerals such as mica, pyroxene, magnetite etc., were associated with the availability of these
elements in sediment core (Nikova et al., 2016).

3.3.3 Arsenic speciation and other trace elements in groundwater

As speciation and its oxidation state are highly dependent on the redox condition and pH
of the aquifer system (Villa-lojo et al., 1997; Stollenwerk, 2003). Generally, the redox processes
are associated with the adsorption/desorption mechanism of elemental species to the mineral
surfaces. Several previous studies have been exemplified that As species are strongly sorbed in the
oxide and hydroxide minerals of Fe and Mn (Sappa et al., 2014; Yadav et al., 2020). During field
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sampling, we have measured oxidation-reduction potential (Eh), which was used to calculate the
pe, to identify the As species present in the groundwater using the following expression:

F « Eh

P€ = 5303 RT

Where F is the Faraday constant (F = 96490 kJ ve-eq), T is the temperature in K and R is
a constant (R = 8.314 J/mol.K)

In study area 1 (Gorakhpur), the calculated pe value for the groundwaters of OA was varied
between a narrow range -3.04 to 2.8 with the mean of -0.39, which indicates anoxic to post-oxic
condition (Figure 3.7). The range of the calculated pe value for groundwater in YA varied -3.06 to
2.72, with the mean of -0.94 indicating the aquifer system existed in highly anoxic to post oxic
conditions. From the Eh-pH plot (Figure 3.7a), it was observed that approximately 83% of OA
groundwater samples fall in As(OH)z domain, and the remaining 17% OA groundwater samples
fall in the HAsO4% domain. In contrast, approximately 88% YA groundwater fall in As(OH)s
domain, and the remaining 12% YA groundwater fall in the HAsO4? indicating As (I11) was the
dominant species in the groundwater. The Eh-pH diagram for Fe (Figure 3.7b) indicates ~79% OA
groundwater samples and 76% YA groundwater samples fall into the Iron oxy(hydr)oxide
(FeOOH) field. The remaining 21% groundwater samples of the younger alluvium region and 24%
groundwater samples from the older alluvium were falling in the Fe?* domain, indicating that Fe
(oxyhydr)oxide was significantly involved in As mobilization.

In study area 2 (Ghazipur), the calculated pe value for OA and YA groundwater were
ranged from -2.14 to 0.78 and -3.23 to 1.98, respectively. The mean pe value for the groundwater
of OA and YA was -0.57 and -1.02, respectively. From the plot (Figure 3.8a), it was cleared that
a broad spectrum of redox potential was reported in younger alluvium compared to older alluvium
and justify the anoxic condition in groundwater. And it was observed that ~88.5% of OA
groundwater samples ~91.4% of the YA groundwater samples fall in As(OH)s domain, and the
remaining 11.5% of OA groundwater and 8.6% of the YA groundwater samples fall in HAsO.%.
The Eh-pH diagram for Fe (Figure 3.8b) indicates around 81% OA groundwater samples and 69%
YA groundwater samples fall into the Iron oxyhydroxide (FeOOH) domain. And the remaining
19%
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OA groundwater and 31% YA groundwater samples fall in the Fe** domain, indicating that Fe
oxy(hydr)oxide was significantly involved in As mobilization.

The river water samples from both the study area were highly oxidized in nature. The mean
pe value of the river water was observed at 1.09 and 1.31 in Gorakhpur and Ghazipur districts. The
Eh-pH diagram for As (Figure 3.7&3.8) shown that all the river water samples were fell in the
HAsO.* field except one sample in study area 2 (Ghazipur). In the Eh-pH diagram for Fe, all the

river water samples fell in Fe(OH)s field., indicating Fe®* was dominated species in the river water.

3.34 Mineralogy of the sediment

Mineralogical study of any terrain plays a significant role in understanding the mineral
composition, secondary mineral assemblages, and physical properties. The minerals available in
the Indo-Gangetic plain were derived from the Himalayas by weathering and deposition of the
Indo-Gangetic River system (Sidhu & Gilkes, 1977; Heroy et al., 2003). The X-ray diffraction
(XRD) of the sediments gives a sharp reflection of the available minerals in the study area (Table
3.5). Common minerals such as quartz, muscovite, albite, orthoclase, mica, and illite were
observed in all the sediment cores. The XRD peaks of calcium were only reported in the deeper

section of the sediment cores.

The iron minerals like goethite, hematite, magnetite and siderite were reported in the
sediment cores, but their occurrences were not consistent below the verticle depth (Figure
4.11&12, Chapter 4). Siderite is a carbonate-containing Fe mineral. In the groundwater, samples
were saturated with siderite, goethite and hematite minerals. Guo et al., (2009) reported that Slsiderite
and concentration of As in groundwater are inversely proportional to each other. Siderite worked
as a sink and adsorbed dissolve As in the alluvial region, and it was suggested that mobilization of
As was partially hindered by siderite precipitation (Guo et al., 2014; Shah, 2014; Kumar et al.,
2018). Shah (2014) reported the minerals like quartz, muscovite, chlorite, feldspar, kaolinite,
amphiboles and goethite were available in the sediment of the Gangetic plain. Pyrite is one of the
common minerals for arsenic, but it was not reported in the study area. Shah (2008) also found

similar results from Uttar Pradesh and Bihar. Our study found almost the same mineral
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composition reported in previously published research articles around the study area (Shah, 2014;
Verma et al., 2015b; Kumar et al., 2018b).

Table 3.5: Mineralogy of the selected sediment core from both the study area

Gorakhpur Ghazipur
Older Alluvium | Younger alluvium | Older Alluvium | Younger Alluvium
Quartz Quartz Quartz Quartz
Albite Albite Muscovite Muscovite
Muscovite Muscovite Orthoclase Orthoclase
Ilite Ilite Albite Albite
Anorthite Anorthite Anorthite Anorthite
Mica Mica Mica Mica
Chlorite Chlorite Chlorite Chlorite
Orthoclase Orthoclase Ilite Calcite
Calcite Calcite Calcite K feldspar
Hematite Hematite Kaolinite Kaolinite
Magnetite Magnetite Hematite Hematite
Goethite Goethite Goethite Magnetite
- Siderite - Goethite
- - - Siderite

*minerals like hematite, magnetite, goethite, and siderite were detected in a minor amount.
3.35 Hydrogeochemical evolution of groundwater and river water

Geochemical reaction and the intermixing of the different aquifer systems influence
hydrogeochemistry of groundwater. The composition of the rock type and water component plays
an essential role in the evolution of groundwater. The Piper diagram is an interpretation tool used
to identify the type of water in the study area (Piper, 1944). A piper plot has been used to classify
the water type in study area 1, based on different geomorphological units (Figure 3.9a). In the YA
region, out of 42 groundwater samples, 38 (approx. 90%) showed Ca-Mg-HCOstype of water, one
(approx. 2%) was NaCl type, and 3 (approx. 7%) were Ca-MgCl type of water represented (Figure
3.9¢). Similarly, out of 24 groundwater samples in the OA region, 22 (~95%) showed CaMg-HCOs3
type of water, and the remaining 2 (~5%) Ca-Cl type of water was observed. The groundwater
showing alkaline earth metal with weak acid was dominated in study area 1. However, river water
shown alkaline earth metals with a strong acid (chloride and sulfate) were dominated (approx.
69%) water type followed by Ca-MgHCOs type of water in study area 1. The piper plot revealed
that CaHCO3 dominated water significantly elevates As concentration in the groundwater of OA
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and YA. However, a few groundwater samples from Y A shown elevated As in the mixed type of
water, indicating chloride and sulphate oxidation might be involved in As mobilization. In the case

of river water samples, As was associated with chloride-dominated water type.
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Figure 3.9: Piper plot showing groundwater evolution in study area 1 (Gorakhpur), a. Cumulative
piper plot for all the samples b. Piper plot for groundwater of YA, c. Piper plot for groundwater
of OA and, d. Piper plot for river water samples.
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In study area 2 (Ghazipur), the piper plot revealed that alkaline earth metals and

bicarbonate were dominant ions, and the major water type is Ca-MgHCO3 (Figure 3.10a).

a L
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1. CaMg-HCO3 O As(<0.01 mg/L)
2. Na-Cl QO as(0.01-0.1mg/)
3. Ca-Na-HCO3
4. CaMg-Cl O As (0.1-0.5 mg/L)
5. Ca-Cl
6. Na-HCO3 O As (> 0.5 mg/L)
[River water
Older Alluvium
O As(<0.01 mg/L) A As(<0.01 mg/L)
[] As(o.01-01men) /\ As(0.01-0.1mg/L)

A As (0.1 -0.5 mg/L)

Figure 3.10: Piper plot showing groundwater evolution in study area 1 (Ghazipur), a. Cumulative
piper plot for all the samples b. Piper plot for groundwater of YA, c. Piper plot for groundwater
of OA and, d. Piper plot for river water samples.

We have plotted three piper plots for OA, YA, and river water on different
geomorphological units available in the study area (Figure 3.10). In YA groundwater, out of 58
samples, 57 (approx. 98%) were Ca-Mg-HCOs3, and one sample was CaCl type of water (Figure
3.10b). The OA groundwater and river water samples were shown Ca-MgHCO3 type of
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hydrogeochemical facies in the study area (Figure 10b&c). Previous studies documented that high
bicarbonate ion in downstream or Central Gangetic plain plays an essential role in
hydrogeochemical evolution and trace metal mobilization (Kumar et al., 2010; Mukherjee et al.,
2012; Kumar et al., 2018). This study revealed the same results. It was observed that the Ca-HCO3

type of water showed a high As concentration in groundwater and river water.
Hydrogeochemical evolution:

The hydrogeochemical evolution of groundwater is mainly determined by the chemistry of
the recharge water, rock water interaction and groundwater residence time within the aquifer
matrix. Carbonate dissolution, silicate weathering, and evaporate dissolution are the three major
governing processes that influenced groundwater chemistry and, through these processes, solutes
enter into the aquifer system (Verma et al., 2015; Kumar et al., 2018). Solutes of the groundwater
are mainly derived from the weathered rock and are dependable on rock water interaction and rate
of weathering (Yadav et al., 2020). Weathering of carbonate rock is ~12 times faster than silicate
weathering; hence the concentration of solutes in the groundwater is significantly dependent on
the leachability of the lithophytes and residence time (Meybeck, 1987; Verma et al., 2015a; Yadav
et al., 2020). A simple weathering reaction for minerals viz. carbonate dissolution, silicate
weathering and ions exchange are given below (Mackenzie & Garrels, 1971; Meybeck, 1987; Sarin
et al., 1989; Kumar et al., 2018).

H20 + COz = H2CO3 and H2C03 = H+ + HCO3
CaCOs3 + H2€03 = Ca + 2HCOs3
(Ca, Mg, Na, K)Silicate + H2CO3 = H4Sis + HCO3 + (Ca, Mg, Na, K) + Solid Product
¥ Ca?t + (Na-Clay) = %2 (Ca-Clay) + Na*

The composition of groundwater is significantly influenced by the mixing of groundwater
recharge and rock water interaction. Bivariate scattered plots were plotted between the several
parameters to understand the major processes governing hydrogeochemical evolution and
anthropogenic activity (Figure 3.11a-r). The scatter plot between total cations (Tz*) vs. Ca®* +
Mg?* and total cations (Tz*) vs. Na" + K* (Figure 3.11a-f) indicates, silicate weathering was

dominated over carbonate dissolution and CaHCO3 water type in all the geomorphic setups. Most
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of the groundwater samples of YA were fell between 2:1 and 1:1 lines (Figure 3.11a), while
groundwater of OA and river water samples were fallen close to the 1:1 line (Figure 3.11b and c).
The positive correlation of Na* with TDS and EC confirmed the dominance of silicate weathering
over carbonate weathering. The presence of minerals like albite and feldspar (Table 5) in the study
area also supported silicate weathering. Studies published from the Central Gangetic plain also
found the same mineralogy and results (Kumar et al., 2018; Singh et al., 2020). The plots between
Na/Cl with EC (Figure 3.11g-1) showed that the excess of Na/Cl was increased in OA groundwater,
indicating that silicate weathering was dominated. However, few samples showed a constant ratio
of Na/Cl with the increased EC, indicating evaporation also significantly involved in the
hydrogeochemical processes. The plots between Na* and CI" (Figure 3.11j-1) showed that most of
the groundwater sample fell 1:1 line, indicating halite dissolution. The Na/Cl ratio was greater than
1, indicating silicate weathering (Lakshmanan et al., 2003). In our study area, around 58% of the
YA groundwater sample showed Na/Cl ratio greater than 1, indicating silicate weathering. Few
groundwater samples from OA and Y A and river water samples showed significant Cl- enrichment.
They fell below the 1:1 line, indicating dissolved Na might be removed by cation exchange
processes or maybe anthropogenic inputs like septic tank effluents, industrial waste and inorganic
fertilizers enhanced Cl in groundwater and river water (Kaur et al., 2019; Singh et al., 2020). From
the plots K™ vs. NOs™ (Figure 3.11m-0), most of the YA groundwater samples fell below the 1:1
line, indicating sewage discharge and domestic waste might be responsible. A few YA

groundwater and all the river water samples were falling along the 1:1 line, indicating inorganic
fertilizers inputs might be the possible source for K* and NOs™ in groundwater and river water. In

OA groundwater, the concentration of NO3 exceeded over K*, indicating sewage discharge might
be responsible for enriched NOz™ in the groundwater. In the scatter plots CI-vs. NOs™ (Figure 3.11p-
), the correlation was missing. The concentration of Cl~ was higher in all the geomorphic setups
compare to NOs indicates interferences like bleaching powder and industrial waste, septic tank
effluents might be responsible. The scatter plot between the molar ratio of Ca/Mg vs. sample
number was plotted (Figure 3.12 a-c), and the majority of the groundwater samples fell between
the molar ratio 1 and 2. If the ratio is close to 1, indicate dolomite weathering, while a ratio close

to 2 indicates calcite weathering.
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Figure 3.11: Bivariate scatter diagrams tracing the hydrogeochemistry of the groundwater and
river water. Possible weathering in OA, YA and river water (a-f). Evaporation and mineral
mediated enrichment in Ya, OA and river water (g-1). Anthropogenic influences in YA, OA and
river water (m-r) in study area 1 (Gorakhpur).
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In YA groundwater, most of the samples fall between the molar ratio of 1 and 2, indicating

calcite dissolution; however, OA groundwater and river water samples represented molar ratio <

1, indicating dolomite dissolution. The plot between Ca?* + Mg?* vs. HCO3™ + SO4? (Figure 3.12d-

f) also supported the carbonate dissolution in the study area (Singh et al., 2020). The plot between

Ca?" + Mg?* vs. CI (Figure 3.12g-i), was not showing any significant correlation between alkaline
earth metals and chloride in OA and YA groundwater. The high ratios of Ca** + Mg? /HCOg"

cannot be attributable to HCO3™ depletion because HCO3™ does not produce carbonic acid in an

alkaline environment. However, in river water, CI" positively correlated with alkaline earth metals

indicate Ca and Mg might be added to the aquifer at the same increased salinity rate (Sakizadeh et

al., 2016).
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Figure 3.12: Bivariate scatter plot tracing the major hydrogeochemical processes in the
groundwater and river water of study area 1 (Gorakhpur)

In study area 2 (Ghazipur), the scatter plots between Tz* vs. Ca?* + Mg?* (Figure 3.13a-c)

showed all the groundwater samples from OA and YA regions and river water samples fell
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between 1:2 line, indicate alkaline earth metals were the dominant cation in the study area. The
plots Tz* vs. Na" + K" (Figure 3.13d-f) showed all the OA and YA groundwater samples fallen
above the 1:1 line, indicated silicate weathering and carbonate dissolution were dominated over
ion exchange processes. Plots showed that the groundwater was of CaHCO3 type in both the
geomorphic setups. Na* showed a positive correlation with TDS and EC, while K™ showed a
negative correlation with EC and TDS, indicating silicate weathering was dominated over
carbonate dissolution, and the processes like Na-feldspar and albite (Table 3.5) dissolution might
be involved (Kumar et al., 2018; Singh et al., 2020). In the study area, Na positively correlated
with HCOz™ indicates exchange of the ions could be possible with CaMg-HCOs type of water. The
plots between Na/Cl with EC (Figure 3.13g-1) showed that the ratio of Na/Cl was not constant with
the increased EC, indicating weathering was the dominant process over the evaporation. In the
groundwater of YA, a few samples showed a constant Na/Cl ratio with EC, indicated evaporation
processes were significantly involved in the hydrogeochemical evolution of those samples. The
plot between Na* vs. CI- (Figure 3.13j-1) also supported the surplus concentration of Na* in
groundwater from silicate weathering, while samples close to the 1:1 line indicate halite
dissolution. A very few groundwater samples (from OA and YA) showed CI- enrichment,
indicating dissolved Na might be removed by cation exchange processes or anthropogenic inputs
of Cl ions such as septic tank effluents and inorganic fertilizers (Kaur et al., 2019; A. Singh et al.,
2020). The chemistry of groundwater is also significantly influenced by anthropogenic activities
like fertilizers, industrial sewage, domestic waste, etc. (Kumar et al., 2007; Yadav et al., 2020).
The plots between K* vs. NOs™ (Figure 3.13m-0) show that the 35% groundwater sample and all
the river water samples fell close or above the 1:1 line, indicating fertilizers could be the possible
source for K* ad NOs" in those water samples. From the same plots, it was clearly shown that
around 65% of groundwater samples (from both geomorphic setups) fell below 1:1 line indicate
domestic waste and wet deposition of acid might be elevated NOs™ concentration in groundwater.
The plots between CI" vs. NOz™ (Figure 3.14p-r) indicate that CI- concentrations exceeded NOz™ in
groundwater and river water, specify the influence of anthropogenic activities such as bleaching
powder and industrial waste, septic tank effluents might be responsible for elevated Cl in

groundwater and river water.
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Figure 3.13: Bivariate scatter diagrams tracing the hydrogeochemistry of the groundwater and
river water. Possible weathering in OA, YA and river water (a-f). Evaporation and mineral
mediated enrichment in Ya, OA and river water (g-l). Anthropogenic influences in YA, OA and
river water (m-r) in study area 2 (Ghazipur)
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Figure 3.14: Bivariate scatter plot tracing the major hydrogeochemical processes in the
groundwater and river water of study area 2 (Ghazipur)

The plots between molar ratio Ca?*/Mg?* vs. sample number were plotted (Figure 3.14 a-
c). The molar ratio of Ca**/Mg?* was fallen between 0-1, indicate dolomite weathering in the
groundwater of older and younger alluvium. The plot between Ca?* + Mg?* vs. HCO3™ + SO4*
(Figure 3.14d-f) supports the carbonate dissolution in the study area (Singh et al., 2020). From the
plots between Ca?* + Mg?*/HCOjs vs. CI (Figure 3.14g-i), it was observed That the ratio of Ca?*
+ Mg?* /HCO3 was constant with increasing salinity, indicating that Ca?* and Mg?* were added to
the aquifer at the same rate as salinity increased (Sakizadeh et al., 2016).

3.3.6 Geochemical speciation modelling in solution

Saturation index (SI) is a method of determining the degree of equilibrium between the
aqueous and solid (minerals) phases. It refers to the tendency of the minerals to remain dissolved
or precipitate once they enter the aquifer. The saturation indices of water samples were calculated
using WATEQA4F software (Ball & Nordstrom, 1991). Saturation indices were determined by the
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log of ionic activity to the minerals solubility product (Chidambaram et al., 2011; Yadav et al.,
2020). A positive Sl value represents supersaturation that refers to the tendency of the minerals
being precipitated from the groundwater. At the same time, a negative Sl represents
undersaturation, which refers to a mineral's tendency to dissolve into the groundwater. If the
saturation indices value O or with the range of +0.5 for a given mineral represent apparent
equilibrium with the groundwater (Srinivasamoorthy et al., 2014). The SI was calculated for all
water samples to identify the essential minerals assemblages, and the results were plotted in figure
(3.15). Some essential minerals such as anhydrite, hydroxyapatite, pyrolusite, and manganite are
undersaturated and remain dissolved once they contact groundwater. Calcite, dolomite and gibbsite
are slightly saturated indicated carbonate minerals-rich deposition in the alluvial plain. Iron and
manganese-bearing minerals such as hematite, goethite, and siderite are supersaturated in all
geomorphic setups, referring to the mineral being precipitated. The precipitated minerals of Fe and
Mn provide a suitable solid surface for As adsorption. It is well accepted; arsenic successfully
adsorbed into Fe and Mn oxides surface (McArthur et al., 2010; Kumar et al., 2018). Although,
redox-sensitive species such as pH are also significantly involved in As sorption and desorption
on iron-oxyhydroxide. The adsorption of As(V) into goethite, hematite, magnetite and other zero-
valent iron (ZVI1) is a function of pH, and maximum adsorption was found at pH 2 to 8. When pH
raised above 11, the adsorption rate decreased (Mamindy-Pajany et al., 2011; Yang et al., 2017,
Kumar et al., 2018). Some studies also found that As(I11) adsorption into the hematite and goethite
minerals is higher at pH 6-8 (Dixit & Hering, 2003; Yang et al., 2017). In study area 1 (Gorakhpur),
the groundwater pH varies between 6.1 to 7.5, and groundwater was slightly saturated for dolomite
and gibbsite. However, in study area 2 (Ghazipur), groundwater was slightly saturated for calcite,
dolomite, chlorite, and gibbsite, indicating that carbonate minerals dissolution was dominated in
study area 2 compared to study area 1. However, In both the study areas, groundwater was
supersaturated with respect to some common minerals like; gibbsite, illite, mica, kaolinite, and
orthoclase, indicating solubility of alumino-silicate minerals in groundwater. Minerals of Fe such
as hematite, goethite and siderite were supersaturated in both the study area. So, they were
precipitated in the aquifer system and might provide an adsorption surface for As in the aquifer

system.
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3.3.7

As fate and mobilization in groundwater and surface water

The bivariate plots of As with physicochemical parameters were plotted in the study area

(Figure 3.17a). From the plot As vs. depth, it was clear that maximum As concentration was

observed in shallow depth (15.0 to 35.0 mbgl) in both OA and YA groundwater and gradually

decreases with depth. Although in the present study was limited to the maximum 45.0 mbgl.

Deeper wells were less prone to be arsenic contamination because As was predicated on being

adsorbed into various sedimentary deposited secondary minerals and as well as arsenopyrite

(Kumar et al., 2006; Ghosh et al., 2007). The bivariate plots of As vs. different redox-sensitive
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species suggested, more than one reaction pathway was involved in As mobilization. The
maximum As concentration was observed near neutral to slightly alkaline pH and with increasing
pH i.e. 7.3, the As concentration was decreased in OA and YA groundwater (Figure 3.17b). River
water samples were scattered near to the pH 7.2 to 7.4. It was observed that As concentration
decreased with increasing the pH i.e. 7.3. An increased pH reduces the As adsorption capacity into
the metal oxyhydroxide because of a higher net negative charge which repels negatively charged
As oxyanions (Kim et al., 2012; Kumar et al., 2017).

Asvs. ORP, bivariate plot indicates an insignificant correlation in OA and Y A groundwater
and river water (Figure 3.17c). The figure shows that a highly reducing groundwater had an
elevated As concentration, indicating microbial degradation of organic matter that was responsible
for the subsurface reducing condition. A very few YA groundwater samples were fell in an
oxidizing environment, indicating some other processes also controlling As mobilization

processes.

The bivariate correlation plot of As vs. HCO3, PO4 and Si are not showing any significant
relationship in OA and YA groundwater of the study area. However, it is considered that
bicarbonate enhances As leaching in the groundwater (Anawar et al., 2004). Similarly, phosphate
behaves as a competitive surface completion ions in oxic and anoxic under both the conditions
(Maier et al., 2019) and enhanced As concentration in an aqueous medium. The OA and YA
groundwater was not showing any significant correlation with PO4, while river water was

moderately correlated, indicating POs is also involved in As mobilization processes.

Correlation of As with DOC (r’=0.55 and r?>=0.62 in OA and YA groundwater,
respectively) indicates microbial degradation of organic matter in the sediment. Degradation of
sewage waste also triggers As mobilization in groundwater (Islam et al., 2004; Mahanta et al.,

2015). In river water, a weak correlation existed between As and DOC.

The scattered plot of As vs. Fe in OA and YA groundwater and river water were plotted in
figure (3.17h). A good correlation (r>=0.73 and r?=0.7) reported in OA and YA groundwater
indicates Fe plays a significant role in As mobilization in OA and YA groundwater. In the
saturation indices plot (Figure 3.15), it was observed that siderite was undersaturated in both OA

and YA groundwater so, Fe remains dissolved in the groundwater. A good correlation between As
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and Fe explaining the same in groundwater. Previous studies also documented that reductive
dissolution of Fe oxyhydroxides is the key mechanism for As mobilization in the central Gangetic
plain (Bhattacharya et al., 1997; Nickson et al., 1998).
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Figure 3.17: Scattered plot of As with physicochemical parameters in YA, OA and river water of
study area 1 (Gorakhpur)

The scattered plot of As vs. Mn was weakly correlated in OA and YA groundwater and
river water samples indicate Mn was not significantly involved in As mobilization in study area
one. A few studies have been documented that Mn oxide or hydroxide adsorption/desorption
sometimes does not play a significant role in As mobilization in the central Gangetic plain (von
Bromssen et al., 2007; Hassan et al., 2007; Mukherjee et al., 2008).
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Figure 3.18: Scattered plot of As with Al, Fe and Mn; a. older alluvium, b. younger alluvium, in
study area 1 (Gorakhpur)

Scattered plots were plotted between As Al, Fe and Mn in subsurface sediment of OA and
YA (Figure 3.18). The scattered OA sediment plots (Figure 3.18a) shown As was weakly
correlated with Al (r>=0.07), whereas a moderate correlation was observed with Fe (r>=0.49) and
Mn (r?=0.42), indicates iron minerals such as goethite, hematite, and siderite tend to adsorb or
desorb As on their solid phases. Mineralogical studies of the OA sediment core (Table 3.5)
supported this hypothesis. Minerals of Mn, such as rhodochrosite (MnCO3), generally controlled
Mn in groundwater and are sometimes involved as a minor constituent of siderite. However, in
younger alluvium sediment (Figure 3.18b), As was moderately correlated with Al (r?=0.42) and
Fe (r>=0.58) while weakly correlated with Mn (r?=0.39), indicates iron minerals goethite and
siderite act and a source and a sink for As mobilization. Mineralogical studies also support the
availability of these iron minerals in the YA sediment core (Table 3.5). A positive correlation of
Aswith Al, suggested a significant role of Al oxides in As adsorption due to comparable charges

and radius like Fe(l11). Aluminum minerals such as amorphous Al(OH)3, gibbsite, clay minerals,

62



CHAPTER 3

and other phyllosilicates are expected to act as As sinks (Stollenwerk, 2003; Jeong et al., 2007;
Herath et al., 2016).

