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...... The outcomes of study indicated no negative impact
on soil properties when using indirectly recharged Ground
water (GW) where as a positive significant impact was
reduced soil salinity in impacted areas. No microbiological
contamination in terms of pathogens was found on tested
soil and crop samples. Hence, indirectly recharged Ground
water (GW) using Secondary treated water(STW) could be
safely used as an alternative source for irrigation
overcoming the concerns of heavy metal and micro
contaminants and pathogens associated with the direct use
of partially treated or untreated mixed municipal Waste




Water (WW) for irrigation....”
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“......The secondary treated water which is being pumped
to Kolar from Secondary treated plant (STP) at K & C
Valley and Bellandur does not contain any harmful heavy
metals above the prescribed limit even as per drinking
water standards IS:10500:2012........"
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* The impacted tanks surface water quality meets the
Honorable NGT standards for all parameters except
E-coli.

e The impacted tanks surface water quality is better
than the rain fed non impacted water quality.

e The hecavy metals are not detected in the surface
water of impacted and non- impacted tanks. The
heavy metal levels are meeting drinking water
standards 1310500:2012.

¢ The ground water quality post KC valley project has
significantly improved for all the parameters

¢ The heavy metals are not detected in the ground
water of impacted tanks. The heavy metal levels are
meeting drinking water standards 1S10500:2012

o KC valley, the ground levels have significantly
improved

¢ The water quality at the DC point meets the
Honorable NGT standards for all parameters except
for E- coli.

¢ The heavy metals are not detected in the STP final
treated water reaching at the DC point of kolar. In
fact, The heavy metal levels are meeting drinking
water standards 1S10500:2012
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Directorate of leaith and Family Welfare Se ‘ces,
Government of Karnataka, the analysis indicates
that the reuse of secondary treated wastewater for
indirect groundwater recharge through the Soil
Aquifer Treatment technique does not adversely
affect public health. On the contrary, improvements
in hygiene and WASH scores were observed, as
evidenced by the decline in waterborne diseases.,
This positive outcome can be attributed to better
water availability, improved sanitation and hygiene
practices, and enhanced nutritional intake. In the
context of growing water scarcity, particularly in
semi-arid regions, decision-makers should prioritize
and support projects that strengthen water security
through sustainable water reuse. Overall, this study
recommends that policymakers actively promote the
reuse of treated wastewater for indirect groundwater
recharge.
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= Groundwater-level analysis indicates a marked and
sustained rise in water levels in impacted locations
following implementation of the KC Valley project,
irrespective of precipitation variability, confirming
recharge-driven aquifer response.

* During the pre-recharge period (2014-2018),
declining groundwater levels corresponded with
elevated concentrations of total dissolved solids
(TDS). hardness, chloride (C17), sodium adsorption
ratio (SAR), and electrical conductivity (EC),
indicating degraded groundwater quality conditions.

» Post-recharge observations (2019-2025) show a
consistent reduction in TDS, hardness, Ci-, SAR,
and EC in impacted locations, reflecting the
influence of dilution and recharge processes.

* Comparative analysis further indicates that impacted
locations exhibit better groundwater quality than

non-impacted locations during the post-recharge
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period, particularly with respect to salinity- and
sodicity-related indicators.

= The combined improvement in groundwater levels
and reduction in key hydro chemical parameters
demonstrates the positive impact of the KC Valley
recharge intervention on aquifer quantity and quality
in the impacted Kolar region.
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(1) an anaerobic decomposition during travel to STPs which
precipitates heavy metals and transfers them to the sludge,
even if they ever enter this stream accidentally

(2) a retrofitted aerobic sewage treatment system which
meets the stringent discharge standards set by the NGT-the
STPs ensure removal of most of the household chemicals
including domestic surfactants

(3) when the treated wastewater travels a distance of 53 km
in the closed pipe from STP to Kolar region taking about
22h, any residual organic compound gets biodegraded,

(4) the treated wastewater undergoes over 10-60 days of
residence time in contact with an algal system in an open
water body (tank/lake/kere) functioning like a polishing
pond,

(5) Finally, the treated wastewater filters through tens of
meters of soil contact before recharging groundwater. This
gives the resident micro-organisms ample time to degrade
any biodegradable compound that has escaped the earlier
four stages. Further, the groundwater quality is also
improved by diluting the hard groundwater with soft water
(recharge water) as the added treated wastewater acts as a
diluents reducing the il effects of high fluoride and
dissolved solids content of the deep aquifer groundwater.
which was the casc before the implementation of this
project.
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ANNEXURE-3

