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Degradation of water quality is a major challenge in both developed and
developing countries since it poses a great risk to ecological health. The
Cauvery river is one of the most important rivers of southern India, where the
effect of seasonal variation on the quality of river water and its adjoining
groundwater on the lower part of the basin has not yet been studied. Hence,
the present study was carried out to evaluate the river water and adjacent
groundwater for drinking and irrigational purposes, and also to identify the
sources affecting the water quality. About 118 river water and 131 groundwater
samples were collected over 4 months from May 2018 to August 2019. The water
samples were analyzed for electrical conductivity (EC), pH, major and minor ions,
and trace elements. The major, minor, and trace elements were then compared
with the Bureau of Indian Standards and World Health Organization for drinking
water quality assessment. The drinking water quality was assessed, indicating that
both river water and groundwater were unsuitable in the coastal regions,
especially during dry seasons. Irrigation water quality was also assessed, which
indicates that most of the river water and groundwater samples were unsuitable
near the coastal region. The quality of river water and groundwater in the lower
Cauvery Basin was found to be better during wet periods compared to the dry
season. It was observed that the rock—water interactions was the major factor
controlling the water quality for groundwater and surface water, followed by
anthropogenic activities such as disposal of domestic sewage and effluents into
the river, as runoff from irrigated lands. The study emphasizes the development of
a finer observational network for water quality, along with stringent monitoring of
the disposal of contaminants in the rivers and groundwater.

KEYWORDS

CCME, multivariate analysis, water quality, irrigation water quality, river water and
groundwater interactions, weathering process, ion exchange process

1 Introduction

Deterjoration of water quality is a major problem in both developed and developing
countries. The quality of water is currently worsening globally due to widespread economic
development, changes in demographics, and climate change. About 2 billion people, who
constitutes 26% of the world’s population, lack access to safe drinking water (UNEP, 2021).
Although water quality assessments have been carried out globally, the data representing the
actual scenario of freshwater quality are still scarce, thus putting 3 billion people globally at
risk (UNEP, 2021). Hence, the protection of freshwater resources has gained importance,
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and the UN has also emphasized this in its sustainable development
goals (SDGs), where SDG 6 aims to provide clean water and
sanitation to the world’s population. After the advent of COVID-
19, water quality issues have been addressed at the forefront globally.
Most of countries are falling behind the target of achieving
sustainable water management by 2030 (UN water 2021). The
challenges faced by developing countries are more severe, since
they face greater risks to ecological and human health, mostly due to
lack of access to clean water. Recent studies state the increase of
salinity in rivers, especially in Asia has worsened since 2010,
indicating the risk to humans who consume polluted water
(Gupta and Deshpande, 2004; United Nations Environment
Programme, 2016). In addition, South Asian countries are the
predominant of groundwater in the world, where
groundwater contamination is a major threat, especially in

users

developing countries such as India. In India, the piped water
supply is not provided in most of the rural regions, where it is
assumed that the groundwater is safe for consumption. The
Dependence on groundwater is high in the country, especially in
southern India, due to limited surface water resources, non-
perennial rivers, and frequent failure of monsoonal rains. About
70% of the freshwater systems are contaminated in India (Aayog,
2019), where 600 million people face high to extreme water stress.
The gross domestic product (GDP) of the country has been reduced
by one-third due to environmental degradation, leading to an
annual loss of $80 billion (World bank 2019). In addition, the
data systems related to the water of India are limited in their
coverage, robustness, and efficiency.

Hence, the constant monitoring of surface water and
groundwater quality is of prime importance. However, studies
worldwide have assessed groundwater quality and surface water
quality separately, although surface water and groundwater are
interconnected. In the case of shallow aquifers, the groundwater
is contaminated due to the percolation of contaminated surface
water, which can be vice versa as well. Hence, surface water and
groundwater need to be considered a single entity in most cases,
emphasizing the need for conducting an integrated assessment of
the quality of both river water and groundwater. This is critical for
the sustainable and efficient management of water resources of river
basins. Very few studies have assessed the interaction of surface
water and groundwater and its effect on water quality (Brindha et al.,
2014; Zhang et al., 2016; Zhu et al., 2019; Johnstone et al., 2022; Khan
et al, 2019; Khan and Wen, 2021). Such surface water and
groundwater interactions holds much significance in non-
perennial rivers since they possess peculiar hydrology. The
changing times between flow and non-flow periods will have a
greater effect on the surface water and groundwater interactions
and, subsequently, on the water quality. This aspect of the impact of
water quality during the flow/non-flow periods in non-perennial
rivers has not yet been studied in detail.

The Cauvery river, is a major non-perennial river of Southern
India covering three states of the Country. The river branches into
several distributaries, forming a delta at the lower part, and empties
into the Bay of Bengal. The distributaries along with the main river
Cauvery are have been the major source of water for both irrigation
and domestic uses for the population residing in the Cauvery deltaic
zone. The lower part of the Cauvery river is one of the significant
hubs for rice production in India, which has been recently
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categorized as a protected special agricultural zone by the State
Government of Tamil Nadu. Despite large-scale utilization of the
river basin for irrigation and drinking purposes, poor water
management practices along with unplanned urbanization and
industrialization ~ have  deteriorated the water  quality
predominantly, especially in the lower part of the basin. Most of
the water quality studies in the lower Cauvery Basin are mostly
confined to groundwater. The quality of groundwater in few regions
of the Cauvery delta regions were assessed for domestic and
irrigation uses by various researchers (Rengaraj et al, 1998;
2007; 2010;

Vetrimurugan et al, 2013; Gnanachandrasamy et al, 2015;

Vetrimurugan and Elango, Nagarajan et al,
Sivakumar et al., 2017). In addition to this, the assessment of
groundwater pollution due to heavy metals was also studied
(Vetrimurugan et al., 2017; TamilMani and Venkatesan, 2021).
Multivariate statistical analysis was also used by a few researchers
to decipher the contamination of groundwater in the lower Cauvery
basin (Solaraj et al., 2010; Lalitha et al., 2021). However, studies
pertaining to river water quality in the lower part of the basin are
limited. RamyaPriya and Elango (2018) and RamyaPriya and Elango
(2021) studied both groundwater and river water quality and its
dissolved load; where they have studied only on the main stretch of
the Cauvery river, indicating poor quality of water in the delta part of
the river. Sharma and Ravichandran et al. (2021) studied river water
quality in a smaller areal extent of the basin. However, most of the
existing studies have neglected the river water quality of the
distributaries present in the lower Cauvery basin. All the
distributaries of Cauvery river are non-perennial, where the flow
in these distributaries is mainly due to regulated flows from the
upper catchment. Also, the effect of seasonal variation on the quality
of river water and its adjoining groundwater has also not yet been
studied. Hence, the present study was carried out to understand the
factors controlling hydrogeochemistry and also to evaluate the
quality of surface water and its adjoining groundwater in the
lower part of the Cauvery Basin.