In study area 2 (Ghazipur), the scattered plots of As with different physiochemical
parameters were plotted in figure 3.19. The As vs. depth plot showed that the shallow aquifers (20
to 40 mbgl) in OA and YA groundwater are more As contaminated, and concentration gradually

decreased toward the deeper aquifers.
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Figure 3.19: Scattered plot of As with physicochemical parameters in YA, OA and river water in
study area 2 (Ghazipur)

Deeper aquifers are confined aquifers and hardly get contaminated by geogenic or
anthropogenic pollutants due to the thick sandy layer between (60-80 m) of the tier-one and tier-
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two aquifer (Saha 2010). Secondly, it was predicted that As getting adsorbed on secondary
minerals of iron and clay (Kumar et al., 2006).

The bivariate correlation plots of As with pH were not displayed any significant correlation
(Figure 3.19b) in OA and YA groundwater. Similarly, like study area 1, the maximum As
concentration was observed at neutral to slightly alkaline pH. Highest As concentration was
reported at pH=7.2 in both OA and Y A groundwater and above that As decreases. Previous studies
suggested that high alkalinity in groundwater promotes As mobilization, yet pH plays a significant
role in the alkalinity changes (Kumar et al., 2017; DeVore et al., 2019). A scattered plot of As vs.
HCOz was plotted for OA and YA groundwater and river water samples (Figure 3.19d). The lack
of correlation between As and HCOs indicates multiple sources and sink for HCOs like silicate
weathering and influence of precipitation in groundwater and DOC dissolution. Carbonate mineral
dissolution releases Ca, Mg and HCO3, and the molar ratio of HCOs to Ca and Mg indicate the
source of origin of HCOs (Mahanta et al., 2015). The redox potential of groundwater plays a
significant role in the mobilization processes of As (Smedley & Kinniburgh, 2002; Kumar et al.,
2010). The scattered plot of As with ORP in the groundwater in younger alluvium showed As
concentration was elevated with the more reducing environment. However, the correlation was not

significant in OA groundwater and river water (Figure 3.19c).

The scattered plot of As with PO4shown a weak correlation in YA and OA groundwater;
however, a group of groundwater samples from OA and YA showed an inverse correlation
indicating PO4 enhanced As in groundwater. However, in the case of river water, there was no
significant correlation observed between As and POa. In the scattered plot (Figure 3.19f) of As vs.

Si, there was not any remarkable correlation was observed in groundwater and river water.

The scattered plot of As with DOC in OA and YA groundwater and river water was plotted
in figure (3.190). A lack of correlation was observed between As and DOC in the YA groundwater.
However, a group of YA groundwater was shown a good correlation with DOC. In OA
groundwater, a moderate correlation was observed between As and DOC. The mobilization of As
in the aquifer is facilitated by the degradation of organic matter in the underlying sediments.
Elevated concentration of PO4 is also an indicator of microbial degradation (Bhattacharya et al.,
2002a,b).
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The scattered plot between As with Fe and Mn in OA and YA groundwater and river water

has shown a good correlation (at p=0.001 significant level), indicating Fe and Mn play a significant

role in As mobilization in the aqueous medium. The Sl indicates iron minerals like goethite and

hematite were supersaturated (Figure 3.16) in the groundwater, while siderite, a secondary mineral

of iron and carbonate, was in equilibrium with the aqueous and solid phases, indicating the

reductive dissolution of Fe and Mn already reached its maximum in the groundwater, and with the

dissolution of Fe and Mn oxyhydroxide, As was mobilized in the groundwater.
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Figure 3.20: Scattered plot of As with Al, Fe and Mn for; a. older alluvium, b. younger alluvium
(study area 2, Ghazipur)

Published research from central Gangetic plain had well documented that reductive

dissolution likely to be mediated by metal oxide reducing bacteria is the most accepted mechanism

for arsenic mobilization in the CGB and Bangal delta, validated by numerous literature
(Bhattacharya et al., 1997; Acharyya & Shah, 2007; Chauhan et al., 2009; Saha, Sarangam, et al.,
2010; Singh et al., 2010).
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In order to understand the association of As with Al, Fe and Mn in the sediment core of
OA and YA, a scattered correlation plot was drawn (Figure 3.20a&b). The OA sediment plots
showed that As was weakly correlated with Mn (r>=0.16), while a significant correlation was
observed with Al (r>=0.48) and Fe (r?=0.75). Similar results were also observed in the YA sediment
core. As poorly correlated with Mn (0.07) while strongly correlated with Al (r>=0.68) and Fe
(r’=0.72). A good correlation of As with Al and Fe indicates minerals of Fe such as hematite,
magnetite, goethite and siderite, and minerals of Al such as amorphous AlI(OH)s, clay minerals,
gibbsite and other phyllosilicates are likely to act as a sink for As in sediment. A positive
correlation of As with Al, suggested a significant role of Al oxides in As adsorption due to
comparable charges and radius like Fe(lll). Several published research reported a similar
mechanism for As mobilization in the central Gangetic plain. As adsorbed into the hydrated Fe-Al
hydroxide coated fine-grained sediments. The organic matter-rich argillaceous sediments (grey to
black color) are preferentially trapped more As in the weathered alluvium sediment of the Ganga
river channel and floodplain (Nickson et al., 1998; Shah, 2014).

3.4 Conclusions

This study investigates the two geomorphological features (older and younger alluvium) in
two selected areas (Gorakhpur and Ghazipur), and a comparative study was attempted. As
concentration was observed higher in the groundwater of YA in both the study area. As in sediment
cores in Gorakhpur was almost comparable in both older (11.5 mg/kg) and YA (11.45 mg/kg).
However, As in the sediment cores of Ghazipur were observed to be high in YA (14.5 mg/kg)
compared to older alluvium (11.08 mg/kg). The piper plot indicates all the groundwater from OA
was of CaHCOs type, while 91% of the groundwater from YA was of CaHCO3 type and the
remaining 9% groundwater from YA and the river water samples were alkaline earth metals with
strong acid (Cl and SOg) type indicates As mobilization processes significantly enhanced by Cl
and SO4. However, in study area 2 (Ghazipur), all the samples (Groundwater and river water) were

of CaHCOs type, and the alkaline nature of groundwater supports As mobilization in Ghazipur.

Aquifer showed anoxic to post-oxic condition OA and YA region of both the study area.
The Eh-pH diagram indicated 83% groundwater from OA and 88% groundwater from YA were

falling in As(OH)s field and the remaining 17% groundwater from OA and 12% groundwater from
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YA were falling in HAsO4* field in the study area 1 (Gorakhpur). In study area 2 (Ghazipur), the
Eh-pH diagram indicated 88% groundwater from OA and 91% groundwater from the YA was
falling in As(OH)sfield, and the remaining 12% groundwater from OA and 9% groundwater from
YA were falling in HAsO.? field. The pe-pH plot for Fe indicated that 79% OA groundwater and
76% YA groundwater fell in Fe(OOH) region, and the remaining 21% and 24% fell in Fe?* field
in the study area 1. In comparison, 81% OA groundwater and 69% YA groundwater fell in the
Fe(OOH) region. The remaining 19% and 31% groundwater from OA and YA, respectively, were
fell in the Fe?* field in study area 2 (Ghazipur). In the case of river water, all the water samples
were fell in As(OH)s and Fe(OOH) regions in both the study area.

In study area 1, the hydrogeochemical processes indicate silicate and carbonate weathering
were dominant over ion exchange and reverse ion exchange processes. YA groundwater shows
dominant calcite dissolution processes in carbonate weathering, while OA groundwater and river
samples show dominant dolomite dissolution. The source of nitrate in the YA groundwater is
sewage and domestic waste, while a few YA groundwater samples show nitrate fertilizers
contribution. However, in OA groundwater and river water samples, nitrate coming from sewage
discharge and domestic waste. In study area 2 (Ghazipur), the hydrogeochemical processes
indicate silicate and carbonate weathering dominated over ion exchange processes. Carbonate
weathering was mainly governed by dolomite dissolution in all the samples (Groundwater and
river water). Na vs. Cl plot indicates Na was contributed to the groundwater from silicate
weathering and halite dissolution. K and NOs plot indicates sewage discharge and fertilizer inputs
enhanced nitrate in OA and Y A groundwater, while in river water, nitrate contributed mainly from

fertilizers.

Saturation indices showed that groundwater was in equilibrium with common minerals
such as albite, anorthite, calcite, dolomite and feldspar in both the study area, while groundwater
was supersaturated to the minerals like goethite, hematite, kaolinite, mica and illite, indicated
dissolved minerals get precipitated and provide a solid phase for As adsorption in both the study
area. Siderite, a secondary mineral of iron and carbonate, was in equilibrium with the groundwater

and acted as a sink for As in the central Gangetic plain.
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In study area 1, the scattered plots of As with physicochemical parameters in groundwater
and sediment suggested shallow aquifer is heavily contaminated with As and the depth of 35 mbgl
As concentration is decreased in OA and YA groundwater. A neutral to slightly alkaline pH
elevated the As in OA and YA groundwater. A high DOC in OA and YA groundwater indicates
degradation of organic matter during microbial metabolism. A favorable reducing environment

was generated and allowed As to be released more easily into the groundwater.

In the groundwater of older alluvium, the As mobilization processes were governed by the
dissolution of Fe oxyhydroxide in a reducing environment generated by microbial degradation of
DOC and involvement of Cl and SO4 also elevated As mobilization processes. However, in YA
groundwater, reductive dissolution of Fe oxyhydroxide supported by microbial degradation of
DOC are the primary processes of As mobilization. In the sediment core, minerals of Al and Fe

were responsible for the adsorption of As in solid phases.

In study area 2, shallow aquifers (20-40 mbgl) are more As contaminated. In the OA
groundwater, As mobilization processes are controlled by the dissolution of Fe and Mn
oxyhydroxide. However, in YA groundwater, several factors are involved in As mobilization. The
reductive dissolution of oxyhydroxide mediated by microbial degradation was the primary
mechanism of As mobilization. A group of YA groundwater also showing that As release into the
groundwater due to competitive adsorption of PO4 on solid phases. In the sediment core, As shows,
a good correlation with Fe and Al, which suggests hematite, magnetite, goethite and siderite, and
Al minerals such as gibbsite, clay minerals, amorphous Al(OH)z and other aluminosilicates are

expected to act as a potential sink for As in sediment.
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Abstract

Estimating total and inorganic arsenic species (Aslll and AsV) in groundwater and mineral
bound fractions of As species in sediment using the three-step sequential extraction method is the
primary objective of the study area. As speciation in groundwater was done with the help of As
speciation cartridge. Groundwater samples were collected from two geomorphological units (older
alluvium and younger alluvium). It was observed that As(111) was dominated in younger alluvium
(YA), while As(V) was dominated in older alluvium (OA). Arsenite (Aslll) concentration was
reported higher in the shallow aquifer (30-35 mbgl). A statistical approach (PCA) was applied to
understand the relationship of As species with different physicochemical parameters and As
mobilization in the study area. The sequential extraction results of the sediment core indicating
that the residual fraction was dominated, followed by a reducible, oxidizable, and acid-soluble
fraction. Acid soluble fraction is highly mobile in the groundwater. A four-color sediment tool was
used to understand the association of total As with sediment color, but a significant association
was missing. The sediment core’s mineralogy indicates the existence of iron minerals such as
goethite, hematite, magnetite and siderite in both the study areas. Presence of the secondary
mineral-like siderite act as a potential sink. Partial dissolution of fibrous goethite (FEOOH)

releases the As in the groundwater.

Keywords: Arsenic speciation; Sediment color tool; As mobilization, As sequential extraction;

Central Gangetic plain.
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4.1. Introduction

Groundwater occurs in the subsurface zone of the Earth, and it is a prime source of drinking
throughout the world. Safe drinking water is a basic human right and an essential constituent of a
successful health care policy (Mukherjee et al., 2021). Arsenic is a metalloid and exists in the
environment and our biological system in various compounds, but in groundwater, it mainly exists
in the form of As-oxyanions (Smedley & Kinninburgh 2002, Baig et al., 2009; Shankar et al.,
2014). The inorganic As having two common oxidation states: As(l11) and As(V). The mobility
and toxicity of As(l111) are much higher than As(V). Globally more than hundreds of countries have
been affected by naturally occurring As poison in groundwater worldwide. Arsenic in any
environment, the mobilization process may occur due to various natural processes, such as
weathering reactions, volcanic emissions and biological activities, and anthropogenic sources like
coal combustion, metal smelting, As-based pesticides, wood preservative, and mining activities
(Mandal, 2002; Ghosh et al., 2009). Generally, the geogenic occurrence of arsenic in sediment is
up to 1.5 to 2 ppm, and through dissolution or desorption processes, As get into the pore or surface
water (Alam & Sattar, 2000; Javed et al., 2013). Plant absorption, methylation, and erosion are the
main features of As depletion into the soil. As a result, As it rapidly accumulates in the natural
weather, fine alluvial sediment and serves as a sink (Harvey et al., 2005; Hossain et al., 2014;
Kumar et al., 2016). Besides, the mobilization of As is also influenced by the physicochemical and
solid-liquid phase interactions between As and sediment. Many research articles published
elevated As pollution in groundwater and soils from Gangetic plain (Ghosh et al., 2007; Chauhan
et al., 2009; Singh & Choudhary, 2010; Kumar et al., 2010; Shah, 2014; Kumar et al., 2016; Singh
et al., 2020; Yadav et al., 2020) and Bangladesh (Hasan et al., 2008; Ahsan et al., 2009; Jamil &
Feng, 2017; Islam et al., 2018; Islam et al., 2019; Haque et al., 2020; Mihajlov et al., 2020).
Seasonal variation also influences the microbiological activities and the availability of As in
sediment (Brammer & Ravenscroft, 2009). Furthermore, research and study are needed to
understand the factor that impacts As mobilization in sediment under subsurface environmental

conditions.

The mobility of As in sediment and its transport to water bodies are influence by its

distribution and chemical interaction with different solid constituents. Solid-phase interaction
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between As and soil particles is critical for As mobilization (Sadiq, 1997; Javed et al., 2013).
Arsenic can get adsorbed on the surfaces of many different metal oxides, especially aluminum
(Al), iron (Fe), and manganese (Mn) (Smith et al., 1998). Under the oxic environment, the
bioavailability of metal oxides is restricted by their extremely low solubility, which causes metal
(oxy-hydr)oxide minerals to precipitate and then become stable. These redox reactive mineral
phases are well-known for their ability to adsorb As and a wide range of inorganic and organic
contaminants (Cornell & Schwertmann, 2003; Sherman & Randall, 2003; Bjorn & Roychoudhury,
2015; Hao et al., 2018). Minerals of clay and calcite also act as a sink for As and provide an
adsorption surface (Manning & Goldberg, 1997; Roman-Ross et al., 2006). The other naturally
occurring As-bearing sulfide ores and aluminosilicates can release As into the environment.
Sometimes, secondary minerals which are thermodynamically stable can also trigger the release
of As into the aquifer system (Sadiq, 1997).

To understand the mobility, bioavailability, retention time, and potential risk of As, it is
essential to determine the chemical behavior of arsenic associated with different phases of
sediments (Baig et al., 2009). In well-drained or oxygenated soil, As(V) is dominated species,
while organic matter-rich area or regularly flooded soil is an encounter with the reducing condition
and dominated by As(l11) (Wuana & Okieimen, 2011; Wu et al., 2017). The inorganic forms of As
are more toxic than the organic forms. While in the case of inorganic forms, As(l11) is ten times
more toxic, soluble, and mobile as compared to As(V) (Mandal & Suzuki, 2002; Jang et al., 2016).
Since the bioavailability and toxicity of As are dependent on its chemical nature, surrounding
subsurface environmental scenario, amount of sorbing compound, pH, and the redox potential
(Mandal & Suzuki, 2002; Zheng et al., 2003).

The analysis of bioavailable or labile As fractionation is the prime isolation process for
explaining As availability in the sediments through geochemical and anthropogenic input (\Wenzel
et al., 2001). Sequential extraction methods are most widely used to evaluate the relative
availability of arsenic and trace metals in sediment (Lombi et al., 2000; Keon et al., 2001;
Mihaljevi¢ et al., 2003; Rodriguez et al., 2003; Tlustos et al., 2005; Baig et al., 2009). The
mineralogical evidence plays a remarkable role in the identification of As sources and mobilization
in groundwater. As is more likely to be co-precipitated or scavenged by metal (Fe and Mn) oxides
in the liquid-solid phase interaction (Acharyya et al., 1999).
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For the last 3-4 decades, groundwater As contamination is one of the severe problems
identified in the Gangetic plain (Shah 2008, Kumar et al., 2014, Chauhan et al., 2009; Chakraborti
etal., 2016). According to the published research, reductive dissolution of metal oxyhydroxide are
a well-accepted and significant hypothesis for the chemical association of As mobilization in the
central Gangetic plain (Kumar et al., 2018; Yadav et al., 2020). Rivers originating in the Himalayas
carry As-rich sediments to downstream basins and deltaic regions, where they are deposited
(Lupker et al., 2012). The recent depositional feature is also known as quaternary alluvial
deposition, and it is two types; (a) older alluvium (Bhangar), which was corresponding to the
middle Pleistocene, and newer alluvium (Khadar), which was corresponding to the late Holocene
(Sinhaetal., 2005; Tandon et al., 2008). Previous studies mainly focused on the total As speciation.
A very few studies focused solely on As speciation in the groundwater and sediment
(Chandrasekharam et al., 2007; Kumar et al., 2016). The objective aims to quantify the As
speciation in groundwater and sediment, examine the role of minerals assemblage and their role in
As source and mobilization, and finally, use a four-color code application for the sediment in the

Gangetic plain.

4.2. Material and methods
4.2.1. Study area

The study area covered two districts (Gorakhpur and Ghazipur) of eastern Uttar Pradesh. Study
area 1 (Gorakhpur) lies between 26.25° to 27.1° N and 83.10° to 83.75° E. The district is located
on the Rapti riverbank of Nepal. Rapti is one of the supreme tributaries of the river Ganga.
Gorakhpur is densely populated because of the easy availability of water resources for domestic
and agricultural activity, highly fertile soil, and gentle slope landscape (Singh et al., 2009;
Bhardwaj & Singh, 2011). River bending, monsoonal rain, and sedimentation load are the primary

threats to this district’s constant flood (Singh et al., 2015).
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Figure 4.1: Map of the study area, (a). India with state boundary, (b). Landsat images are
prepared from FCC (false-color composite) band combinations (5, 4 and 3), (c). Study area map
with different geomorphic features (older alluvium, younger alluvium, point bars, forest and river
etc. The map shows sample location in groundwater and sediment core
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Sand bars, flood plain, alluvial plain, and meander scar are the prime geomorphological
units that have been identified in the study area (CGWB, 2013). The study area is a part of the
quaternary alluvium, mainly formed by Ghaghara and Rapti river systems deposits (Singh et al.,
2015). The quaternary alluvial deposits are divided into older alluvium and younger alluvium
(Figure 4.1).

The older is also known as “Bangar” or high land soil due to denudation; however, the
younger alluvium is known as “Kachhar” or the marginal track of Ghaghara and Rapti river system
(Bhardwaj & Singh, 2011; Shah, 2014; Saha & Sahu, 2016). The study area has identified a three-
tier aquifer system (40-50mbgl, 80-100mbgl and 180-195mbgl) (CGWB, 2013). The district has a
sub-humid to a humid climate, and it is somehow influenced by north and terai swamps. The
maximum rainfall (>87%) has been taken place from June to September, and excess water is

accessible for deep percolation into the groundwater system.

Study area 2 (Ghazipur) lies between 25.07° to 25.97° N and 83.32° to 83.9° E. The district
has a gentle undulation with various streams running through it. Topography is mainly influenced
by the rivers flowing through the district, such as Ganga, Karmanasa, and Gomti. The seasons have
been identified in the study area; the hot season (March to June) and monsoon (July to October),
and the cold season (November to February). Around 70-75% of rainfall has occurred in the
monsoon season. The average maximum temperature (Above 38°C) has been recorded in May and

the average minimum (<15°C) in January.

The differences in the geomorphic features like elevation, nature of the sediments, the
pattern of soil deposition, and spatial distribution in the Gangetic plain imply that they are deeply
influenced by climate-driven sediment, water regime, and sedimentation load (Shah, 2014). The
study area is a part of the central Gangetic plain where two geomorphic units have been identified
based on the axial division of river Ganga; a) North Ganga plain (NGP) and South Ganga plain
(SGP) (Saha & Sahu, 2016). The entire study area is made of quaternary alluvial deposits, and it
is further divided into two categories; older and younger alluvium (Figure 4.2). Older alluvium
forms upland surfaces and occupied the major part of the study area. They are recognized by
yellow-brown colored sediment. Younger alluvium constituted the low-lying flood plains and was

incorporated by grey to black argillaceous deposits (Kumar et al., 1996; Shah, 2014).
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Figure 4.2: Map of the study area, (a). India with state boundary, (b). Landsat images are
prepared from FCC (false-color composite) band combinations (5, 4 and 3), (c). Study area map
with different geomorphic features (older alluvium, younger alluvium, point bars, forest and river
etc. The map shows sample location in groundwater and sediment core
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4.2.2. Sampling and analysis
4.2.2.1. Groundwater

A total (42) groundwater samples were collected from both the study areas by following
the standard procedure and methods of APHA (2005) from the hand pump and bore well during
August 2017 and February 2018. Two representative groundwater samples were collected in
polypropylene bottles from each location. One was for total As (acidified) estimation, and another
was for As(l11). Arsenate and arsenite were separated by using a disposable cartridge (Metal Soft
Center, PA, USA). Groundwater samples were passed through the cartridge to absorb all As(V)

and allow only As(l11). Filtered water samples were kept at 4°C to avoid chemical alteration.
4.2.2.2. Subsurface sediment

Two subsurface sediment cores, especially one from older alluvium and another from
younger alluvium deposits, were considered to collect subsurface sediment cores from both the
study areas (Singh & Pandey, 2014; Kumar et al., 2018). So, a total of four cores were collected
from both districts (study area). A common and localized hand flapper drilling method was used
in the field to collect the sediment cores. The depth of each core was around 33.5 mbgl. The
sediment samples were taken at a regular 10 feet (3.048 m) interval from each selected core. We
have also considered any anomalies that come across the sediment core. The collected sediment
samples were sealed in a zip bag and transferred to the laboratory. Samples were kept for air-dries
and then transferred to an oven for 72 hours at 50 °C.

4.2.3. Chemical and reagents

The analytical grade chemicals were used in the analysis and purchased either from Merck
(Darmstadt, Germany) or Sigma-Aldrich (Milwaukee, WI, USA). They were employed without
any further purification. Milli-Q water (MilliporeSigma Direct-Q5) with a resistivity of 18.2
MQ/cm was used to make all solutions and reagents. All the standards were prepared from their
stock solution and kept in darkness at 4 °C until the analysis started. Those standards which are

freshly required for the analysis were prepared on the same day.
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4.2.4. Sediment processing and digestion methodology

Sediment samples were digested using a method developed by Shapiro (1975). Detailed
methodology for sediment processing and digestion has been given in Chapter 3, Section 3.2.5).
A three-step sequential extraction method (modified BCR) was used to identify the arsenic species
in sediment (Rauret et al., 1999). Step one, account for the acid-soluble exchangeable or carbonate-
bound fraction by applying the acid. Step two represents a reducible fraction of the metal. In this
step, hydroxyl ammonium hydrochloride was used to reduce metal-bound oxyhydroxide of Fe/Mn.
Finally, step three represents an oxidizable fraction. In this step, hydrogen peroxide and
ammonium acetate oxidized the organic matter and sulphide bound fraction. Further, we recovered
the residue fraction from step three, digested with aqua regia. Detailed methodology is given in

the below chart:

1 gm of air-dry soil/sediment sample

L

Exchangeable/Acid-soluble Fraction
40 ml CH;COOH (0.11 M; plI=7)
Shaken for 16 hrs. at room temperature
L Centrifuge at 3000 rpm for 20 min.

L 2

-~

Step one Supernatant FA

( Reducible Fraction
Residue + 40 ml NH,OH.HCI (0.5 M; pH=1.5 - 2) Supernatant FB
Shaken for 16 hrs. at room tempetature
L Centrifuge at 3000 rpm for 20 min.

L

Oxidizable Fraction
Residue + 10 ml H202 (pH=2~3)
Heating in water bath at 85+2 “C (for dry)
Solid phase + 50 ml NH,CH,;COOH
Shaken for 16 hrs. at room temperature
Centrifuge at 3000 rpm for 20 min.

L 2

Residual Fraction
Residue + 2 ml Aqua Regia + 5 ml HF + 2 ml
Boric acid
Microwave digestion

Supernatant FC

Supernatant FD

I

Figure 4.3: Flow chart of three-step sequential extraction method
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4.2.5. Apparatus and analysis

All the apparatus used in the laboratory were a grade and made up of borosilicate glass or
polypropylene. Teflon vessels were soaked in 4 M HNOs3 (overnight) before being used. All the
acids and compounds used in the digestion procedure and analyses were analytical grade. A
standard reference material (SRM), NIST-8704, also known as Buffalo river sediments (n=4), was
used to verify the As results in the sediment. The reference standard certified value for As was 17
mg/kg, and the observed was detected 16.72+0.08 mg/kg. The recovery of the As was obtained
98.32%.

4.2.6. X-Ray diffraction (XRD) analysis

The mineralogy of the sediment samples was determined by the standard method of the X-
ray powder diffractometer (XRD). A Malvern Empyrean, PANalytical (UK) model was used to
analyze the mineral composition of soil or sediment. It worked on the radiation level less than 1
uSv/h and was determined with the Mo source (60 kV, 50 mA) over an angular range of 5 to 85
(20) with 0.02-degree steps 2s count time on unoriented side-packed powder mounts. The
maximum angular reproducibility of the instrument was <0.0002 degrees. The peaks of the
minerals were identified by PANalytical Xpert High score software with ICDD (International
Centre for Diffraction Data) database to identify the minerals in the aquifer sediment using

calculated powder pattern and Rietveld full pattern fitting options (Gates-Rector & Blanton, 2019).