1. Introduction

The utilization of direct wastewater for irrigation poses many environmental problems.
Concerns have arisen regarding the direct use of untreated wastewater (WW) for agricultural
purposes. These concerns include the accumulation of organic matter and nutrients in sewage-
farmed soils, referred to as "sewage sickness" (Antil, 2012; Kaur et al., 2012; Subrahmanyan,
1932); pathogen contamination of soil, leafy vegetables, and root crops (Shafiani and Malik,
2013); and potential health risks for farmers directly exposed to WW (Mehmood et al,, 2019).
Furthermore, the use of untreated WW may result in aesthetic issues, such as unpleasant odors,
negatively impacting local communities and tourism (Feong et al., 2016; Keraita-et-al; 2008).
This problem becomes more complex when domestic sewage mixed with industrial WW and
urban runoff is used for agriculture. Particularly WW from industries like lead-acid battery
recycling snd electro-plating introduces various contaminants, including heavy metals,
industrial detergents, and organic compounds (Yang et al.,, 2021; Mehmood et al., 2019;
Rezapour et al.,, 2019; Libutti et al.,, 2018; Sou et al., 2012; Khan et al., 2008). These
contaminants not only adversely affect soil quality and crop growth but also pose a risk ol
groundwater (GW) contamination in casc of human consumption (Kristanti et al., 2021), Heavy
metals, for example, can potentially translocate into plant roots, posing a threat to human heaith
when consumed (Khan et al., 2015).

By synthesizing existing literature and addressing the drawbacks associated with the direct usc
of WW, this study presents an alternative, safe and sustainable soil aquifer treatment (SAT)
based system for indirect GW recharge using sccondary treated wastewater (STW) and its use
for irrigation in semi-arid region. Thus, this study aims to quantify the impacts of using

indirectly recharged grouhdwater for irrigation on soil properties and few of the crops.
2, Methodology
2.1 Site Description

In order to examine the impacts of STW recycling on GW recharge, GW quality, soil
properties, and microbial distribution on harvested crops, four distinct sites were selected, both
in impacted and non-impacted areas. The impacted sites were within the range of 10 km from
the discharge point (DC) which is the receiving point for STW pumped from Bengaluru. STW
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is distributed to all 137 surface tanks from the DC point. The nonimpacted areas are
comparatively far away (40 to 60 km) from the DC point and have rain-fed runoff as the only
source of water recharging GW. The radial distance of the eight sites is almost the same from

their nearby tanks in impacted and non-impacted areas to maintain uniformity (Table 1).

Table 1. Sample collection details

Radind |
Sample ID|  Sample name Location lamee | grom | Water Levels
rom DC nearest {mbgl)
polnt (km) Iake(km)
Impacted
1. A 13%0726.7"N 77°5T46.7"E 02 0.2 194
2, B t3°08'16.4'N 77°59'S5.8"E 43 0.} 19.]
3, c 13°07'45.3"N 78°01'S93"E 7.7 0.5 25.6
4. D 13°06'54.3"N 78°03'15.1"E 10.1 0.05 254
Non-impacted
LR E 13°10"20.8"N 78°2132.4"E 434 04 58.1
6. F 13°12'18.6"N 78°2600.6"E 519 0.2 86.8
7. G 13°12'55.2"N 78°2700.1"E 539 0.1 874
8 H 13°1218.8™N 78°30'54.0"E 60.6 0.05 538

2.2 Characterization of soil

LI

The surface composite soil samples (0-30 cm) were collected in triplicate from the identified
impacted and non-impacted sites. Samples were collected, air-dried, sieved through a 2 mm
sieve, and stored in plastic bags. The soil samples were analysed for various physicochemical
properties such as soil texture, pH, EC, available nitrogen (N), available potassium (K),
available phosphorus (P), SAR, and other micronutrients as per the standard procedure and
methods described by Abegunrin et al, 2016; Pansu and Gautheyrou, 2006. The
microbiological analysis of the soil samples was carried out by molecular biology procedures,
including DNA extraction, PCR amplification, cluster generation, and 16S rRNA sequencing.
The primers employed in the study, namely 16S rRNA F (GCCTACGGGNGGCWGCAG) and
165 rRNA R (ACTACHVGGGTATCTAATCC), were synthesized at Eurofins Genomics.
After preparation, the amplicon library was purified using AMPure XP beads and quantified
using a Qubit fluorometer. For the subsequent data analysis, the QIIME software platform was
employed, and Eurofins Scientific Co. Ltd. (Bengaluru, India) facilitated the data analysis
process (Mohan et al., 2021; Levantesi et al., 2010).