2 Description of the study area

The Cauvery river, one of the most important non-perennial
rivers of southern India, has a basin area of 81,555 km? and flows
along a length of 800 km. It originates from the Brahmagiri hill ranges
of the Western Ghats at Thalakaveri at an elevation of about 1,341 m
and drains into the Bay of Bengal, forming a delta. The Cauvery delta
forms the lower part of the Cauvery river system, which falls under the
state of Tamil Nadu and has complex water issues. The mean
temperature of the lower part of the basin is between 26°C and
30°C. April is generally the hottest month of the year with a mean
monthly maximum temperature of 34.31°C (CWC, 2014). The main
climatic feature in the lower region of the Cauvery river basin is the
monsoon rain. The northeast monsoon provides the greater portion
of annual precipitation; with the average annual rainfall of about
1,000 mm. The delta region receives greater rainfall during October,
November, and December in the coastal districts, while further inland,
the peak monthly rainfall is during early October (Supplementary
Figure S3). Since the upper part of the basin receives rainfall during
the southeast monsoon, the lower part of the Cauvery basin has river
flow only from June to January and remains dry during the remaining
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periods (CWC, 2014). The Cauvery delta is river-dominated and is
occupied by several of its distributaries. At Tiruchirappalli, three
medium-sized reservoirs are in operation, of which the Upper Anicut
reservoir is in the upstream of the urban region, while the Grand
Anicut and Anaikarai are located downstream. The northern branch
of the river is called the Kollidam, while the southern branch retains
the name Cauvery and then flows directly eastward into Thanjavur
District. From Thanjavur, the river splits and flows to a few places in
the Cauvery delta Central groundwater board (CGWB, 2020). Some of
the important distributaries of Cauvery forming the delta are
Nandalar, Vanjiyar, Vettar, Kudamurutti, Vennai, Vennar, Pamani,
Nanilam, and Thirumalarajanar (Figure 1). The present delta has
developed a triangular pattern with three distinct morphological areas
consisting of a marginal denudational unit, a central fluvial-marine
depositional unit, and a coastal marine depositional unit (Babu, 1991).
Geologically, the lower basin of the Cauvery river chiefly comprises of
Quaternary alluvium; along with exposures of Cretaceous sediments
(Uttatur, Ariyallur, and Tiruchirapalli formations) and sandstone
(Cuddalore Formation) of the Mio-Pliocene age (Supplementary
Figure S2). The Quaternary sediments are fluvial sediments,
middle Holocene beach ridges, and late Holocene dune sands
(Kunz et al, 2010). Also, the rock formations of Precambrian
crystalline to Quaternary sediments exist in Cauvery delta. In the
Quaternary alluvial sediments, there are both shallow (unconfined)
and deep aquifers (semi-confined). The Cauvery delta region is
underlain by different aquifers, namely, Archean, Cretaceous,
Eocene, Miocene, and Quaternary alluvial aquifers Ministry of
Water Resources (2012). The study area is an intensively irrigated
region, where most of the area is covered by agricultural lands and
lakes. The delta area is the most fertile tract in the basin. The main
crops grown in the study region are paddy, pulses, groundnut, cotton,
sugarcane, coconut, and vegetables. Principal soil types found in the
basin are black soils, red soils, laterites, alluvial soils, forest soils, and
mixed soils. Alluvial soils are commonly found in the delta areas. The
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lower Cauvery basin is also known for its hydrocarbon prospects, and
the deltaic region has potential aquifer systems, particularly along the
paleochannels and levee deposits (Das, 1991).

3 Materials and methods
3.1 Field investigation

Initially, a preliminary field survey was carried out in the study
area to select representative river water and adjacent groundwater
locations. The sampling locations were chosen in all the
distributaries to assess the river water and groundwater quality of
the entire lower Cauvery river basin. Care was taken in selecting
locations not close to the outfalls of industries and sewage treatment
plants to avoid anthropogenic inputs. Electrical conductivity (EC) of
river water and groundwater was measured in these locations using a
multiparameter probe (Eureka Sub Manta). Based on this initial
survey, 29 sampling locations were chosen for regular monitoring, as
shown in Figure 1. The groundwater locations were selected in such
a way that the distance between river water and the groundwater
sampling location was not more than 500 m. The river water and
groundwater samples were collected three times a year to
understand the impact of seasonal variation. The sampling period
was ascertained based on the monsoon conditions of the basin. The
Cauvery basin receives rainfall during both northeast monsoon and
southeast monsoon, and hence, the period from June to January is
considered to be the wet season, while the period from February to
May is considered the dry season. The samples were collected once
in four months from May 2018 to August 2019. Also, samples of
municipal wastewater, sea water and water from agricultural land
were collected to identify the potential sources that influences the
water quality of this region. The flow chart outlines the steps for
analyzing the geochemistry of river water, including measuring
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physical properties, major ions, trace elements and nutrients
(Supplementary Figure S1). The samples were collected in
cleaned polythene bottles (250-mL capacity) and were properly
labeled. The water samples were filtered using 0.45-pum nylon
filter paper using a vacuum hand pump (MV 8000) in the field
itself to remove suspended dirt particles. The samples for trace
elements were acidified with concentrated nitric acid (HNOs3), and
nutrient samples were acidified with concentrated sulfuric acid
(H,SO,). The water samples were collected, and parameters such
as EC and pH were measured immediately after collection in the
field itself using a multiparameter probe (Eureka Sub Manta). The
concentrations of bicarbonate (HCO3) and carbonate (CO5) were
also determined in the field using a titration kit (Aquamerck
1.11109), which is based on the volumetric principle.