4.2.7. Quality assurance and quality control

A standard reference material (SRM), 8704 (Buffalo river sediments), was selected from
the National Institute of Standards and Technology (NIST), USA. NIST-8704 was used to verify
the results of As in the sediment. The standard certified value for arsenic was 17 mg/kg, and the
observed was detected 16.72+0.08 mg/kg (average of 4 observed values). The recovery of the As
was obtained 98.32%, which was under the 10% error. In each batch of sediment and soil samples,
several (10% of the total number of samples) duplicate samples were used to check precision by

analytical splits.
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4.3. Result and discussion
4.3.1. Inorganic arsenic in groundwater

The results of the inorganic arsenic with other physicochemical parameters in the
groundwater were shown in table 4.1. The average concentration of total arsenic (As) in study
areas 1 and 2 were reported 0.04 mg/l and 0.15 mg/L, respectively. The pH of the groundwater
varies from 6.15 to 7.11 in study area 1 (Gorakhpur); however, it varies from 6.35 to 7.46 in study
area 2 (Ghazipur). The average reduction potential of both the study areas was negative, indicating
a reducing groundwater condition. In study area 1, ~78% (out of 20 samples) of groundwater was
unsafe for drinking purposes. WHO (2004) prescribes the maximum 10 ppb limit for As in drinking
water. Similarly, in study area 2, ~81% (out of 22 samples) of groundwater was unsuitable for
drinking purposes. Yet during the As (I1l) sampling, we mainly considered those hand pumps
which were having red platforms. In our study, the average As concentration in the groundwater
was comparable with other reported studies. The average As concentration in Bhojpur, Bihar,
reported the 89 pug/L and 123 pg/L, respectively by Saha (2009) and Saha et al. (2011). The average
As concentration in Samastipur, Bihar has been reported 20 ug/L (Kumar et al., 2016). Other
studies from Ballia reported elevated As concentration in groundwater with an average of 331 pg/L
(Srivastava & Sharma, 2013).

In study area one (Gorakhpur), the As(lll) concentration in the OA groundwater was
ranged from ND to 0.06 mg/L with an average of 0.01 mg/L, while As(V) ranged from ND to 0.05
mg/L with an average of 0.01 mg/L (Table 4.1). However, in YA groundwater, arsenite (As IlI)
ranged from ND to 0.09 with an average of 0.02 mg/l, while As(V) ranged from ND to 0.05 with
an average of 0.01 mg/L. The average concentration of As(Ill) was higher in younger alluvium
than the older alluvium might be due to reducing subsurface environmental conditions. As(I11) was
plotted along with the older and younger alluvium in Figure 4.5.

In study area two (Ghazipur), As(l1l) was ranged ND - 0.02 mg/L (average 0.004 mg/L),
while As(V) ranged ND - 0.19 mg/L (average of 0.06 mg/L) in the groundwater of OA indicating,
oxidizing older alluvium might be responsible for low As (IIl) in OA groundwater. However,
arsenite was observed higher than the As(V) in the groundwater of YA. The average As(lll)

concentration was reported 0.11 mg/L (range, ND — 0.25 mg/L), and As(V) was reported 0.08
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mg/L (range ND — 0.44 mg/L). The high As(Ill) concentration in the groundwater of YA,
indicating a reducing condition, might be involved in elevated As(I11) concentration.

Table 4.1: As species in the groundwater of older and younger alluvium with depth, pH and ORP
in different geomorphological setups of both the study areas (Gorakhpur) and (Ghazipur).

Study area 1 (Gorakhpur)
Older alluvium (OA) Younger alluvium (YA)
Unit Min. Max. Average St. dev Min. Max. Average St. dev
Depth (m) m 27.44 33.54 30.05 2.54 15.24 45.73 30.75 6.54
pH 6.15 7.11 6.71 0.31 6.15 7.11 6.57 0.27
ORP (mV) mvV -179.00 28.00 -52.71 65.03 -179.00 28.00 -84.65 60.70
pe -3.01 0.47 -0.89 1.10 -3.03 0.47 -1.43 1.02
As(total) mg/L ND 0.14 0.02 0.05 ND 0.14 0.04 0.05
As (1) mg/L ND 0.06 0.01 0.02 ND 0.09 0.02 0.03
As(V) ma/L ND 0.05 0.01 0.02 ND 0.05 0.01 0.01
As(11)/As(V) ND 0.00 0.00 0.00 ND 0.01 0.00 0.00
Study area 2 (Ghazipur)
Depth m 27.43 48.77 38.07 6.16 24.86 48.77 33.27 6.61
pH 6.35 7.35 6.96 0.32 6.36 7.46 6.83 0.27
ORP mV -128.00 40.00 -53.57 56.45 -192.00 28.00 -111.40 62.05
pe -2.14 0.67 -0.90 0.95 -3.23 0.47 -1.87 1.04
As(total) mg/L ND 0.20 0.07 0.08 ND 0.62 0.19 0.16
As (I11) mg/L ND 0.02 0.00 0.01 ND 0.25 0.11 0.08
As(V) mg/L ND 0.19 0.06 0.07 ND 0.44 0.08 0.13
As(l1/As(V) ND 0.14 0.03 0.05 ND 18.73 4.76 5.84

*Note: Min.= Minimum, Max. = Maximum, St.dev = Standard deviation, ND = Not detected

A pe-pH diagram was plotted to identify the As species in groundwater (Figure 4.4). The

figure shows that all the groundwater samples fall in As(OH)s domain, indicating As(111) was a
dominant species in the groundwater.
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Figure 4.4: pe-pH diagram of the study area, a. Gorakhpur b. Ghazipur

The reduction potential of the groundwater supported this result. The average oxidation-
reduction potential was observed (-84) mV in study area 1 while (-93) mV in study area 2. The
regional geology and pH influenced As availability in the groundwater (Kumar et al., 2016).
Arsenite was also reported to be the predominant As species in groundwater of the central Gangetic
plain and West Bengal (Kumar et al., 2014; Kumar et al., 2016, Saha & Shukla, 2013).

4.3.2. Spatial distribution of As (111) in groundwater

Similar to West Bengal and Bangladesh, As is heterogeneously distributed in the sediment
and water. The younger alluvium, also known as the Ganga river corridor, is high As polluted
compared to the older alluvium. Mukherjee et al. (2007) has been reported that geology and
geomorphology significantly influence the As distribution in the shallow aquifers. In both the
study areas, As(l11) was plotted along with the geomorphology and groundwater depth (Figure 4.5
and 4.6). The As(IIl) concentration was reported significantly higher in younger alluvium.
However, it was comparatively very less or not detected in older alluvium in both the study area.
In the central Gangetic plain, it is well documented that younger alluvium is nutrient-rich with
active microbial degradation, which generates a reducing environment in the subsurface soil
(Srivastava & Sharma, 2013) and triggers As and metal mobilization. A similar mechanism is

observed in our study areas.
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Figure 4.5: A generalized Geomorphological (older and younger alluvium) map of the study area
1 (Gorakhpur). It also depicts elevated As concentration and distribution based on geomorphology
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As contamination was significantly influenced by the depth, it was hypothesized that
shallow aquifers are more prone to As contamination (Saha et al., 2011). As (111) also plotted with
the depth (red color shallow aquifer, green color deeper aquifer) (Figure 4.5 and 4.6). The figure
shows that shallow aquifers (20-35 mbgl) were promoted As contamination while the depth above

35 mbgl, the As concentration decreases in the groundwater.

4.3.3. Principle component analysis in groundwater

The PCA was carried out to understand the relationship of As species with the
physicochemical parameters in both the study area (Table 4.2). In Gorakhpur, groundwater of older
alluvium, the PCA generated three significant components and inferred 86.35% of total sample
data variance. PC1 explained 55.62% of the total variance with the positive loading of Fe, Mn,
As(t), As(111) and As(V), and moderate loading of DOC, HCO3 and NO3z while negative loading
of ORP indicating As(t) and As(V) mobilization might be controlled by several processes such as
dissolution of Fe and Mn oxyhydroxides, alkaline nature of groundwater and oxidizing
environment in the presence of NOz may also enhance As(V) liberation in the groundwater. As(l11)
was reported in one sample out of seven samples. So based on one sample, we cannot decipher
any significant conclusion for As(111) mobilization in OA. (Kumar et al., 2016; Yadav et al., 2020).
However, in the groundwater of younger alluvium, the PCA has shown three major components,
explaining 79.77% of the total data variance. PC1 explained 39.13% of the total variance with the
strong positive loading of As species with Fe, Mn and DOC and negative loading of ORP,
indicating liberation of As species in the aquifer environment by reductive dissolution of Fe
oxyhydroxide in the presence of dissolved organic carbon. In PC2, arsenite negatively correlated
with the ORP, indicating reducing conditions promoting arsenite in the groundwater. PC3
explained 14.95% of the total variance with a positive loading of depth. This component is
independent of any other parameter. PC4 explained 11.34% of the total variance with the positive
loading of As(V), ORP and POg, indicating that PO4 acts as a competitive surface complexion ion
in an oxidizing environment and adsorbed into the solid surface and elevate As concentration into

the aqueous medium.
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Table 4.2: Variation of principal component (PC) unit with different parameters in the groundwater of different geomorphic setups of
the study areas.

Gorakhpur Ghazipur

Older Alluvium (n=7) Younger alluvium (n=13) Older Alluvium (n=8) Younger alluvium (n=14)

1 2 3 1 2 3 4 1 2 3 4 1 2 3 4
Depth -.324 112 .807 -.286 042 .863 -.027 232 912 .091 -.052 403 140 .897 .030
pH 120 -913 -.012 -.334 -.866 .047 -.032 .168 172 -.012 .899 .009 -.931 -.275 -.003
ORP -.688 117 217 -.736 -.262 .290 AT7 -.568 .089 -.319 -.653 -.616 127 -.138 621
HCO3 587 .060 792 402 814 247 171 .165 517 .688 -.023 -.104 947 -.075 -.057
NOs 546 113 -511 .280 734 341 -.156 -.175 831 .056 245 120 834 -.161 484
PO4 -.153 -.738 -.069 -.166 134 124 870 -.106 -.034 853 .100 -.281 -.045 872 -.243
boc 626 707 -.016 922 217 .090 -.100 761 -.208 -.496 -.044 812 .091 -122 -.046
Fe 970 .165 107 973 .018 -132 -.051 922 077 -.241 128 926 261 -.225 .017
Mn 982 135 -.049 .904 .095 -.343 071 .969 .092 -.014 118 834 .016 .165 -.489
As(t) 973 144 -.159 .890 201 -.368 .007 924 .091 .104 238 867 -.380 251 -.056
As(lI) 980 120 -.149 .887 152 -374  -101 .897 154 .069 256 869 -341 266 -131
As(V) 964 138 -.184 541 299 -.295 619 679 -.399 .306 -.045 .620 -.580 -.033 525
Total 6.708  2.020  1.640 5135 2249 1794 1366 | 4962 2078 1728 1464 | 4.468 3171  1.920  1.683
% of Variance | 55897 16.833  13.666 | 42.794 18.738 14.953 11385 | 41.349 17.317 14397 12198 | 37.237 26421 16.003 14.024
Cumulative % | 55.897 72.731 86.397 | 42.794 61532 76.486 87.871 | 41.349 58.666 73.063 85.261 | 37.237 63.658 79.661 93.686

83



CHAPTER 4

In study area 2, OA groundwater is represented by four major principle components (PCs),
explained 85.26% of the total data set variance. PC1 explained 41.35% of the total variance with
the positive loading of Fe, Mn As(t) and As(l11) while a moderate positive loading of DOC, As(V)
and negative loading of ORP indicating reductive desorption of Fe and Mn oxyhydroxide in the
presence of microbial degradation of organic matter, might be responsible for elevated As into the
groundwater. It is a well-accepted hypothesis of As mobilization in the central Gangetic plain
(Saha 2010; Mukherjee et al., 2009; Kumar et al., 2018). PC2 explained 17.32% of the total
variance with a positive loading of depth and nitrate, indicating leaching of the nitrate from sewage
and fertilizers might be enhanced nitrate in groundwater. PC3 explained 14.39% of the total
variance with a positive loading of POs and HCOg, indicating phosphate might be coming
significantly from the geogenic origin. PC4 explained 12.19% of the total variance with the
positive loading of pH and negative loading of ORP, indicating that on increasing the pH,
oxidation-reduction potential decreases. Studies has been reported that the oxidation-reduction
potential and pH are inversely proportional to each other, if oxidant type and concentration retain

constant for a solution (James et al., 2004).

Groundwater of younger alluvium, The PCA analysis generated four principal components
and inferred about 93.69% of the total data set variance. PC1 explained 37.23% of the total
variance with positive loading of DOC, Fe Mn As(t) As(Ill) and negative loading of ORP,
indicating the reductive dissolution of metal oxyhydroxides, which was triggered by microbial
degradation of organic matter, and responsible for As(I11) mobilization (Yadav et al., 2020). PC2
deciphered 26.42% of the total data variance with a positive loading of HCO3 and NOs while
negative loading of pH and As(V), indicating As(V) mobilized in an oxidizing environment
triggered by the breakdown of ammonium ion into the nitrate in an oxic environment (Mahanta et
al., 2015). PC3 explained 16% of the total variance with the positive loading of PO4 and depth,
indicating leaching of fertilizers or phosphate minerals dissolution might be the possible source of
POy4 in the deeper aquifer. PC3 explained 14% of the total variance with the positive loading of

ORP and As(V), indicating arsenate liberated in the groundwater in the oxidizing conditions.
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In both the study areas, reductive dissolution of Fe and Mn oxyhydroxide was the primary
mechanism for As(111) mobilization, while As(V) was released in an oxidizing environment.

Besides, other factors also contributed to the As(I11) and As(V) mobilization processes.

4.3.4. Arsenic species in subsurface sediments
4.3.3.1.  Vertical distribution of As in subsurface sediment

A four-color sediment tool was used to identify the sediment through straight and
appropriate sediment color comparisons at each depth. Hossain et al. (2014) modified the Munsell
Color Chart into a four-color tool based on a relative analysis of 2240 sediment samples. This
sediment color tool chart was assigned four colors; black, white, off-white, and red sand (Figure
4.7). The figure has shown that black color sediments have a high affinity toward As contamination

while the red color sediments are comparatively safe from arsenic pollution.

BLACK

Risk of arsenic in groundwater

Redox status

Highly Less
re uced- P reduced

Figure 4.7: Four-color of sand with the corresponding risk of As in groundwater as well as redox
conditions (Adapted from: Hossain et al., 2014.

The above chart also explained how the redox potential is associated with the As contamination in
groundwater. Highly reduce conditions in groundwater were supported by the high risk of As
contamination in groundwater. In contrast, the less reduced condition was accountable for safe or

less risk of As contamination in groundwater.
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Table 4.3: Statistical summary of As and soil texture in the sediment core of study area 1 (Gorakhpur)

a. Sediment core 1 (Khorabar). Unit = concentration of arsenic was expressed in mg/kg. (As recovery 98.32%, Detail mentioned in section 4.2.7)
As (acid- As As As
Sr. No. Depth (m) pH soluble) (reducible)  (oxidisable) (residual) As(total) Sand% Silt% Clay% OM %
1 0.00 8.18 0.12 311 0.82 8.16 12.21 42.17 50.92 6.91 0.20
2 3.05 8.36 0.67 5.28 1.53 11.71 19.19 42.06 49.84 8.10 0.04
3 6.10 8.22 0.25 3.98 0.23 6.31 10.77 41.56 52.21 6.23 0.45
4 9.14 8.14 0.09 1.07 0.41 3.46 5.03 45.35 51.37 3.28 0.76
5 12.19 8.29 0.57 3.82 0.48 9.29 14.16 67.58 30.73 1.69 0.14
6 15.72 8.23 0.66 2.59 0.65 6.68 10.59 69.20 29.22 1.58 0.17
7 18.29 8.09 0.17 1.97 0.52 4.83 7.49 72.67 25.37 1.96 0.10
8 21.34 8.25 0.91 2.53 1.24 6.86 11.54 63.66 40.28 6.06 0.50
9 24.38 8.29 0.64 3.88 1.48 8.33 14.32 47.64 43.71 8.65 0.57
10 27.43 8.34 0.42 5.29 1.29 8.27 15.27 39.33 54.45 6.22 0.17
11 30.48 8.13 0.06 147 0.25 4.07 5.85 43.38 42.59 14.03 0.44
12 33.53 8.21 0.21 4.99 0.48 5.92 11.60 36.84 53.60 9.56 0.20
Mean 16.80 8.23 0.40 3.33 0.78 6.99 11.50 50.95 43.69 6.19 0.31
Min. 0.00 8.09 0.06 1.07 0.23 3.46 5.03 36.84 25.37 1.58 0.04
Max. 33.53 8.36 0.91 5.29 1.53 11.71 19.19 72.67 54.45 14.03 0.76
b. Sediment core 2 (Farshiya)
1 0.00 8.12 0.42 3.23 1.04 5.35 10.04 24.07 66.61 9.32 111
2 3.05 8.01 0.40 2.66 1.06 6.48 10.60 24.49 56.93 8.58 0.50
3 6.10 8.24 0.12 0.65 0.26 2.63 3.65 70.19 27.26 2.55 0.27
4 9.14 8.19 0.39 3.10 1.26 10.34 15.10 28.26 61.28 10.46 1.22
5 12.19 8.23 0.18 4.59 1.44 12.10 18.31 22.55 65.90 11.55 0.47
6 15.24 7.92 1.28 8.05 2.10 12.53 23.96 15.56 71.62 12.82 0.67
7 18.29 8.25 0.16 1.28 0.56 4.92 6.92 57.14 42.41 1.45 0.34
8 21.34 8.21 0.12 155 0.39 4.39 6.45 58.83 38.09 3.08 0.24
9 24.38 8.37 0.28 191 0.62 6.21 9.02 57.71 38.17 4.12 0.47
10 25.91 8.24 0.10 2.09 0.52 4.64 7.35 62.26 35.73 2.01 0.25
11 27.43 8.12 0.22 2.04 0.53 6.54 9.33 42.07 49.66 8.27 0.57
12 30.48 8.12 0.41 4.13 0.83 7.87 13.24 30.75 62.20 7.05 0.21
13 33.53 7.99 0.42 4.20 1.14 8.69 14.45 38.32 54.97 6.71 0.13
Mean 17.47 8.15 0.35 3.04 0.90 7.13 11.42 40.94 51.60 6.77 0.63
Min. 0.00 7.92 0.10 0.65 0.26 2.63 3.65 15.56 27.26 1.45 0.24
Max. 33.53 8.37 1.28 8.05 2.10 12.53 23.96 70.19 71.62 12.82 1.22
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a. Study area 1 (Gorakhpur):

A litholog was prepared for all the sediment cores in the study area (Figure 4.8). The depth-
wise distribution of As fractioned species and sediment texture were summarized in table 4.2. The
first (older alluvium) sediment core was drilled at Khorabar, a small town of the Gorakhpur district.
The second core (younger alluvium) was drilled at Farshiya village. Farshiya gets submerged every
year during the flood in the Rapti River. A photograph was also taken for each fresh sediment
sample during the drilling, along with the lithologs. The lithologs of the study area were classified
based on the soil texture. The sediment core was having five lithofacies at Khorabar while six
lithofacies at Farshiya village. The upper section of both the sediment cores in study area 1 mainly
consisted of silty clay. The upper layer of the sediment core at Khorabar having around 40% sand
and 60 % silt and clay, while at Farshiya, 24% sand and 76% silt and clay were reported.

A photographic color of the sediment was light yellowish to brown, while in the sediment
color tool, it came under off-white color. The average As concentration at Khorabar was reported
11.50 mg/kg (minimum 5.03 mg/kg at 9.1 mbgl, maximum 19.19 mg/kg at 3.05 mbgl) and at
Farshiya, it was 11.42 mg/kg (min. 3.12 mg/kg at 6.10 mbgl and max 23.96 mg/kg at 15.24 mbgl).
The higher concentration of As at Khorabar was reported at shallow depth sediment. The water
table in the study area was very shallow. It fluctuated between 3 to 5 mbgl during pre and post-
monsoon of 2017-18 (Jal Jeevan Mission, Uttar Pradesh, Ministry of Jal Shakti, 2017-18).
Fluctuation of the water table at this shallow depth may be responsible for changes in the redox
condition of the study area and significantly influences the adsorption of As to the sediment
(Shankar et al., 2014; Xiao et al., 2018). Clay minerals act as adsorbents by proving the oxides-
like surface for metal adsorption (Smedley & Kinniburgh, 2002).

The average percent of sand varied from 50.95% at Khorabar (min. 37.84% at 33.5 mbgl
and max. 72.56% at 18.3 mbgl) and 40.9% at Farshiya (min. 15.56% at 15.24 mbgl and max.
70.19% at 7.10 mbgl). The texture analysis suggested that sand was the dominant grain observed
in the overall lengths in the sediment cores. The total extracted As from the fractionation process
was less than the total digested As in all the sediment cores. The average As residual fraction in

the sediment core was observed to be 62% at Khorabar and 64% at Farshiya.
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A high percentage of the residual fraction in core sediments indicated metal incorporated
with crystal structure which was quickly not breakable with the application of weak acids
(Zimmerman & Weindorf, 2010). The pH of the study area was slightly alkaline and varied, with
an average of 8.23 at Khorabar and 8.15 at Farshiya. pH also plays a significant role in the

adsorption and desorption of arsenic on metal oxides (Singh, 2006; Charlet et al., 2007).
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Figure 4.8: a. Litholog of the sediment core, b. photographic view of the fresh sediment of field,
c. vertical distribution of As species in the sore sediment (Khorabar)

In the sediment core of Khorabar, the high As concentration was found in yellow silty clay
of upper section (0-3 mbgl) depicted to off-white color on sediment color tool chart. An elevated
level of As contamination was also found at a depth of 27.4 mbgl in grey to olive-green sand with
silt which was depicted as black in sediment tool color. A shallow water table (3-5 mbgl) in the
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study area might be responsible for the oxidizing environment and As gets precipitated on solid
surfaces (silt and clay). Hence, the shallow aquifer of older alluvium is less As contaminated.
While at a depth of 27.4 mbgl, the upper aquifer tier system (30-50 mbgl) was observed. The
elevated As in this depth might be associated with the available minerals. Groundwater results also
revealed that 20-35 mbgl aquifer systems were inflated As contaminated. Redox-induced minerals
of Fe and Mn get dissolved in the aquifer system and release As in the groundwater. The presence
of arsenic in sediment core and groundwater might be regulated by the reduction potential of

groundwater and redox-dependent physical parameters and mineral saturation indices.

In the sediment core of Farshiya, a different trend was observed. The concentration of As
was found higher at 15.24 mbgl in dark grey fine silty clay, depicted to black color (Figure 4.9).
The concentration of As in the Gangetic basin has been dependent on sediment color and soil
texture. Fine-grain sediments had a high affinity toward As adsorption compares to coarser
sediment (Hasan et al., 2009). The presence of the organic matter in subsurface sediment also
elevated As concentration in the groundwater through metal oxides desorption. The average
percentage of organic matter was reported at 0.31% at Khorabar and 0.63% at Farshiya (Table
4.1). In Khorabar, organic matter was not showing any trend with the depth because this was
collected from a densely populated town. In sediment core 2 (Farshiya), the highest percentage of
organic matter was found in the upper surface of the core sediments. It was located in the
agricultural field and flooded every year during the Rapti river flood. So agricultural practices and
nutrient metabolism by microbial activity might be the primary source for organic matter in the
soil (Harvey et al., 2005). Due to high microbial activity in the upper section of the sediment core,
a reducing environment was generated that triggered the reductive dissolution of metal
oxyhydroxide and releasing As in the groundwater.

The sequential extraction results were plotted alongside the litholog (Figure 4.8c). The
parallel plot shows the soluble/available fraction and residual fractions of As in the core sediments.
A significant amount of As was bound with the residual fraction, followed by reducible,
oxidizable, and acid-soluble fractions. The acid-soluble fraction is interconnected with carbonate-
bound form. The reducible fraction was accounted for the reduction of Fe and Mn bound oxides
and was the second dominant fraction after the residual fraction. In the last step of sequential

extraction, sulphide and organic matter were oxidized by using the oxidizing acids. In Khorabar,
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the residual fraction accounted for 62% of the total extraction, while the reducible fraction

accounted for 28% of the total extraction. The oxidizable fraction accounted for 6% of the total

extraction, and the acid-soluble fraction accounted for 3% of the total extraction.
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Figure 4.9: a. Litholog of the sediment core, b. photographic view of the fresh sediment of field,
c. vertical distribution of As species in the sore sediment (Farsiya)

However, for the core sediments of Farshiya the residual fraction accounted for 65% of the total

extraction. The second most dominant faction was the reducible fraction accounted for 25% of the

total extraction. The oxidizing fraction was the third dominant fraction followed by the reducible

fraction and accounted for 7% of the total extraction. The last factor was the acid-soluble fraction,

which accounted for 3% of the total extraction.
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Table 4.4: Statistical summary of As and soil texture in the sediment core of study area 2 (Ghazipur)a. Jagadishpur and b. Firozpur

a. Sediment core 3 (Jagadishpur). #Unit = Concentration of As were expressed in mg/kg. (As recovery = 98.32%, )
Sr. As (acid- As As As As
No. Depth(m) pH soluble) (reducible)  (oxidisable)  (residual) (total) Sand % Silt%  Clay % OM %
1 0.00 8.14 0.40 3.97 1.10 9.39 14.85 10.35 81.61 8.04 1.96
2 1.52 8.31 0.55 6.03 1.98 12.27 20.83 31.10 64.26 5.64 0.81
3 3.05 8.34 1.10 9.01 2.27 13.93 26.31 28.66 62.12 9.22 0.67
4 6.10 8.21 0.73 7.30 2.02 11.10 21.15 31.42 62.22 6.36 0.35
5 9.14 8.07 0.39 3.17 0.80 6.55 10.91 66.17 32.16 1.67 0.24
6 12.19 8.01 0.01 0.30 0.12 0.97 1.40 76.32 22.47 1.21 0.05
7 15.24 8.22 0.49 4.08 0.91 6.87 12.35 59.41 40.67 2.08 0.11
8 18.29 8.18 0.16 2.36 0.53 4.22 7.27 56.42 40.33 6.25 0.17
9 21.34 8.29 0.41 5.07 1.48 7.15 14.12 59.40 39.20 1.40 0.17
10 24.38 8.00 0.14 0.26 0.20 2.12 2.73 71.45 17.01 1.54 0.06
11 27.43 8.23 0.24 3.58 1.01 6.04 10.87 58.85 3391 7.24 0.23
12 30.48 8.12 0.02 0.31 0.09 1.04 1.45 63.67 29.39 6.94 0.09
13 32.00 8.05 0.14 2.28 0.41 4.38 7.21 41.99 51.50 6.51 0.14
14 3353 8.08 0.07 1.52 0.20 1.89 3.68 40.87 51.77 8.36 0.07
Mean 16.76 8.16 0.35 3.52 0.94 6.28 11.08 49.72 44.90 5.18 0.36
Min. 0.00 8.00 0.01 0.26 0.09 0.97 1.40 10.35 17.01 1.21 0.05
Max. 3353 8.34 1.10 9.01 2.27 13.93 26.31 76.32 81.61 9.22 1.96
b. Sediment core 4 (Firozpur)
1 0.00 8.06 0.97 6.09 1.22 13.36 21.64 7.62 81.81 10.57 1.23
2 1.52 8.06 0.82 5.38 1.52 11.84 19.56 9.87 79.40 10.73 0.80
3 3.35 8.10 0.58 3.16 0.28 8.48 12.50 33.95 60.30 5.75 0.77
4 6.10 8.26 0.59 3.53 1.17 8.02 13.31 32.64 61.32 6.04 0.74
5 9.14 8.21 0.72 5.19 1.49 10.30 17.70 25.24 68.63 6.13 0.57
6 12.19 8.19 0.45 2.60 0.19 8.43 11.67 43.77 52.68 3.55 0.20
7 15.24 8.26 0.25 0.77 0.42 3.94 5.38 88.69 11.31 0.00 0.34
8 18.29 8.22 0.20 0.22 0.23 1.94 2.59 97.18 2.82 0.00 0.17
9 21.34 8.34 0.22 0.47 0.35 2.55 3.59 82.93 16.03 1.04 0.20
10 25.91 8.31 0.25 0.53 0.31 3.23 4.32 80.97 18.19 0.84 0.11
11 27.43 7.97 1.59 8.41 3.59 17.93 3152 14.60 78.17 7.23 0.94
12 30.48 8.13 1.29 6.72 2.39 17.02 27.42 24.42 68.71 6.87 0.31
13 33.53 8.35 0.58 4.33 1.01 8.32 14.24 48.34 48.92 2.74 0.15
Mean 15.73 8.19 0.65 3.65 1.09 8.87 14.26 45.40 49.87 4.73 0.50
Min. 0.00 7.97 0.20 0.22 0.19 1.94 2.59 7.62 2.82 0.00 0.11
Max. 3353 8.35 1.59 8.41 3.59 17.93 3152 97.18 81.81 10.73 1.23
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b. Study area 2 (Ghazipur):

The summary of the As fractioned species with sediment texture and organic matter was
given in Table 4.3. The average pH of the core sediment at Jagadishpur was almost comparable to
the average pH at Firozpur. A notable change in pH can significantly affect metal adsorption on
sediment, and above pH=6, the metal’s solubility was reduced (Jain & Ram, 1997). The litholog
was prepared for sediment cores at Jagadishpur and Firozpur (Figure 4.10a and 4.11a). Along with
the litholog, a photographic picture of the fresh sediments was illustrated. Based on the soil texture,
the litholog at Jagadishpur and Firozpur were divided into four and six lithofacies, respectively.
Based on the sediment color tool, photographs of Jagadishpur were deciphered into black and off-
white color, while photographs of Firozpur were deciphered into black, off-white, and red color.
In the study area, the role of the pH was not significant due to its alkaline nature. The average
concentration of total arsenic was reported 11.08 mg/kg at Jagadishpur (min. 1.4 mg/kg at 12.19
mbgl and max. 26.31 mg/kg at 3.05 mbgl) and 14.26 mg/kg at Firozpur (min. 1.92 mg/kg at 18.29
mbgl and max. 31.52 mg/kg at 27.43 mbgl). A Significant variation was observed in the sand and
silt percentage throughout the core sediment at both locations.