3|Page



Additionally, the soil samples were also tested for the presence of other specific microbes such
as Escherichia coli (E.coli), and total coliform as indicator organisms and Shigella, and
Klebsiélfa as representative pathogenic bacteria. The number of microorganisms studied was
determined by the spread plate technique where 25 g of sample was added to 225 mL buffered
peptone water, homogenized in a stomacher and then serial dilutions in buffered peptone water
were spread onto agar plates which were incubated at 37°C for 24 hrs (Libutti et al., 2018). The
selective and differential media used and the appearance of tested bacterial colonies are listed
in Table 2.

Table 2. Specific media for pathogen identification (USEPA, 2002)

Specific Composi't'ibii ' ' ﬁﬁiﬁﬁé&ﬁ ' Appearance
differential
media_
Eosin . Peptone, Dip_otassi_um_ _E. f:o_li,__ a_nd The green metallic

methylene blue | hydrogen phosphate, Lactose, | total coliform | sheen and Purple in
agar Saccharose (Sucrose), Eosin — colour
Y, Methylene blue, Agar

MacConkey HMC peptone, gelatin peptone, | Klebsiella, Mucoid dark pink and
agar lactose monohydrate, bile salt, Shigella Light pink and
sodium chloride, crystal translucent
Violet, natural red, Agar

2.3 Microbiological analysis of harvested crops

To assess the impact of irrigation with indirectly recharged GW using recycled water, three
harvested crops like beeiroot (root crop), tomato (seasonal crop), and one leafy vegetable
(spinach) were collected which were irrigated with drip irrigation in both impacted and non-
impacted GW. A minimum of five plants of each crop were chosen randomly, and utmost care
was taken to maintain aseptic conditions by using disposable gloves (Farhadkhani et al., 2018).
All plant samples were collected in either sterile glass containers or plastic bags and promptly

transported to the laboratory for subsequent microbiological analyses. To prepare the fresh
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plant samples for testing, the edible parts of each crop were gently washed with sterile tap
water, and surfacc swabs were obtained for culturing in sterile tap water, following the methods
outlined by (Obeng et al., 2018; Ugwu et al,, 2014). The monitoring of indicator bacteria,
specifically totat coliforms and E. coli, along with a few common microbes such as Shigella
and Kiebsiella were analysed using the spread plate technique with specific selective
differential media (details listed in Table 2).

2.4 Groundwater quality

To assess the statistical significance of the obtained data (between before recycling and after
recycling period), an independent Student's t-test was conducted. The outcomes of the t-test
are presented as (a) NS (not significant) for p > 0.05, indicating no significant difference; (b) -
significant for *p < 0.05, denoting a statistically significant difference; and (c) highly
significant for **p < 0.01, mdlcatmg a highly significant difference (Manisha et al. , 2023),

3. Results

3.1 Impact on soil properties

It is important to determine the impact of indirectly recharged GW using STW on soil
properties during irrigation to evaluate safety and risk of contamination in soil and crop as well.
It may be observed from Figure 1 that there was no statistically significant change (> 0.05) in
the soil pH after the recycling project (after 2018). The pH of the soil was around 6.5 to 7.5
which is ideal for most of the crops. Soil PH affects nutrient availability in the soil as when
the soil pH is too low or 100 high, some nutrients become less available to plants. A significant
impact (**p<0.01) can be seen in the EC of impacted areas of soil wherein after recycling the
EC reduced by 50% when compared with that before recycling. Whereas in non-impacted
areas the soil was still saline with high EC. The reduction in the salinity of impacted soil can
be correlated to the improved water quality of indirectly recharged GW used for trrigation.
High levels of EC in non-impacted soil are mainly attributed to the original high levels of
soluble salts in the GW used for irrigation which can lead to soil salinization and can limit crop
growth and yield by impacting soil fertility. It can thus be concluded that there is no significant
change in the soil properties such as available nitrogen (N), available potassium (K) and
available phosphorous (P) where the indirectly recharged GW was used for irrigation.
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Figure 2: Soil Quality (a) pH, (b) EC, (c) Available Nitrogen, (d) Available Potassium, ()
Available Phosphorus

Table 3 presents a comparative study on the impact of using indirectly recharged GW on soil
micronutrients and sodium absorption ratio (SAR). It can be observed that there was a
significant improvement in the fertility status of soil in impacted areas as the salt deposition in
the soil was less (SAR) which is attributed to the use of indirectly recharged GW which was
soft in nature compared to the hard water from the deeper layer of the soil before the recycling
project was initiated. A minor variation in other micronutrient concentrations can be observed
as a result of dilution in impacted areas. Thus, it is concluded that there was no negative impact
of using the indirectly recharged GW on soil properties when compared to the risk (like nutrient
imbalance, heavy metal toxicity, soil salinization, microbial contamination, and reduced

fertility) associated when STW is used directly for irrigation,
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Table 3. Impact on micronutrient content and SAR of soils