3.2 Laboratory analysis

The chemical composition of river water and groundwater was
assessed for both drinking and irrigational uses, and hence, major ions
(Na, Ca, K, Mg, Cl, SO4, CO;, and HCO;) were considered in the
study. Along with these, nutrients (NO; and PO,) and a few essential
and non-essential trace elements (F, Fe, Pb, Cu, Cd, Zn, F, and U) were
also considered for the study. The lower Cauvery basin has several
urban cities, while the region is also intensively irrigated. Hence, these
elements were chosen to understand the effect of anthropogenic and
geogenic contamination in both river water and groundwater. Sodium
(Na), calcium (Ca), magnesium (Mg), potassium (K), chloride (Cl),
sulfate  (SO,), (NO3) were
chromatography (Metrohm 863). Ton chromatography is a method
for separating ions based on their interactions with resin (stationary

and nitrate analyzed by ion

phase) and the eluent (mobile phase). These phases differ between an
anion column, which attracts anions, and a cation column, which
attracts cations. Phosphate (PO,) was estimated by the ascorbic acid
method American public health association (APHA 1992) using a
UV-VIS spectrophotometer (Systronics 119). Lead (Pb), copper (Cu),
zinc (Zn), and cadmium (Cd) were analyzed using a trace metal
analyzer by the voltammetric method (Metrohm 797 VA
Computrace). Iron (Fe) was analyzed by AAS (GBC 932), and
uranium (U) was analyzed using an LED fluorimeter (LF 2a
This
uranjum complex

Quantalase). method measures the fluorescence of the
in the water sample by excitation under
ultraviolet light, and fluoride (F) was analyzed using a pen-type
handheld fluoride probe (Extech FL700). To ensure analytical
precision, standards and blanks were run in between. The ion

balance error was computed for the samples, which were below +£10%.

3.3 Statistical analysis

Multivariate statistical methods in water quality analysis were
utilized to identify the relationship between physical and chemical
parameters, which suggests the sources that influences the water
quality. IBM Statistical Package for the Social Sciences (SPSS)
version 21 was used for performing the statistical analysis in this
study. The bivariate correlation coefficient matrix and principal
component analysis (PCA) extraction method were used in the
study. Pearson’s correlation coefficient method with p < 0.05 was
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considered. The PCA was performed using Kaiser’s varimax rotation
principle, where the components having eigenvalue greater than
1 were taken into consideration.

4 Results and discussion

The analytical results have been evaluated to assess the
suitability of river water and groundwater for drinking and
agricultural uses. The summary of the analytical results for all
the parameters of both river water and groundwater samples is
shown in Table 1.

4.1 Drinking water quality assessment

4.1.1 pH and electrical conductivity

pH is an important parameter in water quality which evaluates
the acid-base balance of water. The pH of both river water and
groundwater was found to be slightly acidic to alkaline. The pH of
the river water of a few locations (D3, D5, and D12) was found to
exceed the permissible limit of 8.5 Bureau of Indian standards (BIS,
2012). EC is an approximate index of the total content of the
dissolved substance in water. The EC in both river water and
groundwater was found to be higher during dry seasons than
that during wet seasons. Spatially, the EC in river water was
found to be very high in locations near the sea (D1, D2, D18,
D20, and D23), and for groundwater, it was higher in locations D1,
D16, D18, D20, D21, D23, and D25.

4.1.2 Total dissolved solids

In natural waters, dissolved solids consist mainly of inorganic
salts such as carbonates, bicarbonates, chloride, sulfate, phosphate,
calcium, magnesium, sodium, potassium, and iron and a small
amount of organic matter and dissolved gases (Singh et al,
2015). The total dissolved solids (TDS) were calculated using
measured EC values, TDS (mg/l) = EC (uS/cm) X 0.64 (Lloyd
1985). World Health
Organization’s specification, WHO (2017) specification, TDS up

and Heathcote, According to the
to 500 mg/L is desirable while 1,500 mg/L is the maximum
permissible limit. The river water was found to exceed the
permissible limits in a few locations (D1, D2, D3, D5, D18, D20,
and D23) during both seasons, while in groundwater, TDS exceeded
the permissible limits in a few locations during both wet (D1, D16,
D18, and D20) and dry seasons (D1, D16, D18, D20, D21, D23, and
D25). According to Freeze and Cherry’s (Figure 2) classification of
river water and groundwater based on TDS, the river water in
D1 comes under the saline category, where the location is very close
to the sea. In addition, few river water and groundwater samples
were found to be of the brackish category, while the rest of the
samples were of the freshwater type.

4.1.3 Total hardness (TH)

The hardness of the water is due to the presence of alkaline earth
metals such as calcium and magnesium. TH was estimated using the
following equation (Todd, 1959):

TH = (2.5 x Ca) + (4.1 x Mg). (1)
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TABLE 1 Summary of physico-chemical parameters of river water and groundwater.