The upper section of both the cores was mainly incorporated with silt and clay. In
Jagadishpur, the maximum concentration of As was observed at 3.05 mbgl associated with light
yellow silty clay with organic matter and depicted as black in sediment tool color. The water table
at Ghazipur city was reported 5.5 to 6.5 mbgl during pre and post-monsoon 2017-18 (Jal Jeevan
Mission, Uttar Pradesh, Ministry of Jal Shakti, 2017-18). Above the water table, an oxidizing
environment was made possible by exchanging oxygen with the atmosphere. In the oxidizing
environment, the bioavailability of the metal oxides is limited due to extremely low solubility,
which causes metal oxide minerals to precipitate (Bjorn & Roychoudhury, 2015; Hao et al., 2018).
Hence, dissolved groundwater As gets adsorbed into the precipitated metal oxyhydroxide or clay
minerals, and an elevated As concentration was reported in the upper section of the sediment core.
At 21.35 mbgl, the high As concentration was associated with grey micaceous medium sand with
organic matter and depicted as black in the sediment color tool. Minerals of clay and calcite act as
a metal sink by providing adsorption surfaces (Manning & Goldberg, 1997; Roman-Ross et al.,
2006).
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Figure 4.10: a. Litholog of the sediment core, b. photographic view of the fresh sediment of field,
c. vertical distribution of As species in the sore sediment (Jagadishpur)

In the core sediment of Firozpur, the high As concentration was reported in olive green
fine sand and silt section (27.43 mbgl) depicted to black color. The yellow silty clay of the upper
section (0-2 mbgl) also had a high As concentration. In the sediment tool color, this section was
depicted as black. The sediment core at Firozpur was collected from the agricultural field near the
Ganga river and repeatedly inundated. During the flood, the river deposited fresh and nutrient-rich
sediment in the study area (Kumar et al., 2016). The degradation of the nutrient-rich sediment by
bacterial metabolism produced a reducing subsurface environmental condition and supporting the
metal and As mobilization and leaching. Secondly, metal oxide gets precipitated in the oxidizing
environment during the dry season because of the lower down the water table. Hence, metal and
As concentrations were reported higher in the upper section during the dry season. At 27 to 33
mbgl, an elevated As concentration was observed in olive green fine sand with silt (Figure 4.11c)
with organic matter. The reducing environment of the aquifer system causes Fe and Mn
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oxyhydroxide dissolution and triggers the As mobilization from sediment to the groundwater. So,

minerals of iron and manganese behave as a secondary source and sink for As in the sediment.
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Figure 4.11: a. Litholog of the sediment core, b. photographic view of the fresh sediment of field,
c. vertical distribution of As species in the sore sediment (Jagadishpur)

A parallel plot was prepared for the As fractioned species at Jagadishpur and Firozpur
(Figure 4.10c and 4.11c). A significant amount of As was bound with residual fraction. In
Jagadishpur, the residual fraction accounted for 60% of the total extraction, followed by the
reducible fraction (29% of the total extraction), an oxidizable fraction (8% of the total extraction),
and an acid-soluble fraction (3% of the total extraction), respectively. However, in Firozpur, the
residual fraction accounted for 66% of the total extraction. The reducible fraction accounted for
22% of the total extraction. The oxidizable fraction accounted for 7% of the total extraction, and

acid-soluble fraction accounted for 5% of the total extraction.
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4.3.3.2.  Multivariate analysis for subsurface sediments

The principal component analysis is a technique applied to large data set to reduce
dimensionality with improved interpretation without losing the information. In the study area, PCA
was used to identify the geochemical processes occurring in the region. In the PC analysis, only
those factors were considered for data interpretation, whose eigenvalue >1. Four factors (PCs)
were considered for the core one at Khorabar, while all three cores had only two factors. A scatter

plot (3D or 2D graphic of PCA) was plotted for all the sediment core (Supplementary Table 1&2).

At Khorabar, factor 1 was accountable for 38% of the total variance with the positive
loading of pH and As fractioned species (acid-soluble, reducible, oxidizable, and residual
fractions); however, moderately correlated with clay and silt indicating As adsorbed on silt and
clay (Figure 4.12). Factor 2, accountable for 25.75% of the total variance. It was negatively
correlated with silt and clay while independent of other species of the data set. Factor 3 and 4 are
accountable for 14% and 12% of the total variance, respectively. Factor 3 was positively loaded
with organic matter, while factor 4 was positively loaded with depth. Both are independently
available in their respective factors, so they were not considered in the interpretation (PCA table

were attached in annexure files).
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At Farshiya, PCA was shown only two factors having eigenvalue greater than >1. Factor 1
and factor 2 both mutually represent 80.95% of the total variance of the data set. Factor 1 is
accountable for 69.3% of the total variance with the positive loading of all the As fractioned
species, silt, clay, and organic matter; however, negative loading of pH and sand indicates As
adsorbed on clay and fine silt sediment. Minerals of clay had attenuation to adsorbed and desorbed
the As into the groundwater (Lin & Puls, 2000). Factor 2, accountable for 11.65% of the total
variance and has shown a positive loading of depth, an independent variable in this factor.

The principal component analysis (PCA) of core three (at Jagadishpur) was used to identify
the linear independent variable in a data set by the dimensional reduction method. A total of two
factors had eigenvalue >1 and represented 85.25% of the total variance of the data set. Factor 1
was accountable for 54.7% of the total variance with the positive loading of As total, and fractioned
species (Figure 4.13a), pH and silt with the negative loading of depth indicating, the concentration
of As (total and fractioned) decreases through the core sediment below the depth. Factor 2
accountable for 30.5% of the total variance with the positive loading of silt, clay, and organic
matter and negative loading of sand indicating adsorption of organic matter into the clay were

assist to stabilized the carbon into the soil (Sarkar et al., 2018).
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The PCA of core 4 explained around 92.7% of the total variance, with two factors having
eigenvalue >1. Factor 1 represented 63.9% of the total variance with the positive loading of As
species, clay, silt, and organic matter indicated fine sediments like silt and clay act as a sink for As
in the core sediment (Figure 4.10b). The presence of organic matter in fine sediment has assisted
the desorption of arsenic from sediment to groundwater (Reza et al., 2010). Factor 2 is accountable
for 28.7% of the total variance, with the inverse relationship between depth and organic matter

indicated the amount of organic matter decreases below the depth throughout the core sediment.

4.3.3.3.  Mineralogy of the subsurface sediment

Mineralogical study of the sediment was an essential aspect of understanding the available
minerals in the study area: the mineral composition and their behavior to the solid phases
concerning As contaminated in groundwater. The mineralogical analysis revealed that common
minerals such as quartz, muscovite, albite, feldspar, and calcite, etc., were reported in the core
sediment (Figure 4.11&4.12). The peak of feldspar and chlorite was not constant throughout the
entire depth suggested the origin of sand was either sedimentary or metasedimentary (Ahmed et
al., 2004; Kumar et al., 2016). The peak of calcite and muscovite was very tiny at the surface
sediment. In contrast, at a depth of 12.19 mbgl, a prominent peak was observed a little bigger
indicated a close association between them (Figure 4.11b). A hematite peak was reported in
yellowish clay sediment (upper section of the core sediment), indicating an oxidizing environment.
The goethite (FeOOH) mineral was observed throughout the sediment core. A peak of siderite was
observed in the upper surface sediment and at 12.1 mbgl in the sediment core. Many studies of As
in Southeast Asia noted the availability of siderite minerals in the sediment (Islam et al., 2004;
Anawar et al., 2006; Kumar et al., 2016). Jonsson & Sherman (2008) studied the sorption of As to
siderite and reported that As(V) vigorously adsorbed on siderite compare to As(lH1). As(lI)
mobility is ten times more to As(V) in a reducing environment that reduces the adsorption of
As(111) on siderite. Several published articles have reported that As(l11) form is available in deeper
sediment of the core (Mumford et al., 2012; Kumar et al., 2016). So, siderite acted as a sink for
As. In this study, we did not carry out fractionation, shown to distinguished As(111) and As(V) in
the sediment core. Still, it was observed that the total As concentration was decreased in the deeper
core section indicate the absence of the peak of siderite and magnetite minerals. The peak

appearances of other minerals like goethite, Fe-oxide coated quartz (fine-grained), and clay
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minerals such as kaolinite and illite in the upper section also elevated the As concentration in the

core sediment Khorabar.
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Figure 4.14: The mineralogical composition of the core sediment (XRD analysis results),
Khorabar (a. at surface sediment, b. at 12.19 mbgl and c. at 30.48 mbgl) and Farshiya (a’. at
surface sediment, b’. at 15.4 mbgl and ¢’. 21.34 mbgl). (A high-resolution image was attached in
the supplementary material)

The mineralogy of Farshiya was almost similar to Khorabar. The high As in core sediment
at 15.24 mbgl was associated with siderite. Toward the deeper section, the concentration of arsenic
decreased with low concentration at 21.24 mbgl due to the absence of siderite minerals (Figure
4.11c). In the deeper section (33.5mbgl), minerals like goethite and magnetite were observed.
These minerals with fine silt and clay have enhanced the As concentration in the deeper section of

the sediment core.

The result of the mineralogical study for the sediment cores at Jagadishpur and Firozpur

was shown in figure 4.12. The primary minerals such as quartz, muscovite, chlorite, feldspar were
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reported in the sediment core of Jagadishpur. Similar to study area 1, muscovite has shown a good
association with chlorite. A small peak of calcite was observed in the upper (0.5 mbgl) and middle
(15 mbgl) sections of the core sediment (Figure 4.12a&b). In the upper section, the concentration
of As was reported higher and is associated with yellow silty clay with organic matter. In this
section, minerals of goethite and hematite were reported that it might have enhanced As in the
sediment. A small peak of siderite was observed at 15.24 mbgl, indicating the association with

high As in the core sediment.
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Figure 4.15: The mineralogical composition of the core sediment (XRD analysis results),
Jagadishpur (a. at surface sediment, b. at 15.0 mbgl and c. at 33.12 mbgl) and Firozpur (a’. at
surface sediment, b’. at 18.29 mbgl and ¢’. 30.28 mbgl) (A high-resolution image was attached in
annexure)

The mineralogy of Firozpur was almost similar to the Jagadishpur. A calcite peak was
observed in the surface sediment (Figure 4.12a). The intensity of the carbonates signal was higher
in the yellowish silty clay, demonstrating a close link with metal chelation in the oxidation zone

(Hasan et al., 2009). Clay minerals like chlorite, kaolinite, and feldspar were reported in the upper
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section up to the depth of 9.1 mbgl and at 33.5 mbgl, indicating a high As concentration in these
depths. A mineral of siderite and goethite were also reported at the same depth, which might have

enhanced As concentration in the sediment core.

4.4, Conclusions

The present study discussed the inorganic As fractionation in groundwater had been carried
out using metal soft cartridges. Four sediment cores were collected from the study area based on
different geomorphologies (older and younger alluvium). In study area one (Gorakhpur), core one
was drilled at Khorabar (Older alluvium), and core two was from Farshiya (younger alluvium). In
study area two (Ghazipur), core one was drilled at Jagadishpur (older alluvium) and core two from
Firozpur (younger alluvium). The spatial distribution plots indicated that groundwater of YA
(younger alluvium) was reported with elevated As(I11) concentration, while in the groundwater of
OA, either As(l11) was less or not detected. In both areas, it was observed that shallow aquifers

(20-35 mbgl) were more vulnerable to As contamination compared to the deeper aquifers.

Distribution of As in sediment core was mainly dependent on the aquifers sediment texture
and redox potential. In the upper section of all the four cores, the clay and silt percentage are
dominated. The sand was available in entire cores with the variable percentage in both the study
area. The residual fraction is the dominated fraction followed by reducible, oxidizable, and acid-
soluble fractions. The variation of inorganic As in the sediment cores was linked with two factors:
first, the aquifer redox conditions represented by the sediment color and second, particle size with

darker sediment holds more As.

An elevated As was observed in the upper section of the sediment core at Khorabar. The
shallow water table in the study area generates oxidizing conditions, where the metal and As get
precipitated. As(V) adsorption is more speedy than As(l11) because of their low mobility. The
residual fraction of As in the sediment core was tightly incorporated with crystal structure which
was quickly not breakable by applying weak acids. So, the other three fractioned species were only
involved in As mobilization. The sediment core of Farshiya (younger alluvium) was collected from
the agricultural field and close to the river Rapti and flooded every year. Higher the organic matter

and agricultural activity initiated high microbial activity and triggered As mobilization from
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sediment to aquifer system. An elevated As (15.24 mbgl) was associated with fine dark grey silty
clay. The mineralogical evidence suggested that the siderite mineral adsorbed As; therefore,

elevated As concentration is reported in the sediment core.

In the sediment core of Jagadishpur (OA), the elevated As concentration was observed in
the upper section of the sediment core and is associated with light yellow silty clay with organic
matter. Similar to study area one, the upper section of the sediment core was enriched with As due
to the shallow water table and the oxidizing environment that reduce its solubility and enhance
metal precipitation. Siderite and magnetite were reported in the mineralogy of the sediment core
that is associated with the high As concentration. In the sediment core of Firozpur, the upper
section of the sediment core was rich in organic matter, and degrades the organic matter and
developed a reducing environment, which was favorable for As desorption from sediment. Hence,
As concentration was little in the upper section of the Firozpur sediment core. A high As
concentration was reported in the deeper sections (27.43 mbgl) that are associated with olive green
fine silt texture. In general, minerals like siderite and magnetite act as a sink for As and elevates
the As concentration in the sediment cores.
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4.5. Supplementary material

Table 4.5: PCA loading for the physicochemical parameter, soil texture and arsenic species in sediment cores

Gorakhpur Ghazipur
Khorabar (OA) Farshiya (YA) Jagadishpur (OA) Firozpur (YA
1 2 3 4 1 2 1 2 1 2
Depth -.05 01 -.03 97 -.02 .96 -71 -.26 71 -.26
pH 91 17 24 -.04 .73 .02 83 15 83 15
As(total) 85 16 47 -13 97 .06 94 33 94 33
As(acid) 87 -41 -10 .07 84 02 94 20 94 20
As(reducible) 61 40 61 .04 .96 11 94 27 94 27
As(oxydisable) 89 .08 -.04 .05 95 -14 96 24 96 24
As(residual) 81 .06 46 -27 91 .07 92 38 92 38
Sand -.02 -1.00 -.02 -.03 -.90 34 -39 -.90 -39 -.90
Silt 12 95 -.09 -10 92 -.26 44 86 44 86
Clay .00 70 -.05 52 89 -34 .03 81 .03 81
oM -14 22 -.94 .03 .60 -13 28 79 28 79
Total 4.18 2.83 1.76 1.33 7.63 1.28 6.02 3.36 6.02 3.36
% of Variance 38.02 25.75 16.04 12.08 69.33 11.65 54.70 30.56 54.70 30.56
Cumulative % 38.02 63.77 79.82 91.90 69.33 80.99 54.70 85.25 54.70 85.25
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Abstract

Central Gangetic basin is one of the highly populated basins around the world. Unmanaged
groundwater extraction and geogenic arsenic (As) pollution cause severe threats to groundwater
sustainability and livelihood. So understanding the source and groundwater recharge is necessary
for the long-term management of this aquifer system. In this study, stable isotopes tracer (52H and
5180) and 513Cic were used to understand the groundwater recharge, interaction of groundwater
and river water, natural carbon sources and dynamics. In study area one (Gorakhpur), stable
isotopes (5°H and §'®0) indicate river water recharged from meteoric origin water. While,
groundwater of older alluvium (OA) and younger alluvium (YA) was recharged from local
meteoric origin water, undergoing little evaporation. River Rapti and its tributaries flowing
through the study area contribute little to groundwater recharge, while the pond (known as
Ramgarh lake) was not playing any significant role in recharging the adjoining groundwater. In
study area two (Ghazipur), River water gets recharged from meteoric origin water, and
groundwater of OA and YA were recharged from the meteoric origin water, which undergoes little
evaporation. IRMS (Isotopic mass ratio spectrophotometer) results indicate that younger alluviums
(YA) were enriched with 8*Cric in the study area compared to the older alluvium (OA). A
CO2SYS calculator (windows version Xls file) was used to calculate pCO. and DIC in the
groundwater. The §3Cric vs. pCO; indicating silicate and carbonate weathering was the major

source of DIC in the groundwater of both the study area.

Keywords: Stable isotope; Groundwater recharge; Carbon-13; Dissolved organic carbon; Shallow
aquifer, Deeper aquifer
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5.1. Introduction

Aquifer overexploitation can cause long-term groundwater depletion, which is an
unexpected outcome of groundwater extraction (Konikow & Kendy, 2005; Kumar et al., 2018). It
is well known that socio-economic gain from groundwater uses was dramatically changed in the
20" century due to overexploitation of groundwater. Majority of countries facing freshwater
depletion includes Middle East Asia, North China, North America, North Africa, Australia and

North Africa, the Middle East, North China, North America and Australia, South and
Central Asia, and localized parts of the globe (Konikow & Kendy, 2005; Kumar et al., 2018). India
is the world's 2" most populous nation, with only 4% of freshwater supplies from the river. And
the unequal distribution of water supplies over the time and space can lead to water shortages
(Mancosu et al., 2015; Dhawan, 2017). In India, aquifers providing groundwater are becoming the
primary source of domestic and agricultural water use rapidly. It is anticipated that rising water
demand and expected climate change would worsen over-reliance on groundwater for domestic
and agricultural practices (Howard & Bartram, 2010; Zaveri et al., 2016; Rickards et al., 2020).
Misra (2011) reported that climate change could raise temperatures by 2 to 6° C and reduce
precipitation by up to 16%, which can turn down groundwater recharge. Hence, to overcome this
situation through sustainable management of groundwater resources, it is necessary to know the

recharging mechanism and processes responsible for pollution (Shah & Umar, 2015).

Since the early 1960s, naturally available stable isotopes in water samples have been a
valuable tool and technique for investigating hydrological systems (Craig, 1961; Datta et al., 1996;
Shah & Umar, 2015; Kumar et al., 2018). The stable isotope in groundwater research is commonly
utilized to explore the origin, age and form of water. Any changes in isotopic composition along a
flow line can indicate the changes in the history of water, such as mixing, mineralization and
discharge (Mukherjee et al., 2012; Thilagavathi et al., 2016; Kumar et al., 2018). In aquifers
system at low temperatures, stable water isotope ratios are conservative, but they can be
isotopically fractionated on the surface at less than 100% humidity (Gat, 1996; Gupta &
Deshpande, 2005; Shah & Umar, 2015; Gibson et al., 2016).
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5180 and &%H are the most widely used isotopes to provide details on the origin of water
and the evaporation process (Shah & Umar, 2015). The d-excess is a function of the stable isotopes
(8*80 and &%H) and is used as complementary tools to classify precipitation sources and vapor
transport conditions of an area (Gupta & Deshpande, 2005; Kumar et al., 2018). The degree of
isotopic exchange between vapor-water has been shifted as evaporation occurs and magnifies
heavier isotope enrichment in residual water and eventually lower d-excess value due to
comparatively higher 580 (Gupta & Deshpande, 2005; Gibson et al., 2016). The d-excess value
can also be helpful to identify the climatic conditions of the zone. The lower d-excess value reveals
evaporated precipitation, while the higher d-excess value suggests high recycled moisture
(Bershaw, 2018; Kumar et al., 2018).

In drinking waters, high organic carbon content has the ability to impact their usage as a
source of community water (\Vartiainen et al., 1987; Kortelainen & Karhu, 2006). In 1960s, the
first carbon isotopes ratio was used to distinguish the origins of OM in the coastal area. In the
coastal, terrestrial and aquatic environments, carbon isotopes used as tracers provide a better
understanding of carbon sources (Emery et al., 1967; Benner et al., 1984; Lamb et al., 2006;
Meredith et al., 2020). The primary source of carbon to aquifer TIC loads are carbonate minerals
dissolution and microbial mediated decomposition of the soil CO, (Mohammadzadeh & Mahaqi,
2017). Thus, to delineate the carbon source in the groundwater system, stable carbon isotopes
(8*3C) are used.

To estimate the groundwater dynamics, recharge/discharge processes and hydro-
geochemical behavior, the lover Gangetic basin has been thoroughly analyzed with the application
of stable isotopic composition (Aggarwal, 2000; Harvey et al., 2002; Mukherjee et al., 2007;
Mukherjee & Fryar, 2008; Samanta et al., 2015). A few selected studies have been carried out in
Bhagalpur and Samastipur, Bihar (Mukherjee et al., 2012; Kumar et al., 2019). This research also
helps to explain the role of large rivers and surface water in the recharging aquifers system. Thus
the key purpose of the chapter is to analyze groundwater recharge in relation to meteoric
circulation/rainfall, to define the shallow aquifer signature and its association with the deep aquifer
and the origins and dynamics of carbon and its interaction with recharging water in the selected

study area.
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5.2. Material and methods
5.2.1. Study area

The study areas are part of CGB (Central Gangetic Basin) and are occupied around 2610
km?2. The CGB is one of the world's most complex and active fluvial deposition basins and is
deeply impacted by climate-driven sediments, the soil water regime and integumentary tectonics
(Sinha et al., 2005; Singh & Pandey, 2014). The study area (Figure 3.1&3.2) was further classified
into different geomorphological unit's viz., younger alluvium (YA), older alluvium (OA), active

flood plains, channels deposition, river water bodies, paleochannels, and active river channels.

The study area is formed by the deposition of recent unconsolidated sediment, including
stream channel and flood channels mentioned as Quaternary Alluvium. It is further classified into
older and younger alluviums. The older alluvium consists of sand and clay. It was reported during
Late Pleistocene to the Early Holocene. The Younger alluvium is generally argillaceous and
consists of silty clay or sandy clay. The younger alluvium is very narrow, mainly covering the area
bordering the riversides. The younger alluvial and active flood plains are generally flooded each

year uniformly.

The sediment's moister holding capacity is very high. In the satellite images, they give high
spectral resolution. The color of the soil also distinguishes the younger and older alluvium. The
older alluvium is yellowish; however, the younger alluvium is grey and represents the reductive
subsurface condition due to high microbial activity. On the other hand, older alluvial plains are

mainly upland regions with less moisture content (Figures 3.1 and 3.2).

(The details of the study area with sampling location and geomorphology has been
discussed earlier in chapter 3, section 3.2.1)

5.2.2. Sample collection and analysis

Our sampling strategy has been designed to identify the spatial and vertical variations in
the isotopic signature of groundwater, river water and lake water samples across both the study
areas (Figure 3.1&3.2). Water sampling was carried out for stable isotopes (520 and §2H)
throughout the study areas during October 2017 and February 2018. We were collected 70
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groundwater, 12 river water samples and one lake water sample across the Rapti River in
Gorakhpur district. Similarly, 85 groundwater and 13 river water samples were collected across
the Ganga River from the Ghazipur district. The groundwater samples were collected from
government-installed India mark Il or public hand pumps, and before the sampling, wells were
purged for 20-30 minutes depending on the depth of the wells. The depth of the tubewell very from
~15 to 46 mbgl in study area 1 (Gorakhpur district); however, it varies from ~18 to 107 mbgl in
study area 2 (Ghazipur).

It should be noted that screening depths for government tube wells and piezometers are
recorded only, while depths for public hand pumps and tube wells are based on the local
information of the owner. According to the hand pump/tube wells owner, there is typically some
displacement during the tubewell installation. Thus, we have assumed the uncertainty of £5 m in

the depth of the public wells.

A portable (HORIBA, U-50 series) water quality multiparameter was used to measure the
physical parameters such as pH, EC, TDS, and ORP in situ. The accuracy of the multiparameter
(HORIBA, U-50) for the measurement of the parameters like pH, EC, TDS and ORP are +0.1,
+1% full scale, £5 mg/L and £15 mV, respectively. Samples location was marked by a portable
GPS (Garmin eTrex, accuracy ~3m) meter. Unfiltered water samples were collected from hand
pumps/tube wells and rivers in airtight 15 ml glass vials without headspace for the analysis of 5°H
and 5'80. In river water, samples were collected from the main running stream and ~30 cm below
the surface. A continuous flow isotope ratio mass spectrometry and dual inlet isotope mass
spectrometry with the standard procedure were used for measurements of §°H and %0
(Brenninkmeijer & Morrison, 1987; Joshi et al., 2018) in the groundwater. Estimation of Ca?* was
done by Inductive Coupled Plasma Optical Emission Spectrometry (ICP-OES 5110, Agilent
Technologies, USA). The bicarbonate analysis was performed on Metrohm titrino plus 877
(Switzerland). The dissolved organic carbon (DOC) samples were collected in brown glass vials
through the 0.7 um glass fiber filter. DOC analysis was done on the analyzer SHIMADZU (VCPH)

analyzer. The detection limit was 0.5 mg/l with a precision of £10%.