S.No. | Parameters Impacted Area Non-impactcd Area
(mg kg-") Before After Before After
recycling recycling recycling recycling
(2016-2018) (2019-2022) (2016-2018) (2019-2022)
1. Zinc 1.87 £ 0.09 1.05 + 0.01 1.57+0.2 1.77 £ 0.08
2. Boron 1.59+£0.1 0.57+£0.06 1.82+ 0.1 1.69+0.2
3. Iron 23.84+12 11.62+1.2 2804+2.2 2455134
4. | Manganese 2505 1.6 1868+ 1.5 2222+ 1.8 2501 +£22
5. Cogpper 14+03 0.83%0.01 19+04 1.4+ 0.01
5. SAR 57+1.1 35x09 5515 6.1+£1.8
(mEq/L) |

Table 4 present microbiological load in soil. There was no considerable diffcrence in the mean
concentration of total coliform and £. coli in both impacted and non-impacted soil samples. It
may be observed that non-impacted soil had only a marginally higher number of £, coli and
total coliform in soil when compared with impacted soil, suggesting no significant impact of
using indirectly recharged GW with STW on the microbial pathogen risks in cultivated soil.
Since E. coli is one of the most important microbial indicators of fecal contamination, its
presence in soil irrigated with non-impacted water could be due to any external environmental
source of fecal contamination such as bird dropping, domestic animals, and open defecation
(Edge and Hill, 2007). None of the marker pathogens studied (Shigella, Klebsiella) were
detected in soil samples.
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Table 4. Microbiological load in soil

SLNo. Parameters E. coli | Total coliform Shigella Klebsiella
(CFUlg) (CFUlg) (CFU/g) (CFU/g)
1. Impacted Soil 130+5 1208 + 20 N.D. -N.D.
2. | Non-impacted soil 144 £ 8 1330+ 42 N.D. N.D.

(Note: N.D.- Not detectable)
3.2 Soil heulth card of the experimental site

. The health of the soil based on the parameters prescribed by the Indian Council of Agriculture

Research (ICAR) and the Indian Institute of Soil Science (IISS) is presented in Table 5. It may
be observed that most of the parameters such as available N, and available P fall under the
medium category whereas available K falls under the higher category. Hence, it may be
concluded that there was no significant difference in the soil health of the impacted and non-
impacte(i a_r‘e_és_cénﬁfini;lg that there is no ﬁegétive impaé:_t of irrigating dgricuitﬁral fields with
indirectly recharged GW and can be considered as a safe alternative for irrigation instead of
using treated WW directly. After the commencement of the project due to the availability of
water, farmers tended to cultivate cash and water-intensive crops (Tomato, ragi, paddy, carrot,
cabbage, spinach, and fruits) over less water-intensive crops (Horse gram, ragi, and sometimes
tomato if Tainwater is available) (Manisha et al., 2023). A change in cropping pattern was also

observed where in impacted areas farmers grew crops thrice in a year whereas in non-impacted

areas Once in a year.
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Table 5. Soil health (Gol, 2017) based on parameters prescribed by ICAR and 1ISS

SLNo. Parameters Impacted Non-impacted
1. Available N Medium - Medium
(High:>480 kg/ha; Medium: 240-480 kg/ha;
Low: <24O kg/ha) .
2, Available K High High

(High:>280 kg/ha; Medium: 110-280 kg/ha;
Low: <110 kg/ha)
3. Available P Medium Medium
(High:>22 kg/ha; Medium: 11-22 kg/ha; Low:
<11 ke/ha)