Parameter Determination limit River water Groundwater
Dry season Wet season Dry season Wet season
Min Max Min Max Min Max Min
PH 0-10 6.8 9.5 6.7 9 645 8.5 6.5 8
EC (uS/cm) 1-100,000 pS/cm 724 54,020 174 41,250 407 3,733 304 2,372
TDS (mg/L) — 464 34,580 112 26,410 260 2,415 194 1,515
Ca (mg/L) 1 ug/L-1,000 mg/L 10 3,505 4 1,584 3 194 4 140
Mg (mg/L) 1 pg/L-1,000 mg/L 36 2,500 24 64 3.6 35 36 38
Na (mg/L) 1 pg/L-1,000 mg/L 69 11,800 12 8,874 32 488 20 403
K (mg/L) 1 pg/L-1,000 mg/L 6 436 3 250 14 22 2 21
HCO; (mg/L) 1-600 mg/L 36 414 48 208 180 805 154 524
Cl (mg/L) 1 pg/L-1,000 mg/L 84 17,670 12 15,104 30 470 12 560
80O, (mg/L) 1 pg/L-1000 mg/L 25 535 2 400 10 367 6 244
CO5 (mg/L) 1-600 mg/L BDL 54 BDL 18 BDL 54 BDL 22
NO; (mg/L) 1 pg/L-1,000 mg/L 15 24 2 28 2 22 35 24
PO, (mg/L) 1 pg/L-50 mg/L BDL 1.2 BDL 1.6 BDL 32 BDL 4.8
F (mg/L) 0.1 mg/L-10 mg/L BDL 0.7 BDL 12 BDL 1.4 BDL 12
U (ug/L) 0.5-1,000 pg/L BDL 12 BDL 23 BDL 12 BDL 15
Fe (ug/L) 0.2 pg/L-200 mg/L BDL 840 BDL 620 BDL 3560 BDL 2564
Pb (ug/L) 0.1 pg/L-50 mg/L BDL 9.6 BDL 19 BDL 20 BDL 22
Zn (pg/L) 1 pg/L-50 mg/L BDL 1,590 BDL 1,150 BDL 810 BDL 845
Cu (ug/L) 1 ug/L-50 mg/L BDL 16 BDL 29 BDL 35 BDL 60
Cd (ug/L) 0.1 pg/L-50 mg/L BDL 2.8 BDL 6.4 BDL 34 BDL 42

“Below detection limit (BDL).
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FIGURE 2
Relationship between TDS and TH.

According to Sawyer and McCarty (1967), the river water at a  hard type, and the rest of the samples were soft. The groundwater
few locations (D1, D2, D3, D18, and D20) was of very hard type, = samples were mostly of the moderately hard-to-hard water type,
while few samples were categorized under the moderately hard-to-  and the rest of the samples were soft (Figure 2).
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4.1.4 Major cations

The major ion chemistry of river water and groundwater has
been compared with BIS (2012) and WHO (2017) limits to
evaluate the suitability of water for drinking. Groundwater
typically contains high concentrations of dissolved ions than
surface waters, especially in areas with an abundance of sodium
mineral deposits or in areas with sea or estuarine water intrusions
(WHO, 1979). The concentration of Na exceeds the limits of
200 mg/L (WHO, 2017) in most of the locations both in river and
groundwater (D1, D2, D16, D18, and D20). The potassium
concentration in natural waters may be derived from
fertilizers, although evaporation is likely to be responsible for
the higher concentrations. Dissolution of potassium-bearing
minerals and ion exchange reactions are also the major causes
for potassium concentration in waters. The concentrations of
potassium are often low, except at locations D1, D2 D3, D18, and
D20 in river water during both seasons, whereas in groundwater,
the concentration exceeds in the locations D1, D2, D3, D18, and
D20 during both the seasons. Magnesium and calcium, which
occur naturally in water, are among the most highly available
alkali metals in the environment (Grochowska and Tandyrak,
2009). Magnesium and calcium concentrations in groundwater
and surface water are due to the weathering process and mineral
dissolution (Galczynska et al.,, 2013; RamyaPriya and Elango,
2018). The concentration of magnesium and calcium in river
water and groundwater was found to be below the permissible
limit of 100 mg/L and 200 mg/L (BIS, 2012), respectively, except
in few locations, namely, D1, D2, D3, and D18, during both
seasons.

4.1.5 Major anions

The concentration of chloride in river water exceeds the
permissible limit of 1,000 mg/L (BIS, 2012) in some of the
locations, which are mostly near the coast, whereas the chloride
concentration in groundwater was found to be within the
permissible limits. The concentration is high in river water,
probably due to agricultural runoff and effluent discharge from
urban regions. Alkalinity is a measure of the buffering capacity of
stream water. River water with relatively high alkalinities has a
greater ability to neutralize acidic pollution from rainfall or
wastewater. The concentration of alkalinity in river water exceeds
the permissible limit of 600 mg/L (BIS, 2012) in a few locations (D1,
D2, D3, and D18), while in groundwater, the concentration of
alkalinity is higher in few locations (D1, D2, D3, D18, and D20).
Sulfate is commonly present in natural waters, where the main
source could be due to rock dissolution, biochemical action of
The
concentration of sulfate in river water was found to exceed the
permissible limit of 200 mg/L (BIS, 2012) in a few locations (D1, D2,
and D3) during both dry and wet seasons, while in groundwater, it

anaerobic  bacteria, and  anthropogenic  activities.

was found to be within the permissible limit during both the seasons
except at location D18. The concentration of NO; was found to be
within the permissible limit of 45 mg/L (BIS, 2012) in both river
water and groundwater during both seasons. Nitrate can occur in
both river water and groundwater due to anthropogenic activities
such as runoff from agricultural farmlands, wastewater treatment
discharge, and oxidation of nitrogenous waste products in human
and animal excreta, including septic tanks.
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4.1.6 Trace elements and nutrients for drinking
water