For 813C analysis, samples were collected from the groundwater in 2 L plastic bottles and
added NaOH drop by drop till the pH raised to 10-11 then we added 10 ml saturated BaCl» (Bishop,
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1990; Kumar et al., 2019). The samples were sustained to cool until the precipitate appeared. Once
the precipitate dried, it was collected in and tightly packed in HDPE bottles. The analysis was
supposed not to be affected by particulate contribution, i.e., without visible turbidity. The §3C
analysis was performed on a stale isotopic mass spectrophotometer (Isoprime 100, UK®). The

precision of the instrument was +2 for the §*°C.

In this study, the DIC concentration, pCO2 and Saturation Indices were calculated from the
major ions concentration, pH, alkalinity and temperature using the programme PHREEQC
interactive 3.6.2 (USGS) software. In the software, Calcite Saturation Indices (CSI) was calculated

by using the equation:
CSI = log (IAP/K)

Where, IAP is the ion activity product and K is the equilibrium constant for calcite

dissolution.
If CSI1=0 indicates mineral and aqueous solution are in the equilibrium phase,

CSI<0 indicates minerals are undersaturated in the aqueous solution and have a tendency

toward more dissolution.

CSI>), indicate minerals are supersaturated in aqueous solution and have a tendency to

precipitate on addition.

All bivariate plots and box-whisker plots were done on Grapher (v. 13.0) software. The
study area map was prepared in Arc GIS (v. 10.2). Other plots and calculations were done on
Microsoft excel (v. 2016).

5.2.3. Isotopic analysis

The stable isotopes (8°H and §'80) analysis was carried out by using a Dual Inlet Isotope
Ratio Mass Spectrometer (IRMS) (GV, Instruments, U.K®). The 580 analysis was done with the
CO; equilibrium method (Epstein & Mayeda, 1953), whereas §°H was done using hydrogen gas

to equate in the presence of platinum catalysis. The analyses were standardized using a triple point
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calibration with the international references viz. Vienna-Standard Mean Ocean Water (V-SMOW)
and Greenland Ice Sheet Project (GISP). The analytical accuracy of the instrument for §°H was
within +1%o and for §'80 within +0.1%.. In the water samples, isotopic ratios are calculated to

VSMOW and expressed in parts per mil (%o), shown in the following equation;

R
5= (M 1 ) «1000 %o VSMOW
RVSMOW

Where Rsample is the ratio of *¥0/*°0 or ?H/*H of groundwater and river water samples, and
Rvsmow is the corresponding ratio for Vienna Standard Mean Standard Ocean Water. The average
precision for the seven times repeated measurement was less than £0.1%o for 830 and +1.0% for
8%H.

The local meteoric water line (LMWL), Patna (Kumar et al., 2010) and global meteoric
water line (GMWL) (Craig, 1961) were used to delineate the source of groundwater recharge in
the study area. The equation for both LMWL and GMWL are as follow:
82H = 7.76 (+0.66)* §'80+3.02(+7.43) (r?=0.98) [LMWL, Patna] (5.1)
52H = 8*5'0 + 10 [GMWL] (5.2)
The slop of the local meteoric water line was close to the GWML.

5.3. Results and discussion
5.3.1. Solute chemistry and isotopes signature

The statistics of the physicochemical parameter of the groundwater and river water samples
has been shown in table 5.1. Box-whisker plots were plotted (Figure 5.1) to display the overall
reaction patterns of the groundwater and river water samples. BOX-whisker plots are useful tools
to visualize the range and other functionalities of interactions for a large group of samples. Box-
whisker plots (Figure 5.1) offer additional details for each physicochemical parameter from top to
bottom, such as; outliers, maximum, whisker upper, quartile upper (75), median (50), quartile
lower (25), whisker lower and minimum. The mean concentration of HCO3™ was reported higher
in YA groundwater (461.04 mg/L) compare to OA groundwater (421.33 mg/L) and river water
(205.02 mg/L) respectively. A similar trend was also reported in calcium concentration. The
average concentration of Ca?* was reported higher in YA groundwater (90.83 mg/L) compared to
the OA groundwater (50.23 mg/L) and river water (50.12 mg/L), respectively, indicated less
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geochemical evolution in OA groundwater and river water (Kumar et al., 2019). The DOC
concentration in older and younger alluvium groundwater was almost comparable and had a mean
of 0.81 mg/L and 0.88 mg/L, respectively. The river water DOC was observed significantly very
smaller than groundwater DOC. The average concentration of DOC in river water was 0.13 mg/L.

The higher DOC in alluvial groundwater might be due to microbial activities (Akai et al., 2004;
Shah, 2008).

Table 5.1: Physiochemical and isotopic composition of groundwater (Gorakhpur)

Older Alluvium (n=24) Younger Alluvium (n=42) River Water (n=13)
Depth (m)

Mean 30.87 30.49 -
Median 30.49 30.49 -

Range 21.34to 36.59 15.24 to 45.73 -
HCOs (mg/L)

Mean 421.33 461.04 205.02
Median 364.90 477.45 212.10
Range 98.71t0 1237.91 129.92t0 972.2 118.5t0 278.9

Ca?* (mg/L)

Mean 50.23 82.84 50.12
Median 48.40 90.83 51.57
Range 12.69 to 129 20.94 to 191.78 30.75t0 71.04

DOC (mg/L)

Mean 0.81 0.88 0.13
Median 0.57 0.51 0.12
Range 0.02 to 3.26 0.01to 3.19 0.09t0 0.18

880 (%o)

Mean -6.81 -6.61 -4.93
Median -6.58 -6.51 -5.28
Range -10.13 to -3.99 -9.42to0-2.54 -7.26 to0 2.04

3%H (%)

Mean -50.1875 -47.75 -30.89
Median -50.50 -48.03 -31.26
Range -67.45to0 -33.5 -61.03 to -25.4 -48.15to 11.34

33C (%o)

Mean -6.93 -8.43 -
Median -7.22 -8.85 -

Range -10.55 to -3.45 -13.18 to -5.67 -
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Figure 5.1: Box and Whisker plot of the selected parameters in different geomorphic setups
(Gorakhpur)
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The isotopic signature for oxygen isotope in groundwater and river water varied between -
10.13 to -3.99%o, -9.42 to -2.54%,, and -7.26 to -4.20%. respectively for OA groundwater, YA
groundwater and river water sample. The isotopic value for hydrogen isotope varied from -67.45
t0 -33.5%o, -61.03 to -25.4%0 and -48.15 to -22.62%. in OA, YA and River water, respectively.
The water sample collected from Ramgarh lake shows the higher value of isotopic signature
reported 580 (2.04%o) and 82H (11.34%o). The calculated d-excess for groundwater ranged from
-1.58 to 15.8 %o, -5.08 to 14.33%0 and 0.00 to 11.79%0 in OA, YA and river water. The d-excess
value for Ramgarh Lake was reported -4.98%o in the study area. A bivariate cross plot of !0 and

8°H for groundwater and surface water samples were plotted with the following regression line

equations:

Older alluvium: §°H = 5.77* §'80 -10.87 (r*=0.95) (5.3)
Younger alluvium: §°H = 5.35* §'80 -12.36 (r’=0.95) (5.4)
River water: °H = 6.39* 5'80 -0.63 (r?=0.95) (5.5)

The stable carbon isotopes (5*C) were ranged from -10.55 to -3.45%o (mean —6.93%o) in
OA groundwater while it ranged from -13.18 to -5.67%o (mean -8.43%o) in YA groundwater. The
narrow range of the carbon isotopes in OA groundwater might be due to low organic matter

availability. A study from Samastipur, Bihar, reported a similar result (Kumar et al., 2019).

The statistical summary of the physicochemical parameters in study area 2 (Ghazipur) was
given in table 5.2. Box-whisker plots were drawn for all the groundwater and river water samples

(Figure 5.2) to display the overall reaction pattern in the study area.

The depth of the tube well in older alluvium ranged from 18.29 to 106.71mbgl with the
median of 36.59 mbgl; however, in younger alluvium, it varied from 24.39 to 54.88 mbgl. The
concentration of HCO3z™ was ranged from 90.9 to 2173.4 mg/L (mean 774.2 mg/L) in OA
groundwater and 98.52 to 2066 mg/L (mean 609.7 mg/L) in YA groundwater, respectively. The
concentration of the HCOgz™ in river water was varied from 236 to 334 mg/L with a mean of 286.15
mg/L. The average relative concentration of HCOs was very low in river water compare to
groundwater. A piper diagram was plotted for the major ions to identify the water type in both the
study areas. Figure 3.9 (chapter 3) showed that YA groundwater, approx. 90% samples were
CaMg-HCOs type, 7% CaMg-Cl type and the remaining 3% NaCl type of water in the study area.
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Similarly, in OA groundwater, ~95% of groundwater samples shown CaMg-HCOs type, and the

remaining 5% Ca-Cl type of water was observed. Bicarbonated groundwater might be responsible

for elevated As concentration in OA and YA groundwater. At higher pH, bicarbonate can release

As from sediment in oxic and anoxic conditions (Anawar et al., 2004). Previous research in the

central Gangetic plain has also revealed that elevated bicarbonate ions in groundwater influence

hydrogeochemical evolution and enhance As and metal mobilization (Kumar et al., 2010; Verma

et al., 2015; Kumar et al., 2018). Around 10% Y A groundwater sample shown CaCl or NaCl type

of water indicating oxidizing condition in the groundwater might also release As in groundwater.

Table 5.2: Physiochemical and isotopic composition of groundwater (Ghazipur)

Older Alluvium (n=27)

Younger Alluvium (n=58)

River Water (n=13)

Depth (m)

Mean 39.65 36.77 -
Median 36.59 36.58 -
Range 18.29 to0 106.71 24.39 to 54.88 -

HCOs (mg/L)

Mean 774.22 609.72 286.15
Median 745.40 517.16 285.00
Range 90.9to0 2173.4 98.52 to 2066 236to 334

Ca?* (mg/L)

Mean 106.93 86.59 48.82
Median 105.84 76.21 48.00
Range 18.87 to 295.33 20.95 to 251.72 35.27 t0 58.08

DOC (mg/L)

Mean 0.80 0.85 0.13
Median 0.55 0.52 0.13
Range 0.03 to 2.95 0.01to 3.19 0.1t0 0.19

3180 (%o)

Mean -6.87 -7.24 -5.31
Median -6.98 -7.35 -5.25
Range -10.14 to -2.95 -10.08 to -4.12 -7.56to0 -3.29

3%H (%)

Mean -49.29 -51.07 -34.59
Median -50.04 -51.80 -31.92
Range -67.83 to -24.5 -68.35t0 -33.45 -46.2 to -24.05

33C (%)

Mean -6.06 -9.49 -
Median -6.11 -9.85 -
Range -9.66 to -3.06 -13.96 to -4.59 -
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Figure 5.2: Box and Whisker plot of the selected parameters in different geomorphic setups in
study area 2 (Ghazipur)
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In study area 2 (Ghazipur), all the groundwater and surface water samples were Ca-HCO3
dominated except one groundwater sample from the younger alluvium region. The individual piper

plots for older alluvium, younger alluvium and surface water figure 3.10 (chapter 3).

Ca in the groundwater of OA and YA varied from 18.87 - 295.33 mg/L (mean 106.93
mg/L) and 20.95 - 251.72 mg/L (mean 86.59 mg/L), respectively. The Ca concentration in the
surface water was deficient and varied from 35.27 - 58.08 mg/L (mean 48.82 mg/L). The mean
low relative concentration of Ca?* in YA groundwater and surface water might be due to less
geochemical evolution (Kumar et al., 2010; Kumar et al., 2018). The DOC concentration in OA
groundwater was varied from 0.03 - 2.95 mg/L (mean 0.80 mg/L), which was almost comparable
to the YA groundwater. The DOC concentration in the groundwater of YA was varied from 0.01
- 3.19 mg/L with a mean of 0.85 mg/L. The higher DOC in YA groundwater might be due to the
bacterial metabolism of nutrients. In contrast, the DOC concentration in river water was observed
very low, and it ranged from 0.1 - 0.19 mg/L with the mean of 0.13 mg/L. Published research has
been revealed that high DOC was concentration found in the younger alluvium region, and
microbial degradation of DOC and generate a reducing subsurface environment which enhanced
As and metals mobilization in groundwater (Akai et al., 2004; Shah, 2008; Kumar et al., 2018;
Yadav et al., 2020).

The stable 580 in the OA groundwater was varied from -67.83 to - 24.5%o (mean -6.87%o),
and in YA groundwater, it varied from -10.08 to - 4.12%o. (mean -7.24%o). The 5'80 enrichment
was observed in OA groundwater. The 3'0 was highly enriched in river water compare to
groundwater and varied from -7.56 to -3.29%o with a mean of -5.31%.. The enrichment of stable
isotopes in the river water indicates evaporation processes might be there. The stable §°H in OA
groundwater was varied from -67.83 to -24.05%. (mean -49.29%o.), and in YA groundwater, it
varied from -68.35 to -33.45%o (mean -51.07%o). The stable 5°H in river water was varied from -
46.2 to -24.05%o0 with a mean of -34.59%.. The enrichment of stable isotopes in the river water and
OA groundwater suggested the evaporation effect might be high in river water followed by

groundwater of OA.

A bivariate cross plot of 180 and §?H for OA and YA groundwater and river water samples

were plotted with the following regression line equations:
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Older alluvium: §°H = 6.25* 580 -6.3 (r’=0.98) (5.6)
Younger alluvium: §°H = 5.71* §180 -9.71 (r’=0.97) (5.7)
River water: §°H = 4.83* 580 -8.93 (r?=0.94) (5.8)

The stable carbon (5!3C) isotopes in the OA groundwater was varies from -9.66 to -3.06%o
with the mean of -6.06%. while in the groundwater of younger alluvium, it was ranged from -13.96
t0 -4.59%o.

5.3.2. Stable isotopic signature of water samples

The groundwater recharge in the central Gangetic plain could depend on several sources such as
precipitation and surface water infiltration from lakes and rivers (Kumar et al., 2019). A bivariate
plot of stable isotopic composition (5°H and §'80) was constructed (Figure 5.5) to understand the
groundwater recharge processes in the study area. Groundwater and river water samples were
plotted along with the global meteoric water line (GMWL) and local meteoric water line (LMWL),
Patna (Kumar et al., 2010), which was one of the nearest stations from our study area. The river
water samples fell close to or below the GWML in the Gorakhpur district (Figure 5.3). In contrast,
groundwater samples from both the geomorphic unit (older and younger alluvium) were clustered
around the LMWL and below the GWML suggested aquifers get recharged from modern-day
precipitation. The regression line equation for older alluvium and younger alluvium (Equation
5.3&5.4) represented negative slop and intercept than their LMWL, and GMWL (Equation

5.1&5.2) indicates the significant role of evaporative enrichment on groundwater sample.
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Figure 5.3: Bivariate plot of stable 5**0 and 5°H, the Global Meteoric Waterline (GMWL) of Craig
(1961) and Local Meteoric water line (LMWL) Patna (Kumar et al., 2010) in study area 1
(Gorakhpur)

In study area 1, around 55% of OA groundwater samples fall close to the GMWL and
LMWL lines, while 45% fall below the GMWL and LMWL lines. Similarly, ~29% YA
groundwater samples fall close to the GMWL and LMWL, while 71% of the YA groundwater
samples fall below the GMWL and LMWL lines indicating precipitation recharge the groundwater
with evaporation effect. The majority of the groundwater samples from OA and YA regions had
lighter 880 isotopes and fall close to the LMWLs, indicating local precipitation plays a significant
role in groundwater recharge, followed by the evaporation effect. From figure 5.3, a considerable
variation in the isotopic signature was reported in river water samples of Ghaghara and its
tributaries, indicating different recharge sources to the river water. The isotopic composition of
river water showed variation with the surrounding groundwater, indicating large differences in

hydraulic conductivity and much less recharge from the river water except few locations.
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Four groundwater samples (A4, A16, A27 and A35, data set attached in the last of this
chapter) from the studied area 1 shown virtual isotopic signature with the Rapti river water
indicating good hydraulic conductivity and help the aquifer to get recharged from the river. A
surface water sample (A78) was collected from a stagnant lake (Ramgarh) and enriched with
isotopic composition of 80 and §2H indicates evaporation significantly influences the recharging
processes of the lake. Several stable isotopic studies have been documented that ponds do not
contribute to the recharge and mixing of organic matter to the groundwater of West Bengal
(McArthur et al., 2004; Sengupta et al., 2008; Datta et al., 2011; Richards et al., 2018; Kumar et
al., 2019). However, several studies have augmented the above results and reported pond
recharging the aquifer system and contributing OC to the arsenic-affected water's shallow water
(Harvey et al., 2006; Neumann et al., 2010; Richards et al., 2018; Das & Pal, 2020). The isotopic
record shows the rainfall significantly recharges the perennial pond during the highest monsoon
season. In study area 1, the connectivity of pond water to groundwater was almost negligible, thus
indicating less probability of moving OC from ponds to groundwater. Few groundwater samples
from the younger alluvium close to the River Rapti proximities showed similarities in isotopic

composition that specify the potential of local groundwater recharge from the river.

The isotopic parameters (5'0 and 3°H and d-excess) were plotted (Figure 5.4) against the
depth to understand the role of interconnectivity from the top shallow aquifer to the principal
confined aquifer of the study area. From the depth plot (Figure 5.4a), it was clear that shallow
aquifers were highly negative in OA and YA. However, increasing the aquifer's depth,
groundwater gets enriched with stable isotopes indicating less hydraulic connectivity between the
shallow and deeper aquifer of the study area. Few groundwater samples of OA and YA showed
almost similar depth and the 50 values indicating good hydraulic connectivity exist between
these samples. The depth vs. d-excess plot (Figure 5.4c) showed that some deeper tube wells
formed a cluster. The d-excess value of the cluster samples was equal to or more than 10, indicating
that aquifers get recharged mainly during the monsoon season before evaporation in summer. The
closeness to the paths and their intercepts showed tight interlinkages between the shallow aquifer
and the middle aquifers of the upper Gangetic basin (Kumar et al., 2019; Kumar et al., 2018). So
the above results inferred that the hydraulic connectivity between the shallow aquifer and deeper

aquifer is very weak. However, shallow aquifer and upper shallow aquifer in OA and YA indicate
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good hydraulic connectivity in the study area. A similar observation has been
central Gangetic basin (Kumar et al., 2019; Saha et al., 2011).
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Figure 5.4: Vertical variation (depth-wise) of isotopic species in Gorakhpur district

The bivariate plot of d-excess and 80 was plotted in study area one (Figure 5.5). A reverse

correlation was found between the d-excess and 5'80. The shallow aquifer in OA and YA showed

higher d-excess (>10), indicating source water has been derived from higher Himalaya and provide

additional evidence of groundwater recharge through redistribution of Rapti river and their
tributaries (Rai et al., 2014; Joshi et al., 2018; Kumar et al., 2019).

120



CHAPTER 5

A Older alluvium

@ Younger alluvium [0 River water

20

10 +------- L -

d excess

Rain recharge

-10 T

-15 -10

T T
-5 0
5180 (%o VSMOW)

Figure 5.5: The evaporation plot between d-excess and 60

In study area 2 (Ghazipur), a plot between stable isotopic 5?H and &30 was constructed

(Figure 5.6) to identify the major processes behind the groundwater recharge in the study area. All
the samples were plotted along the GMWL and LMWL, Patna (Kumar et al., 2010). The plot

showed that 62% of river water samples fell close to the GWML, while the remaining 38% of river

water samples fell close to the LMWL line (Figure 5.6). However, all the groundwater samples

from the geomorphic setups were clustered around GMWL and LMWL, indicating aquifers get

recharged from modern-day precipitation. The regression line equation for OA and YA (Equation

5.3&5.4) represented a negative slope with a smaller intercept indicating the evaporation effect on

the groundwater samples.
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Figure 5.6: Bivariate plot of stable §*30 and 5°H for Ghazipur, the Global Meteoric Waterline
(GMWL) of Craig (1961) and Local Meteoric water line (LMWL) Patna (Kumar et al., 2010)
The groundwater samples contained lighter 5'80 isotopes in older and younger alluvium
that fall close to the LMWL line, indicating precipitation plays a significant role in groundwater
recharge followed by evaporation. A considerable variation was observed between the isotopic
values of river water and its surrounding groundwater, indicating the contribution of river water to

the groundwater recharge is significantly less in the study area.

Few groundwater samples (B9, B27, B49, B56 and B62) with similar isotopic values of its
surrounding river water samples indicate good hydraulic connectivity between river and
groundwater and the aquifer might get local recharge from the Ganga river. River water collected
from the study area was highly enriched with isotopic signatures (830 and §?H), indicating the

extensive role of evaporation on groundwater.
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The isotopic signatures (8*20 and §2H), d-excess and DOC were plotted (Figure 5.7) with
depth to understand the role of interconnectivity between the top shallow aquifer and main (deeper)
aquifer of the study area (Kumar et al., 2019).
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Figure 5.7: Vertical variation of isotopic species in the study area (Ghazipur)

Scattered depth plot (Figure 5.7) showed that shallow aquifer was highly negative in both

the geomorphic setups; however, increasing aquifer's depth, groundwater get enriched with
isotopic compositions.

The bivariate plot (Figure 5.7c), depth vs. d-excess, showed that shallow aquifers were
enriched with d-excess in the groundwater, indicating the groundwater getting recharged from
local rain; however, evaporation processes significantly involved in the aquifer system. The
closeness to the paths and their intercepts showed tight interlinkages between shallow and middle
depths aquifers from the upper Gangetic basin (Kumar et al., 2019; Kumar et al., 2018).
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Therefore, the above findings suggested that the hydraulic connectivity between the
shallow aquifers and deeper aquifers is limited. A similar type of observation was observed in
study area 1 (Gorakhpur) and several other studies from the central Gangetic basin (Kumar et al.,
2019; Saha et al., 2011). But furthermore, a tritium isotope study is required to understand the

groundwater age, recharge, and local evidence of isotopic behavior.

A bivariate plot of d-excess and &80 was plotted (Figure 5.8) to identify the source of
groundwater recharge in the study area and an opposite correlation was observed between them.

Only one sample was collected from a deeper aquifer (~106 mbgl).
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Figure 5.8: The evaporation plot between d-excess and 680

The deeper aquifer having higher d-excess (>10) indicates the source of water has been
derived from the Himalayan region during the time and provide additional evidence of
groundwater recharge through redistribution of the Ganga river in the study area (Rai et al., 2014;

Joshi et al., 2018; Kumar et al., 2019). The shallow aquifer with a higher d-excess value indicates
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the groundwater recharge mainly contributed by the local precipitation infiltration. According to

an assessment of external water resources, monsoon rainfall accounts for around 80% of annual

recharge (Saha & Sahu, 2016).

5.3.3.

Sources of groundwater DIC, pCO2 and 6*3C

The pCO2 was observed higher than 10000 in the groundwater of OA and YA except for a
few. However, pCO: in river water was observed between 2000 to 10000 except for two samples

from the Ghazipur district.
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Figure 5.9: Variation between 6**Cric and pCO2. Boxes show 6**Cric and pCO2 for DIC derived
from various potentials discussed above. The dotted line (atm.) expressed atmospheric CO>
around 410 ppm. The Arrow line shows the expected processes and changes in the Gorakhpur
district. Figure adapted from (Telmer & Veizer, 1999; Li et al., 2019)

The source of DIC in the groundwater was predominantly by aquifer recharge. Carbonate

dissolution in the study area was mainly governed by carbonic acid (H2COs), formed by the CO-

available in the soil rather than the atmosphere. The higher pCO2 in groundwater was derived from

microbial respiration and plant degradation (Doctor et al., 2008; Li et al., 2019). The DIC varied
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from 1.81 to 33.59 mM (mean 7.96) in OA groundwater, while it varied from 2.35 to 27.60 mM
(mean 11.48) in YA groundwater. The DIC in river water was varied from 2.14 to 5.21 mM with
amean of 3.92 mM. From figure 5.9, it was observed that groundwater of OA and Y A were derived

from both carbonate and silicate weathering.

The DIC in the river water samples was very low compared to groundwater of OA and YA. In
study area 2 (Ghazipur), DIC varied 1.61 to 74.70 mM with a mean of 17.98 mM in OA
groundwater while it varied from 1.83 to 58.41 mM with a mean of 10.10 mM in YA
groundwater. The DIC concentration in river water was varied from 4.44 to 11.24 mM with a
mean of 6.18 mM. A high DIC in YA groundwater was indicating silicate weathering followed

by carbonate dissolution (Figure 5.10).
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Figure 5.10: Variation between 0*3Cric and pCO2. Boxes show 6**Cric and pCO2 for DIC
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5.3.4.

Interrelationship among stable isotopes and physicochemical parameters

To better understand the significance of various processes regulating DOC and DIC origin

and source identification, bivariate plots of stable carbon isotopes (§*Cric) with other parameters
like ORP, DOC, DIC and HCO3 were plotted (Figure 5.11). The relationship between the isotopic

composition and ORP was moderate and §*3Cric was negatively correlated with ORP in the

groundwater of OA, indicating microbial degradation at moderate temperature in the study area

(Hornibrook et al., 2000; Kumar et al., 2019). However, in younger alluvium, two clusters were

formed. Cluster one was positively correlated with §3Cric, indicating rock water interaction in the

subsurface soil. In contrast, cluster two was negatively correlated with §*Cric, indicating microbial

degradation at moderate temperature and generate reducing conditions in the study area 2.
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Figure 5.11: Bivariate plots of (a) 8**Cric vs. ORP, (b) 5**Cric vs. DOC, (c) 6**Cric vs. TIC, (d)
3Cric vs. HCOs in study area 1 (Gorakhpur).