The trace elements in river water and groundwater occur due
to natural factors such as weathering of rocks, erosion, and
dissolution of water-soluble salts. Human activities such as
mining, urban runoff, industrial emissions, and agricultural
activities can also contribute trace elements to the surface and
groundwater. Trace elements such as Fe, Cu, Zn, Pb, Cd, and U
are very important for the proper functioning of the biological
system, and their deficiency or excess in the human system can
lead to several disorders. Iron in natural waters could be from
geogenic or natural deposits, industrial wastes, refinement of
iron ores, or corrosion of metals. Although normal amounts of
iron are essential, a higher concentration affects the human
system and also the quality of water. The concentration of Fe in
river water (Figure 3A) exceeds the prescribed limit of 0.3 mg/L
(BIS, 2012) in a few locations (D1, D2, D3, D18, and D20) during
the wet season, while in the dry season, most of the locations
were found to be within the limit except for D3 and D18. The
concentration of Fe in groundwater was found to be within the
permissible limit in most of the locations except D3 and
D18 during both seasons. The Cadmium concentrations in
unpolluted natural waters are usually found below 1 pg/L
(Friberg et al., 1986). Excess amounts of cadmium in natural
water could be due to anthropogenic activities such as impurities
in the galvanized pipes or solders in fittings, water heaters, water
coolers, or taps. The concentration of cadmium in river water
(Figure 3C) in locations D8 and D14 and locations D3, D12,
D24, and D26 exceeds the permissible limit of 0.003 mg/L (BIS,
2012) during the dry season and wet season, respectively. Few
locations (D3, D12, D24, and D26) exceed the permissible limit
of Cd in groundwater during both seasons. Lead is a toxic metal,
and continuous consumption causes human health hazards,
where its common sources in drinking water could be due to
leachate of e-wastes such as old batteries, hazardous waste, or
lead water pipes. The concentration of lead exceeds the
permissible limit of 0.01 mg/L (BIS, 2012) in most of the
locations in the river water (Figure 3B) during the wet season
compared to the dry season. In groundwater, the concentration
exceeds in a few locations (D1, D3, D6, D10, D12, and D14)
during both
radiogenic contaminant in natural water, was found to be

seasons. Uranium, a commonly occurring

within the permissible limit under both WHO and
United States Environmental Protection Agency (USEPA)
guidelines of 15ppb and 30 ppb, respectively. The

found to be within the
permissible limit of 1.5 mg/L (BIS, 2012) in both river water

concentration of fluoride was

and groundwater during both seasons. Phosphate is one of the
key elements necessary for the growth of plants and animals. A
higher amount of phosphate could cause eutrophication in water
bodies, thus resulting in a reduction of dissolved oxygen and an
increase in mineral and organic nutrients. Phosphate could be
present in natural water due to the leaching of pipes, sewage,
organic manure, and fertilizer runoff. This region consists of
intensively cultivated agricultural lands, and hence, the
concentration of phosphate appeared to be the maximum in
most of the locations in both river water and groundwater
(Figure 3D).
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4.2 Drinking Water Quality Index

The Water Quality Index (WQI) is an effectual tool to provide a
single numerical value for the comprehensive water quality data to
better understand water quality. The WQI compares the various
water quality parameters concerning a particular standard. The
Canadian Council of Ministers of the Environment (CCME)
WQI is parameters are
mathematically represented in such a way that they contribute
adequately to the final number of the index. The index model is

one such method, where all

flexible and includes three essential measures of variance (scope,
frequency, and amplitude). These three measures of variance
combine to produce a value between 0 and 100 that represents
the overall water quality.

The detailed formulation of the WQI, as described in the
Canadian WQI Technical report (CCME, 2001), is as follows:

\F12 + F22 + F32 )

1.732 @

CCME WQI = 100 —<

where F1 (scope) represents the extent of water quality guideline
non-compliance over the time period of interest.
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3)

_ (No. of failed variables %100
" \ Total No. of variables

F2 (frequency) represents the percentage of individual tests that
do not meet the objectives (failed tests).

No. of failed tests

— *
F2= (Total No. of failed tests) 100 @

F3 (amplitude) represents the amount by which failed test values
do not meet their objectives. F3 is calculated in three steps.

Step 1: Calculation of excursion

The excursion is the number of times an individual concentration is
greater than the objective when the objective under consideration is
maximum. In this case, the excursion is calculated as

(5)

. failed test value;
Excrusion; = | ———— | -1

objective;

If it is less than the objective, excursion in this case is given as

objective

failed test valuei> - ©

Excursion;- (

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1001052

Keerthan et al.

10.3389/fenvs.2023.1001052

80°0'0"E

Bay of Bengal
-

FIGURE 4
Drinking water quality index: (A) river water—wet season. (B) River water—dry season. (C) Groundwater—wet season. (D) Groundwater—dry season.

Step 2: Estimation of the normalized sum of excursions.

The normalized sum of excursions (nse) represents the collective
amount by which individual tests are out of compliance. It is defined
as follows:

Yo excrusion;
nse=“="—— 7
Sum of tests @)

Step 3: Estimation of F3 (amplitude).

F3 (amplitude) is calculated by an asymptotic function that
scales the normalized sum of the excursions from the objectives to
yield a range of values from 0 to 100.

nse

F3=— — —
0.01nse + 0.01

(8)

The CCME WQI was calculated for parameters such as major
and minor ions, and nutrients so that the suitability of water quality
can be understood well. The BIS (2012) and WHO (2017) guidelines
were used for the analyzed water quality parameters, and the results
were classified based on the CCME (2001) guidelines. The results
indicated that a few river water samples were found to be unsuitable
for drinking purposes during both the wet and dry seasons (Figures
4A, B). About 10 groundwater samples (Figures 4C, D) were found
to be unsuitable according to the CCME index. Both river water and
groundwater were found to be unsuitable at locations near the coast
and irrigated lands. Temporally, it was found that both river water
and groundwater were unsuitable during dry seasons compared with
the wet periods. This is because the flow in the river influences the
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quality of both river water and groundwater, where the river water
recharges the groundwater during flow periods.

4.3 Irrigation water quality

The lower basin of Cauvery is one of the most intensively
irrigated regions in the country. The quality of water for
irrigation was assessed using various parameters such as TDS,
trace elements, SAR (sodium absorption ratio), RSC (residual
sodium carbonate), MH (magnesium hazard), and KR (Kelly’s
ratio).

4.3.1 Total dissolved solids

As per the Food and Agriculture Organization Food and
agriculture organization (FAO 1994) guidelines, the usual range
of TDS for irrigation water is below 2,000 mg/L. The river water at
sampling locations D1, D2, D3, D16, D18, and D20 exceeds the
permissible limits during the dry season, whereas during the wet
season, few sampling locations (D1, D2, D3, and D20) exceed the
permissible limit. The groundwater at sampling locations D1, D16,
D18, D20, D23, and D25 exceeds the permissible limit during both
seasons (Table 2).

4.3.2 Sodium absorption ratio (SAR)
The water used for irrigation when containing large amounts of
sodium is of special concern due to sodium’s effects on the soil and
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TABLE 2 Irrigation water quality unsuitable locations.

Parameter River water

Dry season

Wet season

10.3389/fenvs.2023.1001052

Groundwater

Dry season Wet season

TDS (> 2,000 mg/L) D1, D2, D3, D16, D18, and D20

D1, D2, D3, and D20

D1, D16, D18, D20, D23, and D25 = D1, D16, D18, D20, D23, and D25

SAR (> 3 megq/l) D1, D2, D3, D18, D20, and D22

RSC (> 2.5 meq/l) D1, D2, D3, D18, D22, D23, and D25
SH D1, D2, D3, D18, D20, and D22

MH (> 50 mg/L) D1, D3, D4, D22, and D23

D1, D2, D3, D18, and D22
D1, D3, D22, and D25
D1, D2, D3, D18, and D22

D1, D3, and D22

D1, D2, D18, and D20 D1, D2, D18, and D20

D1, D3, D18, and D22 D1, D3, D18, and D22
D1, D3, D18, and D20 D1, D3, and D18

D1, D3, D4, D5, and D20 D1, D3, D5, and D20

KR (> 1 megq/l) D1, D3, D5, D18, and D22

D1, D3, D5, and D22

D1, D3, D5, D20, and D22 D1, D3, D5, and D24
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Sodium absorption ratio: (A) river water and (B) groundwater.

poses a sodium hazard. Sodium hazard is usually expressed as the
sodium absorption ratio (SAR). A SAR value below 3.0 meq/L is
considered safe for irrigation. In river water and groundwater, few
locations fell under the S4 category during both seasons and are
unsuitable for irrigational uses (Figures 5A, B). It was observed that
the unsuitability of samples was higher in the dry season than in the
wet period. Also, the quality of river water samples was influenced by
agricultural runoff, wastewater, and also seawater, while in
groundwater, the influence of agricultural runoff and wastewater
was predominant in a few unsuitable samples, and the rest of the
samples were within the limit (<3 megq/l) prescribed by the FAO
(1994).
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4.3.3 Residual sodium carbonate (RSC)

The concept of the RSC is important for determining the high
carbonate amount in water, and it is used to predict the additional
sodium hazard. RSC is another alternative measure of sodium
content with calcium and magnesium. The water with a high
RSC amount has high pH. Therefore, land irrigated with such
water becomes infertile, owing to the deposition of sodium
carbonate. The RSC can be calculated by using the formula given
by Eaton (1950):

RSC = (CO; + HCO3) — (Ca + Mg) ©)

where all concentrations are in meq/l.
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FIGURE 6

Suitability of irrigation water based on the Wilcox plot: (A) river water and (B) groundwater.

According to the US Salinity Laboratory, an RSC value of less
than 1.25 meq/l is safe for irrigation. A value between 1.25 and
2.5 meq/l is of marginal quality, and a value more than 2.5 meq/l is
unsuitable for irrigation. The categorization based on RSC is given in
Table 2.

4.3.4 Sodium hazard

Water containing large amounts of sodium has negative effects
on the soil and poses a sodium hazard. Excess sodium in water
produces the undesirable effects of changing soil properties and
reducing soil permeability. The sodium percentage is given by the
following equation (Wilcox, 1955):

Na+ K

Na%=——— %
a Ca+Mg+Na+K

100 (10)

The Wilcox (1955) equation shows the relationship between
sodium percentage and electrical conductivity for river water and
groundwater samples. Figure 6A shows that locations D1, D2, D3,
D18, D20, and D22 in the dry season and D1, D2, D3, and D18 in the
wet season are unsuitable for irrigational uses. For groundwater
(Figure 6B), the sample locations D1, D2, D18, and D20 were
unsuitable during both seasons. As observed in the SAR plot, the
anthropogenic influences in river water were from agricultural
runoff, wastewater, and backwater effects, while for groundwater,
the influence of seawater intrusion was negligible.

4.3.5 Magnesium hazard (MH)

Generally, calcium and magnesium maintain a state of
equilibrium in most waters. A higher amount of magnesium in
water will adversely affect crop yields as the soils become more saline
(Joshi and Rao, 2009). A ratio, i.e., the index of magnesium hazard,
was developed by Paliwal and Gandhi (1976) as shown as follows:
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According to this, a high magnesium hazard value (>50%) has
an adverse effect on crop yield as the soil becomes more alkaline. The
magnesium content in river water and groundwater samples was
classified, as shown in Table 2, where most of the samples were
found to be unsuitable.

4.3.6 Kelly's ratio (KR)

Water having a KR value of less than 1 is considered to be good
for irrigation, whereas water with KR values greater than 1 is not
suitable. Kelly’s ratio is calculated by using the following formula
(Kelly, 1957):

Na

R=—— 12
Ca+ Mg (12)

The river water and groundwater samples are classified based on
the KR (Table 2), which indicates that a few samples of both river
water and groundwater are not suitable for irrigation.

4.3.7 Trace elements for irrigation

Trace elements in small quantities are essential for plant
growth. However, excessive quantities will cause undesirable
accumulations in plant tissue and growth reductions (Ayers
and Westcot, 1994). Zinc is an important micronutrient
element for the growth and development of plants. The
maximum concentration of Zn in both river water and
groundwater is 1.6 ppm, which is well within the permissible
limit of 2.5 mg/L prescribed by the FAO (1994). Concentrations
of iron as low as 0.15-0.22 ppm are considered a potential hazard
to drip irrigation systems (Ford, 1982). Irrigation water with iron
levels above 0.1 ppm may cause clogging of drip irrigation
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season.

emitters, and iron levels above 0.3 ppm may lead to iron rust
stains and discoloration on foliage plants in overhead irrigation
applications. During the wet season the concentration of Fe in
river water at a few locations (D1, D2, D3, D18, and D20) are
greater than 0.3 ppm, whereas in the dry season, most of the
locations were found to be within the limit except for two
locations (D3 and D18). The concentration of Fe
groundwater was found to be within the permissible limit in
most of the locations except D3 and D18 during both seasons.