The DOC concentration in the groundwater of older and younger alluvium was almost

similar however, the mean value of the DOC in surface water was very low (0.13 mg/L). The
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bivariate plot between §**Cric and DOC was plotted in figure (5.1b). The plot showed that DOC

concentration in the YA groundwater decreased with the 5*Cric, while in OA groundwater, there

was no significant correlation observed. The shallow aquifer in the study area was enriched with

carbon isotopes due to kankar (CaCOs nodules) in the central Gangetic basin, coupled with high
pCO, (Kumar et al., 2019). A scattered plot (Figure 5.11d) indicates HCO3 was positively

correlated with 8*Cric in older alluvium: however, no distinct correlation was observed in the

groundwater of younger alluvium. The positive trend in older alluvium indicating biogenic carbon

dioxide attribute to depleted 8**Cric with increasing HCOj3 in older alluvium. The above trend is

also supported by DOC (Figure 5.11b), which was positively correlated with the groundwater of

older alluvium; however, in the groundwater of younger alluvium, an insignificant correlation was

observed.
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Figure 5.12: Bivariate plots of (a) 6**Cric vs. ORP, (b) 6**Cric vs. DOC, (c) 6**Cric vs. Ca, (d)
*3Cric vs. HCOs, study area 2 (Ghazipur).

In the study are 2 (Ghazipur), bivariate scattered plots were plotted between §*3Cric with
other chemical parameters like ORP, DOC, DIC and HCOs to identify the various
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hydrogeochemical processes regulating the origin and source of DOC and DIC in the study area.

In study area 2, a similar trend was observed, like in study area 1.

The plot between 3°*Cric and ORP (Figure 5.12a) showed an insignificant correlation
observed in the groundwater of OA. However, in groundwater of YA, a moderate positive
correlation was observed (Figure 5.12a), indicating microbial degradation might be the governing
process of carbon in the groundwater (Hornibrook et al., 2000; Kumar et al., 2019). The scatter
plot between 8*Cric and DOC (Figure 5.12b) showed an inverse relationship indicating DIC
derived from the dissolution of the carbonate rocks. The DIC concentration in groundwater is pH-
dependent, and at pH 6.4 to 8.3, the DIC in water is mainly derived from bicarbonate (Li et al.,
2019). Thus, HCO3™ was the major species of DIC in the groundwater of the study area. A scattered
plot between §Cric and HCOs (Figure 5.12d) showed HCOs and §¥Cric was positively
correlated in the groundwater of older alluvium while negatively correlated in the groundwater of
younger alluvium. The positive trend in older alluvium indicating biogenic carbon dioxide

attributed to depleted 5*3Cric with increasing HCOg3 in older alluvium.

5.4. Conclusions

The groundwater chemistry was mainly governed by rock-water interaction, ion exchange
and reverse ion exchange in both the study areas. Bicarbonate was the dominant anion in the study
areas, and it was 2-3 times higher in groundwater than the river water. The piper plot (study area
1) indicated Ca-HCO3 type of water was dominated in the groundwater; however, alkaline earth
metals with strong acid dominated in the river water. The piper plot for study area 2 indicated the
Ca-HCOs type of water present in groundwater and river water samples. In study area one
(Gorakhpur), the stable isotopic composition (8°H and §'80) represented that river water
recharging from meteoric water and groundwater of older and younger alluvium regions. Aquifers
recharged from local meteoric water undergo evaporation at few locations. The groundwater
connectivity to the pond water in the study area was almost negligible, indicating less probability
of organic carbon movement from ponds to groundwater. Thus arsenic mobilization process was

restricted between pond and groundwater.
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In study area 2 (Ghazipur), river water gets recharged from meteoric water followed by
evaporation, while groundwater recharge from local induced meteoric water undergoes
evaporation at a few locations. The §*Cric was observed higher in younger alluvium than older
and river water of both the study area. §**Cric vs. pCO2 indicated carbonate and silicate dissolution
was the major source of DIC in the groundwater of both the study area. Higher **Cric and
associated with low TOC indicating microbial activity was enhanced in the Central Gangetic plain.
The deeper aquifer of younger and older alluvium zones had lighter isotopes (8*3Cric) because of

low microbial activity.

Even though our study area was large, we have to collect samples on a seasonal basis to
understand the groundwater sources, particularly in groundwater infiltration aspects. This study
has not considered any microbiological experiments; therefore, future studies may incorporate

microbial aspects to understand the processes in a better way.
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5.5.

Supplementary material

Table 5.3: Groundwater data collected in Gorakhpur district. (Note: depth expressed in meter, HCO3, Ca and DOC in mg/L and
isotopic signature expressed in (%o)).

Geomorphic

Sp. No. unit Latitude  Longitude Depth HCO:s Ca DOC %0 o°H d- excess oBC
Al YA 26.759 83.327 21.34 418.20 101.78 1.34 -5.23 -41.40 0.44 -9.31
A2 YA 26.740 83.351 21.34 972.20 133.80 0.51 -5.76 -42.40 3.68 -8.56
A3 YA 26.717 83.330 45.73 475.30 86.78 0.45 -6.28 -44.45 5.79 -
A4 YA 26.705 83.388 27.44 409.70 41,78 0.61 -6.84 -50.45 4.27 -5.67
A5 YA 26.699 83.389 39.63 418.00 60.83 0.97 -5.24 -41.14 0.78 -
A6 YA 26.691 83.395 39.63 392.60 60.83 1.20 -6.38 -44.40 6.64 -7.18
A7 YA 26.733 83.335 27.44 688.50 95.70 2.16 -5.79 -46.12 0.20 -9.57
A8 YA 26.740 83.330 21.34 543.60 93.68 0.06 -7.99 -56.34 7.58 -
A9 YA 26.740 83.309 16.77 565.80 96.75 1.82 9.16 -59.60 13.68 -11.30
A10 YA 26.734 83.346 18.29 718.50 114.15 1.74 -8.18 -55.21 10.23 -
All YA 26.732 83.352 30.49 594.10 102.83 0.34 9.16 -60.30 12.98 -7.29
Al2 YA 26.717 83.356 27.44 329.60 86.18 0.07 -4.26 -34.26 -0.18 -
Al3 YA 26.706 83.359 33.54 549.70 98.96 0.76 -6.16 -44.50 478 -
Al4 YA 26.706 83.378 30.49 456.50 88.80 0.04 -6.23 -43.82 6.02 -6.41
Al5 YA 26.707 83.385 15.24 209.60 30.83 0.01 -8.03 -54.80 9.44 -
Al6 YA 26.697 83.417 36.59 276.20 25.64 0.26 -6.45 -44.90 6.70 -6.17
Al7 YA 26.695 83.406 41.16 377.70 62.41 0.28 -2.54 -25.40 -5.08 -7.56
Al18 YA 26.693 83.393 30.49 491.40 81.84 1.07 -5.70 -42.46 3.14 -
Al9 YA 26.703 83.342 33.54 499.70 95.37 0.45 -6.86 -50.96 3.92 -9.31
A20 YA 26.693 83.357 33.54 577.50 106.43 0.20 -6.15 -42.20 7.00 -
A21 YA 26.693 83.366 27.44 490.80 92.86 0.51 -5.60 -40.30 4.50 -9.80
A22 YA 26.684 83.369 33.54 570.10 117.15 0.90 -4.29 -36.80 -2.48 -8.83
A23 YA 26.669 83.375 30.49 479.60 73.81 0.49 -6.56 -45.50 6.98 -
A24 YA 26.758 83.338 36.59 207.02 26.00 1.01 -5.23 -40.31 1.53 -6.08
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83.350
83.471
83.462
83.446
83.454
83.436
83.398
83.383
83.439
83.435

24.39
30.49
27.44
39.63
16.77
36.59
33.54
38.11
33.54
36.59
36.59
33.54
18.29
33.54
30.49
24.39
36.59
30.49
33.54
21.34
27.44
27.44
30.49
30.49
30.49
27.44
27.44
27.44
33.54
27.44

755.99
218.86
539.39
404.16
310.58
676.26
550.54
651.04
623.74
591.90
196.47
582.05
283.74
162.16
129.92
221.24
306.44
447.44
390.40
1118.50
592.40
393.80
316.70
257.90
502.60
234.50
339.40
602.90
681.10
179.80

191.78
20.94
92.86
50.66
82.37

110.48
64.18

132.20

100.82
98.01
47.03
93.66
96.50
58.07
24.98
55.43
73.04

111.13
44.48
91.78
79.08
39.28
36.90
52.33
58.95
52.33
55.85
58.98
63.57
22.10

1.93
1.62
3.19
0.60
2.53
0.27
0.04
1.02
0.58
0.35
0.08
0.21
2.95
3.09
0.19
0.35
0.50
0.01
1.45
0.02
2.08
0.36
0.15
0.02
0.59
0.07
0.08
1.20
0.87
1.02

-7.16
-6.17
-7.78
-4.72
-9.42
-6.28
-1.72
-5.16
-7.58
-6.63
-6.96
-7.38
-9.19
-7.08
-6.45
-1.74
-6.70
-7.49
-4.31
-8.85
-6.33
-5.93
-4.62
-4.39
-5.52
-6.65
-1.72
-7.53
-3.99
-5.45

-50.30
-44.64
-56.50
-35.80
-61.03
-47.30
-56.08
-40.40
-53.78
-49.50
-48.75
-50.23
-60.79
-54.12
-50.23
-55.53
-50.20
-52.25
-33.96
-58.50
-45.86
-45.06
-33.80
-34.50
-42.54
-50.49
-59.69
-56.76
-33.50
-42.10

6.98
4.72
5.74
1.96
14.33
2.94
5.68
0.88
6.86
3.54
6.93
8.81
12.73
2.52
1.37
6.39
3.40
7.67
0.52
12.30
4.78
2.38
3.16
0.62
1.62
2.71
2.07
3.48
-1.58
1.50

-8.87

-9.03

-13.18

-5.67

-10.29

-5.96

-10.31

-9.13

-9.80

-8.85

-6.59

-6.45

-4.77

-1.97
-4.72

-4.42

-6.65

-10.55

132



CHAPTER 5

A55
A56
A57
A58
A59
AG0
A6l
A62
AB3
A64
AB5
AG6
AG7
AG8
AB9
AT0
AT1
AT2
AT73
AT4
AT75
AT6
ATT
AT8
A79

OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW

26.762
26.758
26.769
26.713
26.709
26.703
26.712
26.715
26.724
26.753
26.725
26.693
26.776
26.770
26.760
26.750
26.749
26.763
26.760
26.758
26.743
26.707
26.699
26.731
26.734

83.347
83.338
83.351
83.472
83.462
83.457
83.463
83.437
83.397
83.390
83.438
83.370
83.243
83.242
83.246
83.251
83.253
83.288
83.332
83.331
83.341
83.349
83.388
83.396
83.347

33.54
36.59
30.49
24.39
36.59
33.54
36.59
35.06
32.01
36.59
24.39
36.59

316.63
1237.91
409.17
187.65
246.67
157.34
421.23
98.71
325.08
535.04
465.09
101.48
196.90
218.50
184.10
269.70
205.30
160.90
146.50
212.10
227.70
233.30
278.90
212.90
118.50

31.50
129.00
79.99
18.56
29.46
22.86
43.61
16.41
28.81
71.95
65.10
12.69
59.04
51.57
46.50
60.63
53.16
39.69
38.22
30.75
59.28
45.81
38.34
71.04
57.57

0.80
0.52
3.26
1.55
2.15
0.58
0.50
0.02
0.85
0.21
0.48
0.55
0.09
0.15
0.12
0.11
0.11
0.12
0.15
0.18
0.12
0.10
0.09
0.17
0.15

-8.40
-7.65
-7.55
-10.13
-7.03
-6.50
-1.23
-6.05
-9.45
-5.80
-9.95
-6.45
-4.26
-4.23
-5.17
-5.36
-4.20
-5.28
-5.79
-4.63
-6.83
-6.53
-6.53
2.04
-7.26

-60.60
-57.50
-57.20
-65.24
-50.50
-50.50
-53.60
-46.75
-63.45
-44.60
-67.45
-50.35
-26.15
-23.19
-30.15
-31.26
-22.62
-33.39
-37.05
-31.12
-43.92
-45.41
-40.45
11.34
-48.15

6.60
3.70
3.20
15.80
5.74
1.50
4.24
1.65
12.15
1.80
12.15
1.25
7.93
10.65
11.21
11.62
10.98
8.85
9.27
5.92
10.72
6.83
11.79
-4.98
9.93

-9.03

-3.45

-7.43

-7.02

-9.36

-7.68

-7.54
-8.05

-5.85

-7.02

-7.83

-6.19

-8.01

-4.15
-7.45
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Table 5.4: Groundwater data collected in Ghazipur district. (Note: depth expressed in meter, HCO3, Ca and DOC in mg/L and

isotopic signature expressed in (%o)).

Geomorphic

Sp No. unit Latitude Lonitude Depth HCO3 Ca DOC 880 &°H d- excess 813C
B1 YA 25.529 83.833 48.78 624.60 79.57 0.26 -5.18 -38.50 2.94 -4.59
B2 YA 25.525 83.862 39.63 512.40 64.33 0.52 -7.03 -50.15 6.09 -
B3 YA 25.538 83.834 47.26 522.40 89.03 2.45 -5.18 -39.55 1.89 -10.28
B4 YA 25.548 83.807 50.30 426.00 90.47 131 -4.60 -35.14 1.66 -5.65
B5 YA 25.564 83.799 39.63 549.00 77.13 0.99 -7.78 -54.62 7.62 -
B6 YA 25.589 83.790 42.68 518.50 80.40 1.02 -7.76 -56.34 5.74 -11.48
B7 YA 25.610 83.745 41.16 616.10 81.47 0.51 -7.99 -57.15 6.77 -6.65
B8 YA 25.615 83.716 39.63 439.20 91.57 0.25 -7.36 -52.58 6.30 -
B9 YA 25.625 83.683 51.83 537.00 82.93 0.38 -5.53 -42.12 2.12 -
B10 YA 25.492 83.469 48.78 736.80 101.67 1.02 -5.85 -44.23 2.57 -9.69
Bl11 YA 25.518 83.479 42.68 707.00 109.43 0.04 -5.38 -41.25 1.79 -
B12 YA 25.611 83.628 30.49 510.00 87.23 0.01 -8.78 -62.50 7.74 -7.46
B13 YA 25.524 83.511 39.63 2066.00 239.73 0.03 -5.19 -40.62 0.90 -
B14 YA 25.546 83.537 35.06 1661.20 195.33 0.45 -7.76 -52.25 9.83 -13.45
B15 YA 25.575 83.627 42.68 590.20 97.13 0.48 -4.89 -36.58 2.54 -
B16 YA 25.579 83.652 33.54 589.00 61.67 151 -5.09 -37.15 3.57 -10.48
B17 YA 25.579 83.693 42.68 566.80 79.57 0.32 -5.34 -39.50 3.22 -
B18 YA 25.540 83.717 27.44 445.30 75.17 1.05 -9.05 -59.49 1291 -11.07
B19 YA 25.526 83.742 42.68 498.00 76.27 0.05 -5.42 -41.25 211 -
B20 YA 25.421 83.538 45.73 509.00 91.73 0.35 -5.59 -40.61 4.11 -7.25
B21 YA 25.389 83.546 30.49 582.60 70.47 1.01 -8.78 -59.15 11.09 -
B22 YA 25.465 83.572 24.39 294.50 51.57 0.02 -9.16 -60.58 12.70 -
B23 YA 25.485 83.568 30.49 322.80 75.17 0.58 -7.98 -54.25 9.59 -8.40
B24 YA 25.510 83.563 27.44 399.90 69.53 0.65 -8.85 -61.35 9.45 -7.35
B25 YA 25.542 83.571 27.44 544.10 74.93 0.50 -8.49 -60.65 7.27 -
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B26
B27
B28
B29
B30
B31
B32
B33
B34
B35
B36
B37
B38
B39
B40
B41
B42
B43
B44
B45
B46
B47
B48
B49
B50
B51
B52
B53
B54
B55

YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA
YA

25.556
25.503
25.508
25.509
25.529
25.527
25.538
25.549
25.567
25.603
25.614
25.618
25.638
25.497
25.531
25.625
25.526
25.547
25.577
25.579
25.585
25.544
25.527
25.424
25.394
25.475
25.488
25.510
25.551
25.564

83.586
83.804
83.849
83.873
83.845
83.863
83.846
83.819
83.799
83.792
83.756
83.727
83.684
83.474
83.479
83.629
83.522
83.549
83.638
83.663
83.696
83.725
83.755
83.549
83.556
83.572
83.577
83.574
83.572
83.586

36.59
38.11
54.88
47.26
30.49
39.63
30.49
24.39
36.59
38.11
42.68
39.63
38.11
24.39
42.68
36.59
36.59
33.54
28.96
24.39
33.54
27.44
27.44
33.54
32.01
33.54
27.44
36.59
27.44
38.11

496.50
1072.10
1008.20
1125.10
280.70
351.49
558.21
583.33
503.58
168.11
632.26
384.06
408.52
570.94
681.50
440.26
1703.14
1103.52
278.62
515.81
753.74
371.43
207.35
404.31
364.95
221.39

98.52
429.16
397.56
398.35

65.07
121.70
174.61
197.53

38.44

51.46

54.82

79.27

50.95

20.95

68.10

54.40

82.35

74.75

96.05

66.04
251.72
139.91

64.70

61.83

89.15
44.59

33.33

60.32

56.05

38.42

27.00

54.43

76.14

63.02

1.59
1.02
0.04
0.01
2.90
0.01
0.32
0.02
0.06
0.08
3.05
0.12
0.53
0.86
0.01
0.75
3.19
0.04
0.05
0.48
3.12
0.02
0.03
241
0.04
1.95
1.05
1.08
0.85
3.14

-5.91
-5.04
-4.12
-5.19
-8.58
-6.92
-8.59
-9.94
-7.69
-7.28
-7.70
-6.76
-7.33
-10.08
-5.88
-6.68
-6.99
-8.15
-8.39
-9.86
-8.24
-9.06
-8.92
-6.86
-8.08
-8.45
-8.88
-6.85
-9.29
-7.31

-45.59
-40.25
-33.45
-41.56
-59.25
-49.35
-60.15
-66.65
-53.45
-51.34
-54.25
-48.58
-50.12
-68.15
-42.25
-46.53
-47.12
-56.58
-58.18
-68.35
-56.50
-60.19
-59.25
-50.51
-55.65
-59.58
-61.25
-48.35
-59.45
-50.59

1.69
0.07
-0.49
-0.04
9.39
6.01
8.57
12.87
8.07
6.90
7.35
5.50
8.52
12.49
4.79
6.91
8.80
8.62
8.94
10.53
9.42
12.29
12.11
4.37
8.99
8.02
9.79
6.45
14.87
7.89

-11.78

-7.56

-12.24

-9.23

-10.01

-5.56
-13.96
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B56
B57
B58
B59
B60
B61
B62
B63
B64
B65
B66
B67
B68
B69
B70
B71
B72
B73
B74
B75
B76
B77
B78
B79
B8O
B81
B82
B83
B84
B85

YA
YA
YA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
OA
SW

25514
25.519
25.519
25.610
25.488
25.442
25.413
25.577
25.497
25.423
25.404
25.490
25.491
25.432
25.423
25.454
25.486
25.466
25.613
25.489
25.446
25.415
25.579
25.498
25.425
25.405
25.495
25.494
25.435
25.417

83.807
83.850
83.874
83.772
83.414
83.482
83.481
83.577
83.710
83.561
83.561
83.852
83.867
83.601
83.671
83.742
83.769
83.839
83.783
83.427
83.492
83.493
83.582
83.713
83.573
83.574
83.863
83.878
83.613
83.553

38.11
4421
36.59
27.44
36.59
39.63
42.68
106.71
48.78
36.59
36.59
36.59
54.88
51.83
41.16
36.59
42.68
54.88
28.96
33.54
30.49
28.96
33.54
24.39
27.44
18.29
33.54
36.59
41.46

1329.50
828.20
925.00
768.30
701.50

1732.00

1144.20
835.60
704.10

2173.40
422.70
121.20
756.50
224.20
156.20
109.20
175.60

90.90
781.34
734.29

1477.06

1084.20
769.34
575.71

1812.72
523.29

1072.00

1045.00
139.10
254.00

168.50
95.82
107.10
118.40
99.23
208.33
165.47
128.77
109.53
295.33
64.17
21.53
121.54
33.13
44.33
29.33
30.27
18.87
92.44
102.14
193.26
170.67
117.06
67.10
197.62
63.97
124.59
139.33
23.65
57.70

0.75
2.03
1.73
0.06
1.15
1.09
1.03
0.45
0.24
0.40
1.60
0.53
0.90
0.38
0.40
0.56
1.72
0.93
0.25
1.15
1.01
2.95
0.76
0.03
0.28
0.45
0.38
191
0.11
0.15

-9.05
-5.82
-6.02
-7.15
-6.90
-5.10
-5.51
-2.95
-5.26
-6.64
-6.35
-6.59
-3.04
-3.44
-5.84
-7.44
-6.04
-5.25
-9.14
-8.14
-8.50
-9.50
-8.12
-9.14
-9.20
-10.14
-8.82
-7.36
-7.05
-4.59

-58.50
-42.15
-41.50
-50.50
-49.57
-38.85
-41.65
-25.05
-37.53
-46.90
-44.50
-45.89
-24.50
-28.56
-42.45
-51.53
-44.05
-38.50
-60.54
-56.51
-62.49
-67.50
-57.15
-62.95
-63.25
-67.83
-62.54
-56.49
-54.28
-29.15

13.90
441
6.66
6.70
5.63
1.95
2.43
-1.45
4.55
6.22
6.30
6.83
-0.18
-1.04
4.27
7.99
4.27
3.50

12.58
8.61
551
8.50
7.81

10.17

10.35

13.29
8.02
2.39
2.12
7.57

-10.70

-9.45
-7.49

-3.06

-3.11

-4.48

-8.65

-7.34

-6.46
-6.11

-6.50

-4.79

-9.66

-5.63

-5.46
-6.78
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B86
B87
B88
B89
B90
BI1
B92
B93
B94
B95
B96
B97

SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW

25.529
25.524
25.519
25.491
25.416
25.588
25.585
25.618
25.613
25.585
25.507
25.500

83.487
83.498
83.497
83.409
83.484
83.605
83.615
83.690
83.696
83.757
83.806
83.877

236.00
285.00
255.00
315.00
296.00
334.00
284.00
265.00
284.00
325.00
294.00
293.00

48.00
48.00
47.10
58.08
52.30
52.00
56.77
44.61
51.03
37.50
35.27
46.36

0.10
0.16
0.13
0.11
0.11
0.19
0.12
0.14
0.16
0.13
0.11
0.13

-6.93
-7.56
-7.16
-4.27
-3.98
-3.29
-5.33
-5.25
-3.90
-5.53
-4.09
-7.16

-42.50
-46.20
-44.76
-30.62
-28.15
-24.05
-32.12
-31.92
-31.41
-34.50
-30.20
-44.15

12.94
14.28
12.52
3.54
3.69
2.27
10.52
10.08
-0.21
9.74
2.52
13.13

-5.49

-5.76

-7.69

-5.68

-6.91
-8.09

-7.28
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Abstract

As and trace metals (TMSs) are considered to be a human carcinogen. Millions of people
are continuously exposed to As and TMs contaminants in groundwater and sediment. This
objective aims to investigate the source and distribution of As and TMs in groundwater and
sediment and analyze contamination levels in both the study area. Around ~30 to 35% of the
groundwater in both regions was unfit for human consumption. Degree of contamination was
calculated for TMs in groundwater, and it was observed that ~30% from Gorakhpur and 67% from
Ghazipur groundwater were fell in category three, indicating metal pollution in groundwater. The
calculated cancer index (CI) for adults and children indicated 84.2% groundwater from Gorakhpur,
and 78.4% groundwater from Ghazipur was above USEPA (10°®) limit, indicating that long-term
intake can cause cancer to the human being. Sediment core analysis indicating younger alluvium
sediment was more enriched with TMs than the older alluvium. Person correlation plot indicated
that As and TMs were positively correlated with silt and clay while negatively with sand, indicating
metal adsorption on fine particles. Geoaccumulation index (lgeo), enrichment factor (EF) and
degree of contamination (DC) were used to analyze the contamination of soil. The calculated lgeo
indicating that sediments are unpolluted. In study area one (Gorakhpur), calculated EF indicates
that the upper section of sediment cores is moderately enriched with metals, while As and Zn are
significantly enriched. In study area two (Ghazipur), the upper section of the sediment cores shows
deficiency to minimal enrichment for all metals while As is significantly enriched. Calculated DC

indicates that all the sediment samples fell in unpolluted to moderately polluted regions.

Keywords: As exposure; Trace metal contamination; Geoaccumulation index; Enrichment factor;

Sediment core
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6.1. Introduction

Water is a vital component of life as well as the world's most endangered resources. Out of
the total 2.8% freshwater, only 0.60% water is available in the form of groundwater and
significantly impacts plant and animal ecosystems in rivers and wetlands. Groundwater quality has
deteriorated worldwide due to rock-water interaction, overexploitation, industrialization and
intense agricultural practices (Misra, 2011, 2013; Srinivasamoorthy et al., 2014; Rickards et al.,
2020; Li et al., 2021). High levels of contaminants in aquatic environments, such as As and trace
metals, can make water unfit for drinking, irrigation and recreation (Saha et al., 2017;
Vetrimurugan et al., 2017; Belkhiri et al., 2018; Varol, 2019). Trace metals (TMs) are among the
most harmful contaminants in aquatic ecosystems because of their bioaccumulation and
biomagnification capabilities in the food chain and their negative impacts on organisms and
lengthy environmental persistence (Alhashemi et al., 2012; Ali et al., 2019; Bhagat et al., 2021,
Kunene et al., 2021). The accumulation of As and TMs in aquatic habitats can cause significant
negative consequences for human and biota health (Krishna et al., 2013; S. Hossain et al., 2019;
Bhagat et al., 2021). Long-term exposure to the As and TMs causes several consequences in
humans, such as cancer, cardiovascular problems, reproductive issues, hematological disorders,
liver abscesses, renal failure, nervous system damage etc. (\Varol, 2019; Zhang et al., 2019;
Rahman et al., 2021).

As and TMs can migrate with seepage and root zone and reach the aquifer zone. Soil works
as a trace element immobilizer and prevents them from contaminating the aquifers (Deverel &
Fujii, 1990). Soil act as a sink for As and TMs, and this ability is dependent on the soil texture,
physicochemical properties and soil water interaction. The source of TMs in the soil is geogenic
and anthropogenic. Anthropogenic activities like industrial waste, metal processing, smelting,
agricultural inputs, chemical manufacturer and sewage waste (Govil et al., 2001; Kaushik et al.,
2009; Yang et al., 2017). So the repository nature of fine-grained sediment gives a record of
contamination changes through time. The vertical profile of sediment gives a history of the past
depositions feature and major changes. Over the last few decades, the vertical profile is used to
identify the core sediment's pollution records (Chatterjee et al., 2007). The TMs concentration and
its distribution in the sediment core provide a better understanding of their behavior in the aquifer

environment and help figure out the contamination level and its sources. There is currently no
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information available on the TMs composition of sediment profiles in the study area. Hence this
objective has been instigated with the following aims, i. to identify the As and TMs contamination
in groundwater and its effect on human health, ii. identifying the source of the pollutant in the

study area, iii. assessment of the geo-accumulation index, degree of contamination, enrichment

factor etc.,
6.2. Material and Methods
6.2.1. Study area description, sample collection and preparation

A total of 70 groundwater samples from Gorakhpur and 84 groundwater samples from
Ghazipur district were collected during 2017-18 (Figure 3.1 & 3.2, Chapter 3). Two geo-
morphological features were considered during the groundwater sampling older alluvium and

younger alluvium in both the study area.
(Details of the study area with sampling location has been discussed in chapter 3)

6.2.2. Chemical and reagents

The analytical grade chemicals and reagents were used in the sediment digestion and
analysis and procured from Sigma Aldrich or Merck. All the required utensils and vessels were
shocked in 5M HNO3z overnight and washed properly before being used. For standard preparation

and dilution, Milli-Q water was used.