in

4.3.8 Irrigation water quality index

The irrigation water quality was assessed based on the TDS,
SAR, RSC, MH, and KR, as well as trace elements. The results
indicated that the river water samples (Figures 7A, B) that are
located near the coastal regions (D1, D2, D3, D18, and D23) were
found to be unsuitable for irrigational purposes. Most of the
groundwater samples (Figures 7C, D) collected near the coast and
agricultural areas were found to be unsuitable. The representative
samples of agricultural dominance, wastewater, and seawater, as
shown in the SAR (Figure 5) and Wilcox (Figure 6) plot, indicate
that few samples of groundwater are influenced by anthropogenic
activities such as agricultural runoff and wastewater, while a few
samples in river water were affected due to agricultural and
wastewater and effluent runoff along with seawater intrusion
due to backwater effects.
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Irrigation water quality index for (A) river water—wet season. (B) River water—dry season. (C) Groundwater—wet season. (D) Groundwater—dry
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5 ldentification of the factors affecting
the quality of river water and
groundwater

Generally, water quality is influenced by geogenic factors such as
lithology and soil type; anthropogenic activities such as urban
runoff, discharge of sewage, effluents, and agricultural runoff; and
climate factors, such as precipitation and temperature, in addition to
other factors. The Pearson correlation analysis was used to study the
relationship of major, minor, and trace elements and to understand
the factors affecting the quality of river water and groundwater. The
correlation matrix with a positive correlation of HCO3 with Ca (1% =
0.832), Mg (r* = 0.553), and Na (+* = 0.777) was observed during the
wet and dry seasons (Supplementary Tables 51, 52). The HCO; ions
correlated with Ca (r* = 0.613), Mg (r* = 0.563), Na (* = 0.656), and
Cl (> = 0.596) can be observed both in river water and ground water
(Supplementary Tables S3, S4). This indicates that weathering of
minerals is one of the major contributors of ions to surface water and
groundwater. The weathering of silicate minerals from hard rocks
such as quartz, plagioclase feldspar, pyroxenite, and mica could have
contributed these ions to water. In river water, the correlation was
observed between NO; and PO, (¥* = 0.533) in both seasons,
whereas in groundwater, the correlation of PO, (¥ = 0.480)
indicates the contamination from agricultural runoff, where NPK
fertilizers are extensively used. A moderate correlation was observed
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between Zn with Cu (> = 0.457) and Cd (r* = 0.481) during the wet
season, and Zn with Cu (* = 0.478), Cd (+* = 0.434), and Cd with Pb
(r* = 0.480) was observed during the dry season in river water. In
groundwater, the relationship between Fe with Cu (* = 0.664) and
Zn with Cu (r* = 0.446) during both seasons indicates that they could
have evolved from municipal sewage, industrial effluents, runoff
containing fertilizer inputs from agricultural fields, and leaching
from galvanized pipes. This indicates that anthropogenic activities
influences the water chemistry of river water and groundwater. The
mobility of Zn increases in water with high carbonate concentration,
influencing the formation of hydrogen carbonates in water
(Namies$nik and Rabajczyk, 2010).

The parameters
variables for principal component analysis (Figure 8) during
both dry and wet seasons. Three principal components (PCs)
have been extracted based on an eigenvalue greater than one. The
factors account for a total variance of PCI of 37.68% during the
dry season and 31% during wet seasons in river water, whereas in
groundwater, PC1 of 35.51% during the dry season and 32.16%
during the wet season can be observed. PC1 has a strong positive
load of Ca, Mg, Na, K, and HCO;. This factor possesses the
influence of geogenic inputs and also the effect of mineral
dissolution in the study area. PC2 consists of 18.05% in river
water during the dry season and 16.27% during the wet season. In
groundwater, 12.08% during the dry season and 10.38% in the

selected geochemical are considered
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wet season can be observed with a positive load of Na, Cl, Cu, Fe,
Zn, NO;, POy, and Pb. This factor suggests the influence of
agricultural inputs, fertilizer runoff, and corrosion of metals.
PC3 constitutes 12.68% during the dry season and 9.07% during
the wet season in river water; while in groundwater, 9.37% in the
dry season and 7.78% in the wet season of the total variance,
consisting of positive loading of F, U, Cd, NO3, and PO, can be
observed. This factor indicates that the concentration was
attributed due to anthropogenic inputs, agricultural and urban
land pollution, and corrosion of underground pipes.

The hydrogeochemical process plays an important role in
determining the of the
groundwater. The Durov (1948) plot in both river water and
groundwater shows similar water types of Ca-HCOj; type,
followed by SO,-Na (Figure 9). This shows that the river water
and groundwater have the same type of chemical composition in this
study area. Gibbs (1970) proposed a diagram representing the plots
in which TDS vs. Na/(Na + Ca) for cations and TDS vs. Cl/(Cl +
HCO3) for anions were used to assess the functional sources of
dissolved chemical constituents, which could be precipitation
dominance, rock dominance, or evaporation dominance. The
rock-water interaction was the dominant process, followed by

chemical constituents river and

the evaporation process for river water in the study region. For
groundwater, it was found that the rock-water interaction was the
most dominant process.
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Classification of water based on the Durov diagram (Lloyd and Heathcote, 1985).
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groundwater—wet season.

The effect of evaporation on the water quality was also assessed,
since evaporation is a natural process that increases the
concentrations of all dissolved ions in water, especially during
the dry season, leading to an increase in the salinity of the water.
The relationship between the sodium chloride ratio vs. EC of water is
an indication of evaporation or evapotranspiration. If evaporation is
dominant, assuming that no mineral species are precipitated, then
the Na/Cl ratio would be unchanged (Jankowski and Acworth,
1997). Hence, the plot of the Na/Cl ratio is an indicator of an
increase in concentration by evaporation or evapotranspiration. The
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EC vs. Na/Cl scatter diagram (Figures 10A, B) shows that the trend
line is horizontal, which means that evaporation plays a significant
role in controlling the river water chemistry during both seasons.
When evaporation is dominant, the concentration of ions in the soil
zone increases, thus leading to the precipitation of salts in the soil
zone. In groundwater (Figures 10C, D), the inclined trend line is
found, indicating that evaporation is not the dominant process in
controlling the geochemistry.

The rock-water interaction is the major contributor of ions for
both river water and groundwater in the lower Cauvery Basin. The
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Weathering process in (A, B) river water and (C, D) groundwater.

rock-water interaction could be due to the weathering of rock and
the ion exchange process. It is identified that the weathering of rocks
contributes to most of the major ions in both river water and
groundwater (Figure 11). Therefore, the concentration of major
ions in river water and groundwater has been used to determine the
weathering process. The role of silicate weathering is dominant if
sodium-normalized Mg values are between 0.1 and 1 and the value
of Ca is between 0.5 and 5 (Gaillardet et al,, 1999). Figure 11
indicates that the samples fall in the zone of silicates, which
indicates the dominance of silicate weathering in the lower
Cauvery Basin.

Ton exchange is one of the important processes responsible for
the concentration of ions in water. Chloro-alkaline indices (CAI) are
a better representation of the ion exchange process, where CAITand
CAI II are calculated for the river water and groundwater samples by
using the following formula (Schoeller, 1967):

CAII = Cl - (Na+K)/Cl
CAIII = Cl - (Na + K)/(SO,~HCO;+C0;+NO3)

(13)
(14)

When there is an exchange between Ca and Mg in the water with
Na and K in the aquifer material, both the aforementioned indices
would be negative, and if there is a reverse ion exchange, then both
these indices will be positive (Schoeller, 1965; Schoeller, 1967). In
river water, the reverse ion exchange process occurs during the dry
season in most of the locations, whereas in the wet season, both the
indices values were negative, indicating the ion exchange process
(Figures 12A, B). In groundwater, CAI I and CAI II indices indicate
the dominance of the reverse ion exchange process during both
seasons (Figures 12C, D). The evidence for cation exchange is given
by bivariate plots of Ca + Mg-HCO;-SO, as a function of Na-Cl.
Na-Cl represents the amount of Na + K gained or lost relative to that
provided by chloride salt dissolution (mostly halite dissolution),
while Ca + Mg-HCO;-SO, represents the amount of Ca and Mg
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gained or lost relative to that provided by gypsum, calcite, and
dolomite dissolution. If reverse cation exchange was an important
composition-controlling process, the relation between these two
parameters would be linear, with a slope of -1 (Fisher et al., 1997;
McLean et al., 2000). The reverse ion exchange process occurs in
groundwater during both seasons, whereas in river water, the reverse
ion process occurs only during the dry season. The flow in the river
controls the ion exchange process in the river, where during the dry
periods, the river water is enriched with sodium ions which forces
the sodium ions toward Ca-Mg-based minerals, thus causing
reverse ion exchange. During the wet periods, the flow of the
river inhibits the enrichment of ions, thus causing cation
exchange to occur in the river water.

The quality of both river water and groundwater in the lower
Cauvery basin was found to be good during wet periods compared
with the dry season. The flow of the river controls the quality of river
water to a greater extent, where the concentration of ions is much
lesser during the wet periods due to dilution. Also, the quality of
groundwater is heavily influenced by the recharge of river water,
where the quality is good during wet periods. The relation between the
levels of river water and groundwater indicates that during the dry
seasons groundwater is discharged into the river, while the river
recharges the groundwater during the wet seasons (Figure 13). Also,
the temporal variation of major ions between river water and
groundwater in a few locations indicates that they follow a similar
pattern, thus indicating their interrelationships. This evidences the
interaction between river water and groundwater in the lower part of
the Cauvery basin. Since these rivers are of non-perennial nature, the
interconnection between the river water and groundwater is very
much prominent. Also, unregulated release of effluents, agricultural
runoff, and improper sewage disposal in the water systems affects both
river water and groundwater, especially during dry periods. Hence,
proper stringent measures should be taken to protect both
groundwater and river water from such improper disposal of
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FIGURE 13
Temporal variation of river water and groundwater of locations (A) D3 and (B) D24.
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pollutants. This study also necessitates the development of a finer
observational network for water quality at the downstream and
distributaries for the surface water and groundwater in the lower
part of the Cauvery basin. Integrated water management options
should be explored in the lower part of the Cauvery basin, considering
the groundwater in river basin management planning. Developing
capacity-building programs and community participation in river
basin management should be encouraged to sustainably protect and
preserve the water resources in the Cauvery lower basin.

6 Conclusion

The quality of the river water and groundwater for drinking
and irrigational uses in the lower Cauvery river basin was
assessed. Most of the river water and groundwater samples
were found to be fresh and were of the soft category. Based
on the CCME water quality index, it was observed that most of
the river water and groundwater samples were suitable for
drinking purposes. Both river water and groundwater were
found to be unsuitable for drinking at locations near the
coast and near irrigated lands. The irrigation water quality
index based on TDS, SAR, RSC, MH, KR, and trace elements,
where the results shows that some groundwater and river water
samples near the coast and agricultural areas were not suitable
for irrigational purposes. In general, it was found that the quality
of both river water and groundwater were poor during dry
seasons compared with the wet periods. The geogenic sources
were the major contributor of ions such as Ca, Mg, Na, K, and
HCO;. Anthropogenic sources also resulted in elevated
concentrations of Na, Cl, Cu, Fe, Zn, NO3; PO,, and Pb in
water. The rock-water interaction, followed by evaporation,
were the dominant process controlling the hydrogeochemistry
of river water, while the rock-water interaction was the
dominant process in groundwater. Silicate weathering was the
dominant process, followed by carbonate weathering. The study
indicated that the source of contamination of river water and
groundwater is also due to the indiscriminate disposal of
untreated sewage and solid waste into the river, runoff from
agricultural fields, and seawater intrusion in the coastal regions.
Hence, it is necessary to strengthen the water quality monitoring
network to find out the sources of anthropogenic polluters and it
necessary to prevent the disposal of sewage and waste into the
Cauvery river.
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