6.2.3. Sediment digestion procedure

Sediment samples were digested using a method developed by Shapiro (1975).
(Detail sample processing and digestion methodology has been explained in chapter 3)

6.2.4. Instrumentation

The groundwater and digested sediment samples were analyzed on inductive coupled
plasma optical emission spectrometry (ICP-OES 5110, Agilent Technologies, USA). The
instrument was standardized with the reference material (SRM-1643d) available with the

instrument. For the trace metal, best fitted linear regression (r>=0.9998) was used to standardized
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the instrument against the standards of known concentration. The method detection limit (MLD)
for trace metals was given in table 6.1. MLD is the minimum detection concentration of an element

that can be reported at 99% confidence level.

Table 6.1: Elements with their corresponding wavelength and method detection limit

Element Wavelength (nm) MDL (ug/L)
Aluminum 396.152 nm 1.2
Arsenic 188.980 nm 0.5
Cadmium 228.802 nm 0.4
Calcium 422.673 nm 4
Chromium 267.716 nm 0.7
Copper 327.395 nm 0.4
Iron 238.204 nm 04
Lead 220.353 nm 3
Magnesium 285.213 nm 5.1
Manganese 257.610 nm 0.1
Nickel 231.604 nm 3.1
Sodium 589.592 nm 10.1
Zinc 213.857 nm 1.1

6.2.5. Quality control and quality assurance

The National Institute of Standards and Technology (NIST) US-based standard reference
material (SRM), 8704 (Buffalo river sediments), was used to verify the result of the trace metal in
sediment. The observed value for As, Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn was compared
with the standard certified value (NIST 8704), and recovery achieved for the given metals was
98.3%, 102.1%, 94.4%, 93.6%, 101.1%, 97.7%, 102.3%, 97.3, 92.1%, 99.7% and 98.5%,
respectively. The recovery for each metal was under £10%.

6.2.6. Statistical analysis

The correlation analysis was carried out to determine the degree of relationship between
the two variables. It's a linear association measure that is also known as Pearson's correlation

coefficient after its creator. It was measured on a scale of +1 to 0 to -1. A good correlation between
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the two variables was expressed by either +1 or -1. A positive correlation was expressed as both
the variables increased or decreased parallelly; however, a negative correlation was expressed as
one increased with another decreased (inverse relationship). An “R program” was used to plot the

Pearson correlation plots.

6.2.7. Pollution evaluation indices and chemical toxicity

Degree of contamination and chemical toxicity was calculated in the study area by

considering the As and TMs in the groundwater.
6.2.7.1. Degree of contamination:

The degree of contamination is the combined effect of many quality characteristics
considered hazardous to the drinking purpose. The degree of contamination (Cgeg) is considered a
reference to evaluating the pollution of TMs in water. It is classified into three categories: Low
(Cdeg <1), medium (Cgeg = 1-3) and High (Cueg >3) (Backman et al., 1998; Belkhiri et al., 2018;
Rahman et al., 2021). The following equations were used to calculate the contamination index:

n
i=1
Ca;
Ci

Where Cs = contamination factor, Cai = analytical value and Cni = upper permissible
concentration of the i parameter and N = normative value. Here Cni was taken from WHO (2008).

6.2.7.2. Chemical Toxicity:

Health risk assessment is a procedure of determining the chances of an event occurring and
the likely degree of adverse health impacts to the human being over a particular period of period.
The WHO (2004) maximum acceptable limit for As in groundwater is 10 ppb. In the study area,
the concentration of As was higher than the WHO acceptable limit at some locations. The
European Food Safety Authority's Panel set a benchmark dose lower confidence limit for As was
0.3-8 mg/kg per day. United States Environmental Protection Agency (USEPA-IRIS,1998)
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outlines many health risk assessment models for evaluating arsenic's non-carcinogenic and

carcinogenic effects.

There are three major pathways or methods through which metals can enter the human
body: Direct oral ingestion, inhalation, and dermal absorption through the skin. Out of all three,
ingestion and dermal absorption are the most likely routes for water exposure. The following

equation was used to calculate the chemical toxicity (USEPA, 2012).
a.  Ingestion pathway:

The health impact due to intake of As contaminated water was calculated as average daily

dosages by the following formula:

CxIR EF XED
X

ADD = AT

(6.3)

ADD is the average daily dosages in mg/L, C is the As concentration in drinking water
ug/L, BW is the body weight (kg), and IR is the average daily intake rate. AT is the averaging time
(d), ED represents the exposure duration and ET is referred to as mean exposure duration (yrs.)
and EF is the exposure frequency (day/year). The values used in the equation to calculate the

average daily dose were given in table 6.2.

This equation was changed to assume that an individual drinks the water over a year
(exposure frequency) and a lifetime (exposure length). The exposure frequency and duration will
be equal to the average time in that scenario, and the equation will be simplified as follows:

_CXIR

ADD = (6.4)
BW

The following equations were used to calculate Hazard Quotient Index (HQ) (USEPA,
1989):

ADD
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Where, HQ is the Hazards quotient, ADD is the average daily dose intake for ingestion of

the heavy metals in drinking water (mg/kg/day) calculated from equation (6.4). RfD (reference

dose) is the maximum amount of heavy metal that a person can be exposed to in a single day

without suffering any adverse health effects (mg/ kg/day). Reference doses for various metals were

given in Table 6.2.

Table 6.2: Input parameter and abbreviation for risk calculation

Input paramaters for risk

analysis Abbrevation Unit Value Reference
Element Concentration EC mg/L Observed Value Present Study
Ingestion Rate (Adult) IR (A) L/day 3 PC, 2012
Ingestion Rate (Children) IR (C) L/day 15 Brindha et al.,2016
Exposure Frequency EF Day/year 365 USEPA, 1989
Exposure Duration (Adult) ED (A) Year 69.4 (India) World Bank (2018)
Exposure Duration (Children) ED (C) Year 6 ICMR, 2009
Body Weight (Adult) BW (A) Kg 69.4 ICMR, 2009
Body Weight (Children) BW (C) Kg 18.7 USEPA (1991)
Average Time AT Day ED x 365 USEPA (1989)
Exposure Skin Area (Adult) SA (A) cm? 5700 USEPA (2011)
Exposure Skin Area (Children) SA (C) cm? 2800 USEPA (2011)
Adherence Factor (Adult) AF (A) mg/cm? 0.07 USEPA (2011)
Adherence Factor (Children) AF (C) mg/cm? 0.2 USEPA (2011)
Dermal Absorption Factor ABSd NA 0.03 USEPA (2011)
Expopsure Time ET hour/event 0.25 USEPA (1997)
Conversion Factor CF L/cm? 103 USEPA (2002)
Dermal permeability cofficient Kp cm/hrs 113 USEPA (2004)
Oral reference dose RfD(oral) mg/kg/day 0.0003 USEPA (2005)
Dermal reference dose RfD(dermal) mg/kg/day 0.00019 USEPA (2005)
Cancer slope factor (oral) SF(oral) mg/kg/day 15 USEPA (2005)
Cancer slope factor (dermal) SF(dermal) mg/kg/day 3.66 USEPA (2005)

The non-carcinogenic risk to the human being was expressed in the form of hazard index

(HI), which is a sum of the hazard quotient (HQ) of all the metal:

HI = ZHQi

(6.6)

143



CHAPTER 6

Table 6.3: Heavy metal and reference doses for the calculation of non-carcinogenic exposure to
human health

Heavy metal Reference dose (mg/kg/day) References
Alluminium (Al) Not Available
Cadmium (Cd) 5x10% IRIS from US EPA (2009)
Chromium (Cr) 3x103 IRIS from US EPA (2009)
Copper (Cu) 5x103 US EPA from CHMP (2007)
Iron (Fe) Not Available
Manganese (Mn) 1.4 x 107 IRIS (2011)
Nickel (Ni) 2x 1072 Kim et al. (2011)
Lead (Pb) 3.6x 1073 Viridor Waste Ltd (2009)
Zinc (Zn) 3x10" IRIS (2005)
Arsenic (AS)ingestion 3x10* IRIS from US EPA (2009)
Arsenic (AS)dermal 3x10* IRIS from US EPA (2009)

b.  Dermal contact pathway:

The following equation used calculated the non-carcinogenic exposure of As through the

dermal pathway:

EC X SAX K, X ET X EF X ED X Fgy X Fgy

6.7
BW x AT ©.7)

ADDgermar =

Where, all the above abbreviations and values were given in table 2.

The carcinogenic risk through oral and dermal was calculated using equations (6.8) and (6.9).

CRorar = CDIyyqy X SF (6.8)
CRaermar = CDlgermar X SF (6.9)
Cl = CRora1 + CRgermar (6.10)

Where CR is the carcinogenic risk, and it is unitless. It gives the probability of developing
cancer in the individual over a lifetime of exposure. CDI is the chronic daily intake, and SF is the

carcinogenic slope factor (mg/kg-day).
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If carcinogenic risk value surpasses, the 1x10* is considered to have significant human
health effects on individuals. If the CR value is between 1x10°-1x10* considered an acceptable

range, and if the CR value is less than 1x107 is considered insignificant.

6.2.8. Assessment of the heavy metals in sediment

Interpretation of geochemical was dependent on the background value. Background value
plays a significant role in the assessment of the metals available in the sediment. Several authors
used average world shale value or average upper crust value or local calculated background value
as a reference (Turekian & Wedepohl, 1961; Singh et al., 2003; Rudnick & Gao, 2014). Singh et

al., (2003) were calculated the background value for Gangetic plain.

6.2.8.1.  Geoaccumulation Index (lgeo)

Geoaccumulation index (lgeo) assesses the metal contamination by comparing the currently
observed value to the preindustrial concentration in soil or sediment. Initially, it was used for the
bottom sediment (Muller, 1969), but nowadays, it is widely used to access soil pollution. The

following formula is used to calculate the lgeo:

Cn
158,

lyeo = log, (6.11)
Where Cn is the observed n elemental concentration in the analyzed sediment. Bn is the
geochemical average shale background value in the fossil argillaceous sediment. A constant 1.5
use to investigate the essential disparity in the content of a specific material in the natural
environment and minor anthropogenic influences. Muller (1969) was classified the lgeo into six

classes based on the sediment quality;

Igeo Classe

Igeo <0 Uncontaminated

Igeo = 0-1 Uncontaminated to moderately contaminated
Igeo = 1-2 Moderately contaminated

Igeo = 2-3 Moderately to strong contaminated

Igeo = 3-4 Strong contaminated

Igeo = 4-5 Strongly to extremely contaminated

Igeo >5 Extremely contaminated
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The modified calculations were used in the calculations of the geoaccumulation index. The
modifications were as follows: Cn denoted the observed concentration of a particular element on
the soil's surface layer, whereas Bn denoted element concentrations in the Earth's crust (Turekian
& Wedepohl, 1961). The average concentration in the earth crust for As, Hg and Sb are
substantially higher than the average concentration in the shale used as a reference figure by Muller
(1969). In this calculation, we were decided to compare the measured concentration of the element
to the concentration in the Earth’s crust. Because soil is a component of the surface layer of the
Earth’s crust, and its chemical and physical components are linked to the Earth’s crust. The
concentration of the component in the shale was compared to the average concentration of the
metals in the Earth’s crust given by Rudnick & Gao (2014); the former concentration was found
to be much higher. According to Rudnick and Gao (2014), the average concentration of As was
4.8 mg/kg, whereas, Turekian & Wedepohl (1961) considered 13 mg/kg in average shale. In this
study, we have taken Turekian & Wedepohl (1961) for As pollution index calculation.

6.2.8.2.  Enrichment Factor (EF)

The enrichment factor (EF) was calculated by comparing the analyzed element to a
reference element. Reference materials are those materials which are having the lowest occurrence
of variability in the Earth’s crust. Reference elements such as Sc, Ti, Mn, FE and Al are the most
common reference elements and are considered conserved in the Earth’s crust (Reimann et al.,
2000; Sutherland, 2000; Loska et al., 2004). In this study, we used Al as a conservative (reference)
element. Aluminum is the most abundant metallic element in the Earth's crust, and the matrix
primarily determines its concentration in soil. Eventually, the following formula is used to

calculate the enrichment factor;

EF =

C, /
C;
& (6.12)

Bn/
Bref

Where, C, is the concentration of an analyzed element in the sediment sample. Cref content
of the reference element in the undisturbed or reference environment. By, is the concentration of an

analyzed element (Al for this calculation), and Brer is the reference element (Al shale value) to the
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reference environment. Sutherland (2000) has been given enrichment factor (EF) class based on

the metal enrichment into the sediment;

EF Class Sediment enrichment

EF<2 Deficiency to minimal enrichment
2<EF<5 Moderate enrichment

EF=5-20 Significant enrichment
EF=20-40 Very high enrichment

EF > 40 Extremely high enrichment

6.2.8.3.  Contamination Factor (CF)

The contamination factor (CF) was also used to evaluate the sediment or soil pollution in
the study area. Hakanson (1980) introduced a soil classification based on soil contamination
factors by comparing the metal concentrations in the sediment to the preindustrial level (average

shale). The following formula has been used to calculate the contamination factor;

Cmetal

CFhnetar = o (6.13)
ackground

Where CFmetal is the contamination factor for the particular metal or element, Cmetal is the
elemental concentration measured in the sediment sample, and Chackground iS the natural elemental
concentration in the reference environment. It has been suggested that the lowest concentration of
a given element in the soils under investigation may indicate that element's background
concentration, which is unlikely to be influenced by human activity. Therefore, the lowest
concentration of an element analyzed in the soil sample can be considered as the background value
for that element. To estimate the risk of soil contamination, Hakanson (1980) introduce a
classification to identify the soil contamination risk to the seven HMs. Depending on the intensity

of pollution, the numeric values of this index can range from 1 to over 6 as follows;

Contamination degree Sediment pollution
CF<1 No pollution
1<CF<3 Moderate plollution
3<CF<6 considerable pollution
6 <CF Very high pollution
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6.3. Result and discussion

6.3.1. Descriptive analysis of As and trace metals in groundwater

The statistical analysis of the As and trace metals analyzed in the groundwater was

described in table 6.4. The pH of the groundwater was neutral to slightly alkaline mentioned in the

previous chapter (Chapter 3). The detected concentration of As ranges from BDL to 0.263 mg/L
in study area 1. In study area 2, it varied from BDL to 0.62 mg/L (Table 6.4). The WHO (2008)

maximum acceptable limit of As in the drinking water can not be beyond 10 ppb. In study area 1,

around 36.4% of groundwater samples were above the WHO acceptable limit. However, in study

area 2 (Ghazipur), 33.4% of groundwater samples were above the WHO accepted limit and unsafe

for drinking.

Table 6.4: Statistical summary of As and trace metal, degree of contamination and hazards index
in groundwater study areas.

Study area 1 (Gorakhpur) Study area 2 (Ghazipur) WHO
Unit | Mean Range SD Mean Range SD | (2008)
As mg/l 0.03 BDL - 0.265 0.05 0.06 BDL - 0.62 0.10 | 0.01
Cu " 0.01 BDL - 0.048 0.01 0.02 BDL - 0.08 0.02 2
Cr 0.01 BDL - 0.069 0.01 0.01 BDL - 0.078 0.01 | 0.05
Mn 0.41 BDL - 3.90 0.66 2.55 0.034 - 20.62 3.22 0.4
Pb 0.02 BDL - 0.079 0.02 0.04 BDL - 0.29 0.06 | 0.01
Zn 2.32 0.02 - 36.78 5.43 1.41 0.02-12.23 1.93 3
DC unitless | 13.23 -3.21 - 116.06 17.73 2.75 -3.67 - 34.29 7.17
Hl(adult) 25.94 0.14 - 126.69 24,71 14.40 0.03 -44.98 11.25
HI(child) 48.14 0.25 - 235.09 45.86 26.73 0.05 - 83.48 20.87

Where DC= degree of contamination, HI= Hazard Index, SD= Standard deviation, BDL=Below detection

limit.

The Cu in groundwater was varied from BDL to 0.048 mg/L in study area 1 (Gorakhpur),

while it varied from BDL to 0.08 mg/L in study area 2 (Ghazipur). The concentration of Cu was

higher in study area two compared to study area one. Similarly, like Cu, other heavy metals such

as Cr, Mn, Pb and Zn were measured higher in Ghazipur compared to Gorakhpur.

6.3.2. Health risk assessment due to As and TMSs exposure

Non-carcinogenic exposure assessment of the metals (As, Cu, Cr, Mn, Pb and Zn)
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The degree of contamination was calculated in both the study area. It was varied from -
3.67 to 34.29 with a mean of 2.75 in study area 1. Based on the degree of contamination, we
observed that ~61% of water samples fell in category 1 (Cdeg <1), indicating low trace metal
pollution. Approx. 9% of water samples fell in category 2 (Cgeg = 1-3), indicating medium trace
metals pollution. Approx. 30% of water samples fell in category 3 (Cdeg >3), indicating metal
pollution. In study area 2, the degree of contamination was varied from -3.21 to 116 with a mean
of 13.23. Based on the degree of contamination, we have observed that approx. 18.6% of the water
samples fell in category 1, which denoted low trace metals contamination. Approx. 14.4% of the
groundwater samples fell in category 2, indicating medium metal pollution, and 67% of the water

samples were fell in category 3, indicating high metal pollution.

In general, exposure to a substance through the ingestion pathway is more critical than
cutaneous absorption. The average daily intake of As for adults and children was varied from 0.0
to 1.1x102 (mean 1.5x10° mg/L) and 0.0 to 2.1x10? (mean 2.8x10° mg/L), respectively. In
addition, the ADD (dermal) of As for adults and children was varied from 0.0 to 5.9x10®and 0.0
to 1.09x10™ respectively. The average daily dose through the cutaneous adsorption was only
calculated for As because the cancer slope factor is only available for arsenic. In study area 2
(Ghazipur), the ADD of As for adults and children was varied from 0.0 - 2.7x102 (mean 2.8x10°
mg/L) and 0.0 - 4.9x102 mg/L (mean 5.2x10° mg/L), respectively. In contrast, the average daily
dose for dermal absorption was varied from 0.0 to 1.4x10° and 0.0 to 2.55x10™ respectively.

The CRray for adults and children varied from 0.0 to 1.7x102 and 0.0 to 3.2x1072. In
contrast, the CRermary for adults and children were ranged between 0.0 to 4.19x102and 0.0 to
7.8x1072, respectively. In study area one (Gorakhpur), approx. 15.8% of the water samples were
safe for drinking, while 84.2% of water samples were above the US-EPA limit (10°%), indicating

long-term intake of As contaminated water can cause cancer in human beings.

In study area two (Ghazipur), the CRorai) for adults and children varied from 0.0 to 4.0x10"
2and 0.0 to 7.5x1072. In contrast, the CRgermaty for adults and children were ranged between 0.0 to
9.8x102and 0.0 to 1.8x10?, respectively. The calculated CI value indicates that 20.6% of the
water samples were safe for drinking while 78.4% of the water samples were above the US-EPA

limit (10°), indicating long-term intake of As contaminated water can cause cancer in human
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beings. The carcinogenic risk was only calculated for As because the cancer slope factor was not

available for other trace metals.

The average daily intake of Cr for adults and children was varied from 0.0 to 2.9x107 and
0.0 to 5.5x10° mg/L, respectively. The ADD of Cu for adults and children was varied from 0.0 to
2.1x10% and 0.0 to 3.8x10° mg/L, respectively. The ADD of As was higher compared to other

toxic metals in Gorakhpur.

The mean value of the hazard index for As and TMs was observed 26.73 in Gorakhpur
while 48.14 in Ghazipur. It is widely accepted that an HI, less than one, indicates no significant
danger of non-carcinogenic consequences and HI value higher than one, significant risk of a
carcinogenic effect.

6.3.3. Descriptive analysis of As and trace metals in sediment

The pH of study area one was slightly alkaline in nature. It varied from 8.09 to 8.36, with
a mean of 8.23+0.08 at Khorabar and 7.92 to 8.37, with a mean of 8.15+£0.12 at Farshiya, in
Gorakhpur. The pH of both older and younger alluvium was almost comparable. The depth of the
sediment core was 0.0 to 33.53 mbgl, with a mean of 16.64+10.55 at Khorabar and 0.0 to 33.53
mbgl, with a mean of 17.47+10.4 (Table 6.5). The mean concentration of As, Al, Cd, Co, Cr, Cu,
Fe, Mn, Ni, Pb and Zn were reported 11.50+3.88 mg/kg, 45217.73+8941.33 mg/kg, 0.26+0.15
mg/kg, 14.09+5.51 mg/kg, 32.93+£15.58 mg/kg, 54.07+16.89 mg/kg, 20462.05+6453.51 mg/Kkg,
514.53+280.49 mg/kg, 21.98+10.63 mg/kg and 100.87+£17.25 mg/kg, respectively at Khorabar,
while at Farshiya it was observed 11.42+5.3 mg/kg, 45301.29+12262.48 mg/kg, 0.42+0.17 mg/kg,
20.77+8.88 mg/kg, 42.05+23.91 mg/kg, 45.81+7.78 mg/kg, 24269.65+4499.61 mg/kg,
639.24+100.02 mg/kg, 31.55+4.71 mg/kg, 16.22+4.92 mg/kg and 124.37+22.93 mg/kg
respectively. Maximum deviation was observed in aluminum (Table 6.5). Soil texture results
showed that the proportion of sand was highest than silt and clay. Litholog has shown that sand
was present in all the sediment cores throughout the entire depth (Figure 4.5&4.6, chapter 4). The
mean percent distribution of silt, clay and OM was higher at Farshiya compared to Khorabar due

to flooding each year during the flood.
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Table 6.5: Statistical summary of the sediment core in the study area 1 (Gorakhpur)

Core 1 (Khorabar) Core 2 (Farshiya)
Unit Mean Range St. Dev Mean Range St. Dev
Depth m 16.64 0-33.53 10.55 17.47 0.00 - 33.53 10.40
pH 8.23 8.09 - 8.36 0.08 8.15 7.92 -8.37 0.12
As mg/kg 11.50 5.028 - 19.19 3.88 11.42 3.65-23.96 5.30
Al " 45217.73 28918.1 - 61621.35 8941.33 | 45301.29 29000.4 - 69498.25 12262.48
Cd 0.26 0.08 - 0.61 0.15 0.42 0.14-0.79 0.17
Co 14.09 8.60 - 30.90 551 20.77 13.20 - 42.60 8.88
Cr 32.93 11.20 - 67.50 15.58 42.05 15.80 - 98.50 2391
Cu 54.07 24.30-73.20 16.89 45.81 36.10 - 61.30 7.87
Fe 20462.05 11793.6 - 33694.5 6453.51 | 24269.65 17923.5 - 32361.9 4499.61
Mn 514.53 163.20 - 1131.00 280.49 639.24 483.60 - 807.70 100.02
Ni 21.98 12.30 - 46.80 10.63 31.55 26.50 - 42.50 4.71
Pb 25.38 12.20 - 47.20 10.10 16.22 7.60 - 28.10 4.92
Zn 100.87 69.50 - 138.70 17.25 124.37 81.50 - 163.20 22.93
Sand % 50.95 36.84 - 72.67 12.65 40.94 15.56 - 70.19 17.51
Silt % 43.69 25.37-55.45 9.84 51.60 27.26-71.62 13.51
Clay % 6.19 1.58 -14.03 3.55 6.77 1.45-12.82 3.66
oM % 0.31 0.036 - 0.76 0.22 0.63 0.23-1.22 0.35

In study area 2 (Ghazipur), pH ranged from 8.00 - 8.34, with a mean of 8.16+0.11at
Jagadishpur and 7.97 - 8.35, with a mean of 8.19+0.11 at Firozpur. The pH of the study area was

slightly alkaline in nature in both older and younger alluvium and almost similar to each other.

The sediment cores depth ranged from 0.0 - 33.53 mbgl, with a mean of 16.76+11.32 at
Jagadishpur and 0.0 - 33.53 mbgl, with a mean of 15.73+10.96 at Firozpur (Table 6.6). The mean
concentration of As, Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn were reported 11.08+7.53mg/kg,
43225.12+6100.93 mg/kg, 0.31+0.15 mg/kg, 8.50+8.10 mg/kg, 94.72+90.25 mg/kg, 25.25+22.24
mg/kg, 26324.85+8708.28 mg/kg, 857.68+280.59 mg/kg, 23.67+11.06 mg/kg, 19.19+5.86 mg/kg
and 102.19+22.39 mg/kg, respectively at Jagadishpur and 14.26+0.11 mg/kg, 49153.2+9960.5
mg/kg, 0.37£0.2 mg/kg, 14.88+9.0 mg/kg, 140.67+103.87 mg/kg, 72.88+21.26 mg/kg,
31621.79+10200.31 mg/kg, 965.66+224.77 mg/kg, 32.85+12.42 mg/kg, 15.70+6.64 mg/kg and
110.77+26.72 mg/kg, respectively.

151



CHAPTER 6

Table 6.6: Statistical summary of the sediment core in the study area 2 (Ghazipur)

Core 3 (Jagadishpur) Core 2 (Firozpur)
Unit Mean Range St. Dev | Mean Range St. Dev
Depth m 16.76 0-3353 11.32 15.73 0.00 - 33.53 10.96
pH 8.16 8.00 - 8.34 0.11 8.19 7.97 -8.35 0.11
As mg/kg 11.08 1.40 - 26.31 7.53 14.26 2.59 - 31.52 8.79
Al " 43225.12 28544.95 - 54936.15 6100.93 | 49153.20 38858.5 - 68430.21 9960.48
Cd " 0.31 0.01 - 0.62 0.15 0.37 0.11-0.72 0.20
Co " 8.50 0.00-32.1 8.10 14.88 2.10-32.50 9.00
Cr " 94.72 9.80 - 282.50 90.25 140.67 42.87 - 323.75 103.87
Cu " 25.25 5.02 - 73.16 22.24 72.88 48.91-113.23 21.26
Fe " 26324.85 12774.3 - 43495.2 8708.28 | 31621.79  18872.7-51823.21  10200.31
Mn " 857.68 378.20 - 1298.70 280.59 965.66 693.90 - 1557.70 224.77
Ni " 23.67 11.50 - 51.50 11.06 32.85 19.50 - 57.20 12.42
Pb " 19.19 9.50 - 31.60 5.86 15.70 4.58 - 26.76 6.64
Zn " 102.19 70.60 - 144.30 22.39 110.77 83.56 - 189.65 26.72
Sand % 49.72 10.35 - 76.32 18.47 45.40 7.62-97.18 30.41
Silt % 44.90 17.01-81.61 17.50 49.87 2.82-81.81 27.03
Clay % 5.18 1.21-9.22 2.82 4.73 0.0-10.73 3.56
oM % 0.36 0.054 - 1.95 0.49 0.50 0.1-1.23 0.35

Similar to study area one, the sand proportion was highest compared to silt and clay and

available in all the sediment core samples from top to bottom. The mean concentration of As was

observed higher in Firozpur compared to Jagadishpur (Table 6.6). Jagadishpur fell into older

alluvium, while Firozpur fell into younger alluvium and flooded every year during the flood. The

elevated As and trace metals in the sediment core of Firozpur were associated with soil texture and

color. The concentration of Pb was higher in OA (Jagadishpur) than YA (Firozpur), which might

be due to the local anthropogenic source.

6.3.4.

Statistical analysis (Pearson’s correlation matrix)

A correlation matrix was plotted for the sediment core samples at Khorabar (Figure 6.1).

The figure showed that silt and clay are negatively correlated with sand (p=0.05), but there was no

significant correlation observed between OM and clay. A good correlation was observed between

Fe, Mn, Zn, Pb, Ni, Cr, Cd and Co and a negative correlation with OM, indicating a similar origin

from a common source or homogeneous geochemical behavior.
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Figure 6.1: Pearson's correlation matrix (at p=0.05) for sediment core one at Khorabar,

Gorakhpur
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As positively correlated with pH, Pb, Ni, Zn, Fe and Mn, indicating metal oxide involved

in adsorption or desorption of As at Khorabar. A significant positive correlation was observed

between Al with Ni and Co, but with other metals, Al was moderately correlated, indicating a

similar source and might be they are coming from metal chelation. A negative correlation was

observed between sand and TMs and organic matter in the older alluvium (Khorabar), indicating

TMs were release from their minerals.

The Pearson's correlation plot was plotted for the sediment core of younger alluvium (YA)

at Farshiya (Figure 6.2). From the plot, pH was negatively correlated with As, TMs clay and silt

and positively correlated with sand. The mobility of TMs is the function of pH and depth. Appert

from that, mobility of TMs percentage at a given pH is also influenced by the sediment's buffering

ability at that pH.
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The buffering capability of the different layers of the sediment profile differs significantly

(Gébler, 1997). The positive correlation of As and TMs with clay and silt and negative correlation

with sand indicating metal adsorbed on fine sediment surfaces of clay and aluminosilicates

minerals. A negative correlation of sand with As, TMs and organic matter indicating coarser

sediment with the less organic matter was not involved in adsorption or desorption of metals.

The Pearson’s correlation plot was plotted for the older alluvium at Jagadishpur (Figure

6.3). Figure 3 shows that depth was negatively correlated with As, Co, Al, Fe, Pb, Cd, Ni, Silt and

organic matter, indicating that upper layer sediments were rich in organic matter and had a high
affinity to adsorbed As and TMs (Kumar & Ramanathan, 2018).
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Figure 6.3: Pearson's correlation matrix (at p=0.05) for sediment core one at Jagadishpur,
Ghazipur

A positive correlation between TMs, indicating a similar source and occurrences, might be
responsible for the availability of metal chelation. As positively correlated with Cr, Co, pH, Al,
Fe, Pb, Cd, Ni, Mn and silt, indicating As adsorbed on metal oxides, fine particles and
aluminosilicate minerals and sorption or desorption of As was pH and redox potential dependent
(Hossain et al., 2014). A negative correlation of sand with TMs, clay, silt and OM, indicating
coarser sediment with less organic matter, was not efficient in the TMs to their surface because of
less available surface area.

The Pearson’s correlation plot was plotted for younger alluvium at Firozpur (Figure 6.4).
Arsenic negatively correlated with pH and sand while positively correlated with silt, clay, organic
matter, Co, Cu, Al, Fe, Ni, Cd and Pb, indicating metal oxide and aluminosilicate in the presence
of fine silty clay enhanced the As concentration in soil. A positive correlation of As with organic
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matter supports the adsorption of As on fine particles by creating a reducing subsurface
environment (Nickson et al., 1998; Smedley & Kinniburgh, 2002; Kumar & Ramanathan, 2018).
All the trace metals in the sediment core were positively correlated, indicating similar sources and

occurrences in the sediment.
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Figure 6.4: Pearson's correlation matrix (at p=0.05) for sediment core one at Firozpur,

Ghazipur
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The positive correlation of organic matter with TMs, indicating probable metal chelation

in the presence of reducing conditions, but the positive relationship between metal shows similar

sources and geochemical behaviors (Pandey & Singh, 2017).
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6.3.5. Sediment quality assessment

6.3.5.1. Geoaccumulation Index

The geoaccumulation index was calculated for metals such as As, Al, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn in the sediment cores and plotted with the depth at Khorabar and Farshiya
(Figure 6.5a&b). The geoaccumulation index was classified into seven classes based on the

unpolluted to extremely polluted sediment quality

The geo-accumulation index is divided into seven grades (0-6), showing varying degrees
of enrichment above background values ranging from unpolluted to extremely polluted sediment
quality. In study area 1 (Gorakhpur), lgeo values for As and TMs were below 0 (zero), indicating

sediment was unpolluted except at a depth of 3.14 mbgl for Pb.
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Figure 6.5: Geoaccumulation index (lgeo) plot for sediment core at, a. Khorabar b. Farshiya

Similar results were also observed in the sediment core of Farshiya (Figure 6.5b). All the
metals such as Al, Cd, Cr, Cu, Fe, Mn, Ni and Pb had Igeo values less than O (zero) throughout the

entire depth indicating sediment core was unpolluted. However, lgeo values for As, Co and Zn were
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falling between 0 to 1 at a depth of 12-17 mbgl, indicating uncontaminated to moderately

contaminated sediment was reported.

In study area 2 (Ghazipur), lgeo values were less than zero for all the As and trace metals

studies. Based on the lgeo classification, TMs and As fell in category 1, representing unpolluted

sediment except for some elements (Figure 6.6a). Trace metals such as As, Cu and Cr were shown

some anomalies with high concentrations at a depth of 3 mbgl. Based on the lge classification,

they were falling in unpolluted to moderately polluted class. Co was falling in class 1, unpolluted,

but at a depth of 31 mbgl, a sharp peak was reported in lgeo(0-1), represented unpolluted to

moderately polluted sediment class.
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Figure 6.6: Geoaccumulation index (lgeo) plot for sediment core at, a. Jagadishpur b. Firozpur
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The calculated lgeo values for TMs such as Al, Cd, Co, Fe, Mn, Ni and Pb were less than

zero in the sediment core of Firozpur (Figure 6.6b), indicating that unpolluted sediment class. Cr

showed few sharp peaks of lgeo (0-1) in upper surface sediment and at a depth of 10 mbgl,

indicating unpolluted to moderately polluted sediment class at that depth. As, Cu and Zn had lgeo

values less than zero in the upper section of the sediment core but at a depth of 27 to 34 mbgl lgeo

values between 0-1, indicating unpolluted to moderately polluted sediment class. In both the study
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areas, the vertical depth-wise distribution of sediment core shows that most of the studied elements

show a similar trend of lgeo below the depth except Cr.
6.3.5.2. Enrichment Factor (EF)

The enrichment factor (EF) is a standardization tool for classifying the metal percentages
found in sediments. The EF was calculated in the sediment cores to identify the enrichment of the
elements in the study area. Figure 6.7&6.8 shows the vertical distributions of calculated EF for
each metal studied in the sediment cores. The mean EF value for the studies metals was found

between 2 to 5, indicating moderate enrichment in all four sediment cores.

In study area 1 (Gorakhpur), the enrichment factor for Mn and Cr was found < 2, indicating
deficiency to minimal enrichment of these metals in the sediment core at Khorabar. The mean EF
for Fe, Cd and Ni was found less than 2, but in the upper section of the sediment core, the EF was
found between 2-5, indicating moderate enrichment of these metals (Figure 6.7a). The ER for As,
Co and Cu was found between 2-5, indicating moderate enrichment. However, at a depth of 24.4
mbgl and 30.48 mbgl, the ER values were higher than 5, indicating significant enrichment of Cu.
Similar to Cu, the calculated ER value for Pb and Zn reported that the upper section of the sediment
represents deficiency to minimal enrichment. In contrast, the deeper section shows moderate

enrichment.

EF was calculated and plotted for the sediment core at Farshiya in figure 7b. The mean EF
values for Mn and Cr were below less than 2, indicating deficiency to moderate enrichment. The
enrichment mean values for As, Co, Cu, Fe, Ni, Pb and Zn were found in between 2 to5, indicating
moderate enrichment of these elements in the sediment core, while EF for As and Zn at a depth of
9.1 mbgl were observed between 5-10, indicating a significant enrichment of these elements. A
higher enrichment of the elements at 9.1 mbgl depth, indicating geochemical processes might be

responsible for the elevated elemental concentration.
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Figure 6.7: Enrichment factor (EF) plot for sediment core at, a. Khorabar b. Farshiya

The EF plots were plotted for the sediment core of Jagadishpur (Figure 6.8a). The mean
enrichment values for Cd, Co, Cu and Ni were observed 1.9, 1.3, 1.5 and 1.8, respectively. Based
on the EF classification, these elements fell in class 1 (EF< 2), representing deficiency to minimal

enrichment.

The mean enrichment value for As, Cr, Fe, Mn, Pb and Zn were found 2.8, 2.1, 2.3, 2.02,
2.9 and 3.5, respectively, and these elements represent moderate enrichment of the metal. In the
sediment core at a depth of 3.01 and between 24.4 to 27.5, EF was high and representing (ER = 5-
10) significant enrichment class.

In the EF plot at Firozpur (Figure 6.8b), we have observed that only two elements Cd and
Mn having mean EF values less than 2, representing deficiency to minimal enrichment (EF< 2).
However, the remaining metals such as As, Co, Cr, Cu, Fe, Ni, Pb and Zn were shown mean value

greater than two but less than five, representing moderate enrichment of these elements.
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Figure 6.8: Enrichment factor (EF) plot for sediment core at, a. Jagadishpur b. Firozpur
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Figure 6.9: Contamination factor (CF) plot for sediment core at, a. Khorabar b. Farshiya
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In study area 1 (Gorakhpur), the mean calculated contamination factor values were

observed less than one except Pb, indicating no pollution (Figure 6.9a). The mean value of Pb was

higher than one but less than three, indicating moderate pollution by Pb at Khorabar. This area

comes under the urban region of Gorakhpur so that anthropogenic inputs might be enhanced Pb in

sediment cores. The sediment core of Farshiya (Figure 6.9b), showing the calculated CF mean

value was less than one except Zn, indicating no pollution in this region. The mean of Zn was

greater than one but less than three, representing moderate pollution of Zn in the sediment core of

Farshiya. This core was collected from the agricultural field that might be the reason for high Zn

in the sediment core.
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Figure 6.10: Contamination factor (CF) plot for sediment core at, a. Jagadishpur b. Firozpur
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In study area 2 (Ghazipur), the mean calculated contamination factor values were observed

less than one for As, Cd, Co, Cr, Cu, Ni, Pb and Zn, indicating no pollution in the sediment core

at Jagadishpur (Figure 6.10a). However, the mean contamination factor in the sediment core of

Firozpur was observed greater than one but less than three for As, Cu and Zn, indicating moderate

pollution (Figure 6.10b).
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6.4. Conclusions

The results have shown that the pH of the water samples was slightly acidic to neutral in
nature, while the pH of sediment samples was neutral to slightly alkaline in nature. In Gorakhpur,
approx. 36.4% of groundwater samples were above WHO permissible limit while in Ghazipur
approx. 33.3% of groundwater samples were above WHO permissible limit. The degree of
contamination represented 30% of the water from Gorakhpur, and 67% of the water samples from
Ghazipur were highly polluted. The calculated cancer risk (CR) for As showed that 85.2% of water
samples were above the US-EPA limit (10®) in Gorakhpur, while in Ghazipur, around 78.4% of
water samples were above the US-EPA limit. The correlation plots showed that As and TMs are
positively correlated with each other, and their concentration was elevated in the presence of fine
silty clay and organic matter. The calculated geoaccumulation indices were indicating that all the
sediment cores were fell in the unpolluted region. The enrichment factor for sediment core in study
area one, indicating upper section, shows moderate enrichment for all the metals except As and
Zn; they were significantly enriched. In study area two, deficiency to minimal enrichment was
shown for all the TMs except As. In the upper section and at a depth of 24.4 mbgl As shown a
significant enrichment. The contamination factor for As and trace metals was computed, and the
findings showed that all metals fell into class 2 represents moderately polluted. At different depths
of the sediment cores, the results demonstrated that As, Cd, and Cu had a high range of moderately
contaminated to polluted in the research area. Hence, elevated As contamination in agricultural

soils and sediment has become a significant problem in the studied area.
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CHAPTER 7

7.1. Summary and Conclusions

The present study was conducted on a regional scale to understand the geochemical processes that
trigger the As and other solute’s mobilization in groundwater and sediment. Geomorphic terrain
and groundwater flow significantly influence the As distribution and its mobilization processes in
the central Gangetic plain. The study was carried out in two districts (Gorakhpur and Ghazipur) of
Uttar Pradesh. Two major geomorphic units (older alluvium and younger alluvium) were
recognized and delineated by field observation, remote sensing and available lithologs in the study
area. The pH of the groundwater in older alluvium (OA) and younger alluvium (YA) was slightly
acidic to neutral. The average As concentration was reported higher in the groundwater of YA
(0.05 mg/L) than the OA (0.03 mg/L). However, As concentration in the sediment core of older
and younger alluvium was almost comparable. The average concentration of As in YA and OA
were observed 11.42 mg/kg and 11.50 mg/kg, respectively, in Gorakhpur. Similarly, in Ghazipur,
the average concentration of As in the groundwater of YA (0.06 mg/L) was observed higher than
the OA (0.03 mg/L). A similar course of As availability was observed in the sediment cores of
Ghazipur district. The average concentration of As in the sediment core of YA (14.26 mg/kg) was
observed higher than the OA sediment core (11.08 mg/kg). The results indicate that YA is more
susceptible to As contamination compared to the older alluvium.

The piper plot indicates all of the groundwater samples from OA were CaHCOs type.
However, a total of 91% of the groundwater samples from YA was of the CaHCOs type, and the
remaining 9% of the groundwater from YA and the river water samples were alkaline earth metals
with strong acid (Cl and SOa) type, indicating that Cl and SOs significantly enhanced As
mobilization processes in Gorakhpur district. In contrast, all groundwater and river samples were
CaHCOs type, which further stimulates the As mobilization in Ghazipur. The Eh-pH diagram
indicates anoxic to post-oxic was existed in the groundwater of both the geomorphic units. In
Gorakhpur, ~83% of the groundwater samples from OA and ~88% from YA fell in the As(OH)s3
field, while the remaining 17% of groundwater samples from OA and 12 % from YA fell in the
HAsO4? field. In comparison, ~88% of the groundwater from OA and ~91% from YA were fell
in As(OH)s field, and the remaining 12% of the groundwater samples from OA and 9% from YA
were fell in the HAsO4* field.
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Hydrogeochemical processes indicate silicate weathering is dominated over carbonate
dissolution followed by evaporation and secondary enrichment processes in Gorakhpur districts.
lon exchange and reverse ion exchange are also involved in the groundwater chemistry of OA
groundwater. The carbonate weathering is mainly governed by Calcite dissolution in the
groundwater of YA, while Dolomite dissolution is the dominant process observed in the
groundwater of OA and river water samples. Anthropogenic activities like inputs of fertilizers and
sewage discharge contribute nitrate to the groundwater of OA and river water. In Ghazipur,
carbonate dissolution is dominated over silicate weathering, followed by ion-exchange processes.
Carbonate dissolution was mainly governed by Dolomite dissolution in all the geomorphic units.
K and NOz plot indicates sewage discharge and fertilizer inputs enhanced nitrate in OA and YA

groundwater, while in river water, nitrate contributed mainly from fertilizers.

The saturation index was used to estimate the degree of equilibrium between water and
mineral. The groundwater is in equilibrium with some common minerals such as Albite, Calcite,
Dolomite, K-feldspar, Gibbsite, and Hydroxyapatite in the study area indicate changes in the
subsurface environment significantly influenced the major ion concentration in the groundwater.
The groundwater is supersaturated with Goethite, Hematite, Illite, Kaolinite, and K-mica indicated
that clay minerals and metal oxides are precipitated from the groundwater. Siderite, an iron and

carbonate mineral, was observed in the study area and existed in equilibrium in groundwater.

According to the thesis findings, reductive dissolution of Fe and Mn oxyhydroxide is the
most likely mechanism for As mobilization in the groundwater. Aluminosilicates coated with the
Fe and Mn significantly hosting As in the sediment. In study area one (Gorakhpur), arsenic
distribution in groundwater and its relationship with major ion chemistry suggested that As
releasing mechanism is also linked to anthropogenic inputs (mainly agricultural practices) in the
groundwater of OA, while in the groundwater of YA, arsenic mobilization processes are mainly
controlled by the reductive dissolution of Fe oxyhydroxide which is supported by microbial
degradation of organic matter. In study area two (Ghazipur), dissolution of Fe-Mn oxyhydroxide
is the major process for As mobilization in both the geomorphic units; however, the competitive
exchange also enhanced As in the groundwater of YA. The interconnectedness of these local
circumstances with aquifer sediment and nearby land use in and around the wells often enable As

distribution heterogeneity. The local hydrogeological regime (sediment-water interaction) could
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also influence As distribution in the water. As release process seems to be more complicated and
inconsistent. Additionally to regional geology and hydrogeology may contribute to the diverse As

distribution and mobilization patterns.

Geochemical modeling has been carried out to understand the variability of As species in
groundwater and sediment cores. An Eh-pH diagram indicated that most groundwater samples fall
in the As(OH)s region while river water samples fall in the HAsO4? region, in both the study area.
The oxidation-reduction potential in the groundwater of younger alluvium was more negative than
groundwater of older alluvium, which supports As mobilization in the groundwater by desorption
of metal (Fe and Mn) oxyhydroxides. Geochemical fractional has been done to identify the As
species bound with the different solid minerals phases. A three-step sequential extraction method
has been used to separate the As species in aquifer sediment. The result showed that the residual
fraction of As was dominant over all the fractions, followed by reducible, oxidizable and acid-
soluble fractions. The residual fraction of As in the sediment core was tightly incorporated with
crystal structure which was quickly not breakable by applying weak acids. So, the other three
fractioned species were only involved in As mobilization. An elevated concentration of As was
associated with the upper section of litholog from the older alluvium at Khorabar (Gorakhpur) and
Jagadishpur (Ghazipur) is mainly due to the shallow water table, which is responsible for
generating an oxidizing subsurface environment and As is getting precipitated over the solid
phases of metal oxides. The sediment cores collected from the younger alluvium at Farshiya
(Gorakhpur) and Firozpur (Ghazipur) shown an elevated concentration of As associated with the
fine dark silty-clay coupled with high organic matter indicates significant holding of As into the
solid phases. Results of XRD revealed that secondary minerals like goethite were found in all of
the sediment core throughout the profile. The partial solubilization of fibrous goethite indicates
As mobilization in the groundwater. The mineralogy study also revealed that a high concentration
of As in the sediment core is associated with siderite minerals that act as a sink to the As in

subsurface sediment.

It was hypothesized that long-time groundwater abstraction is causing As mobilization and
distribution in this aquifer system. Stable isotopic signatures (52H, 50 and &3Cric) were applied
to understand the groundwater recharge and discharge processes. Additionaly, it also helped to

understand the groundwater abstraction impact on hydrogeochemical evolution and subsequent As
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release mechanisms. The isotopic result shows that most groundwater samples fall close to the
local meteoric water line (LMWL), indicating local precipitation involved in groundwater
recharge, which undergoes evaporation at few locations. It indicates that the groundwater used for
agricultural practices may have contributed to the drawdown of evaporation. The §3Cric was
observed higher in younger alluvium than older alluvium and river water samples in both the study
areas. The DIC was calculated from §*Cric and pCOg, indicating silicate weathering and carbonate
dissolution were the predominant sources of DIC in the groundwater. An inverse relationship was
observed between §3Cric and TOC. The higher §3Crc indicating high microbial activity and vice
versa. Deeper aquifers were having limited microbial activity indicating the dominance of lighter
isotopes (5!3Cric). DOC positively correlated with Fe and As, indicating enhanced microbial
activity that helped to create a reductive environment that supports As mobilization in the study

areas.

Arsenic is the most carcinogenic element listed in the drinking water guidelines and may
cause health catastrophes even at 10 pg/L levels. Thus, it is absolutely important to measure the
concentration of As even at ultra-trace levels in groundwater and in sediments. In the study area,
~34% of groundwater are not safe for drinking purposes. The observed As concentration was
higher than the WHO prescribed limit (10 pg/L). In the sediment core, pH was slightly alkaline in
nature. The correlation plot indicating that As and trace metals (TMs) are positively correlated
with the fine silty clay and organic matter indicates a similar origin from a common source or
homogeneous geochemical behavior and revealed that they might be coming from metals
chelation. The negative correlation between trace metals and sand indicated coarse sediment could
not be able to adsorbed metals on their surfaces. The geoaccumulation indices indicate that all the
sediment cores are unpolluted in the OA and YA sediment cores except for As, Co and Zn at a
depth of 12-17 mbgl, which indicates dark grey fine silty clay holding these metals in Gorakhpur.
A similar result was observed in Ghazipur. All the metals were fell in unpolluted class except for
As, Cu and Cr in the upper section of OA, which indicates metals get precipitated under oxidizing
subsurface environment. While in YA, a high concentration of As, Cu and Zn was observed and
fell in moderately polluted class indicates mineral of these metals associated with metals
enrichment. Enrichment factor indicates deficiency to minimal enrichment for all the analyzed

TMs except As and Zn. In the upper section of the sediment core and at a depth of 24.4 mbgl, As
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and Zn showed significant metal enrichment at this depth. The contamination factor was calculated
for As, and trace metals and the results show all metals were fell in class 2 (moderately polluted).
These findings are critical in determining soil quality and can assist local governments in taking
remediation action. The results revealed that As, Cd and Cu having a high band of moderately
polluted to polluted class in the study area at different depths of the sediment cores. As a result,

rising arsenic levels in agricultural soils/sediment have become a serious issue.
7.2. Outlook of the future research

The present study is carried out on a regional scale to understand the As fate and
mobilization in the studied area. Based on the different geomorphological units (older a younger
alluvium), a comparative study has been carried out to understand the role of As fate and
mobilization in the central Gangetic basin. Although we have collected four sediment cores with
a maximum depth of 35 mbgl, it will not be sufficient to understand the behavior of the role of As
mobilization in the central Gangetic plain. A deeper sediment core (300 mbgl) will be helpful to
recognize the As contaminated aquifer and safe aquifer and their interconnectivity with the
groundwater. As speciation in sediment core will be carried out by applying the advanced
methodology in a holistic approach to get better results. Since our observations show that As
adsorbed /desorbed by reductive dissolution of metal oxyhydroxide, which is triggered by micro-
bacterial degradation of organic matter. Hence, future studies will also be focusing on identifying
the micro-bacterial genera that reduced Fe-bearing minerals in the central Gangetic plain and

liberated As into the groundwater.

Although we have calculated the As and trace metals exposure through groundwater, we
were not considered the food and raw vegetable in dietary intake in this study. The daily intake of
As and other toxic elements from different exposure pathways such as cooked food and raw
vegetables need to be adequately estimated to compute the actual As and trace metal exposure for
the local population resided in the study area. So, future studies should also focus on groundwater
and other food components (grains and vegetables) on a large sample basis to get an appropriate

result.
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Abstract

Arsenic and uranium in the aquatic environment are recognized as a major catastrophic problem worldwide and have
natural as well as human-made sources such as mining, industry and agriculture. The severity of this problem is further
accelerated by in-situ physio-chemical factors in the fluvial environment which enhances the concentration of arsenic and
uranium in groundwater that feeds millions of people in Central Gangetic Plain in India. This study aims to establish a better
understanding of the processes responsible for the co-occurrence of arsenic and uranium along with the factors controlling
their solubility and mobility in the groundwater of central Gangetic plain. This study is an attempt to bring out the (a) the
spatial distribution pattern of arsenic and uranium, (b) insight into the hydrogeochemical characteristics of aquifers that are
controlling their co-occurrence and provides (c) information of their source which are validated by statistical tools. Silicate
weathering controls U mobilization and distribution whereas carbonate dissolution and ion exchange process controls As in
groundwater. The land use and land cover pattern of the North-eastern (NE) part of the study area is agriculture dominated
and is composed of Holocene older alluvium. However, the South and South-western areas which are closer to the river are
formed by the deposition of river born newer alluvial. Newer alluvium in the SW part has unoxidized organic-rich clay that
enhances arsenic mobilization by reductive dissolution of Fe-oxyhydroxide. In the NE region, the abundance of fertilizers
in the subsurface oxidizing environment augments the solubility and mobility of uranium.

Keywords Arsenic - Central Gangetic plain - Uranium - Ghaghara - Rapti

Introduction

Since last few decades, high concentrations of arsenic and
uranium in groundwater have been a significant environmen-
tal problem and have been identified as a major public health
concern in several parts of the world (Gas’kova et al. 2000;
Mukherjee et al. 2006). It can cause chronic human health
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disorders such as skin pigmentation, dermal hyperkeratosis
and cancers (Mazumder 2008; Martinez et al. 2011). Intake
of U contaminated drinking water can lead to chronic lung
diseases and nephrotoxic damage (Zamora et al. 1998; Kurt-
tio et al. 2002; Guo et al. 2016). Therefore, the World Health
Organization (WHO 2011) elucidated a provisional health-
based As (10 pg/L) and U (30 pg/L) guideline concentration
in drinking water (Ravenscroft et al. 2009).

Although groundwater As is entirely geogenic (Brown
et al. 2007; Cinti et al. 2015; Guo et al. 2016) and derived
from physical weathering and erosion of lithified sedi-
ments and crystalline rocks, it gets deposited on flood-
plains and deltaic regions where it is subjected to intense
chemical weathering (Stollenwerk et al. 2007). The
redistribution processes of arsenic in lower deltaic flood-
plains are mainly dependent on factors viz. pH, variable
redox conditions and mineral precipitation/dissolution
in oxic and anoxic aquifer conditions (Acharyya et al.
2000; Stollenwerk et al. 2007). Dissimilatory reduction
of Fe/Mn oxyhydroxide in anoxic aquifers conditions is
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