3.3 Bacterial diversity in soil

The dominant phylogenetic bacterial diversity and their specific role in the two soil samples
(impacted and non-impacted) are presented in Table 6. A total of 14 bacten'él phyla in common
were observed in the two soil samples. Proteobacteria was the most abundant community (28—
30%), followed by Bacteroidetes (10-15%), firmicutes (13-15%), Acidobacteria (12-15%),
Actinobacteria (6-8%), Planctomycetes (6-7%), Chlorofexi (6-7%), Verrucomicrobia (2—
3.5%), Gemmatimonadetes (1- 4.5%), Nitrospirae (1.5-2%) and few were the other groups. As
seen from Table 1, there was no significant difference in the bacterial community concentration
when compared in the two samples except for Gemmatimonadetes which are high in non-
impacted soil as these are more prevalent in dry soils (DeBruyn et al., 2011). This indicates
that the use of indirectly recharged GW for irrigation in impacted areas has no adverse effects
on bacterial diversity. It can be observed from the role of the dominant phyla presented in
Table 2 that most of them are plant growth promoters, few are major members in the nitrogen
fixation cycle, few of them facilitate phosphorus and other micro-nutrient solubilization, few
are involved in energy production and C metabolism, few of them secrete biofumigants and
are associated in disease suppression by targeting pathogens (Malisom et al., 2020; Li et al.,
2020; Sharma and Salwan, 2018; Bruto et al., 2014). The outcomes of our study are in
agreement with similar other studies (Ibekwe et al., 2018; Broszat et al., 2014) that have
reported no significant impact on the overall diversity and richness of bacteria (depending on
the quality of the treated WW) between soil irrigated with treated WW and synthetic
freshwater. Table 6 also presents the comparison of phylogenetic bacterial diversity in soil

when direct STW is used for irrigation.
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Table 6. Soil health (Gol, 2017) based on parameters prescribed by ICAR and IISS

Sl. | Phylum Impacted Non- Secondary treated Role Reference
No. soil impacted soil WW (Ibekwe et al.,
2018)

1 | Proteobacteria 30.6%+54 | 282%+68 |  321%x51 | * Plant growth-promoters (thizobacteria) | « Malisomn et
¢ Nitrogen fixation al., 2020
¢ Helps in phosphate and zinc

solubilization
* Produce Indole-3-acetic acid
2 | Bacteroidetes 147% £33 | 11.6%+2.7 1.62% + 0.1 e Secrete diverse arrays of carbohydrates | ¢ Lidbury et
and active enzymes al., 2021
* Participate in energy production and
conversion

3 | Firmicutes 142%+28 | 13.0%+ 1.4 26.5% + 6.2 * Involved in cell wall biosynthesis e Sharma and

® They are important chitinolytic bacteria Salwan,
* Play a role in the bio-control of plant 2018
pathogens in the phytoremediation of
heavy metals
4 | Acidobacteria 143%+ 17 | 12.0%%3.0 3.1%% 04 * Growth-promoting bacteria ® Kielak et
° ° ’ e Produce exopolysaccharides and al.,, 2016
modulate plant hormone level
* Facilitate nitrogen, phosphorous, and
iron acquisition
5 | Actinobacteria 7.5% 0.7 6.3% + 1.8 143 3.1 * Helps to solubilize phosphorus and o Lietal,
potassium 2020
* Major role in nutrient cycling
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3.4 Microbial Load on crop

The use of wastewater (WW) for irrigation raises significant concems regarding foodborne
diseases linked to the consumption of contaminated produce. The indirect recharge of GW
using STW was a concern for the contamination of crops. The microbial load of crops irrigated
with indirectly recharged GW and non-impacted GW is presented in Table 7. It may be
observed that none of the crop samples studied (except for spinach) contained detectable total
coliforms, E. coli (an indicator of fecal contamination), and pathogens (Shigella, and
Klebsiella,) suggesting no risk of infection on consuming these crops. As discussed earlier,
the time between water being filled in the tanks and reaching GW recharge state can be as low
as 1.5 years and this is far too long for pathogens to survive. It can be observed that a few total
coliforms were detected on spinach (leafy vegetables) in both impacted and non-impacted areas
suggesting human handling to be the major route rather than irrigation water. Hence, it is
always recommended to wash and cook green leafy vegetables before direct consumption as
they are most susceptible to bacterial contamination (Sinha et al., 2010). Consistent with our
results, Orlofsky et al. 2016 showed no significant difference in the detection of fecal indicator
bacteria on tomatoes irrigated with treated WW as compared with tomatoes irrigated with
potable water. Farhadkhani ct al. 2018, also detected a few of the sclected pathogens in SWW
and imrigated soils, but nonc of the tested plant samples were positive for the studicd pathogens.
Similar results were reported about the microbial quality of eggplant and tomatoes drip
irrigated with treated WW (Cirelli et al., 2012).
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Table 7. Microbiological load on crops

S1. | Crop type | Total coliform E.Coli Shigilla Klebsiella

No. (CFU/mL) | (CFU/mL) (CFU/mL) | (CFU/mL)

Type of | IRGW | NIGW | IRGW | NIGW IRGW NIGW IRGW NIGW
Water for

irrigation

1. Beetroot | N.D. | ND. | ND. { ND. | ND. | ND. N.D. N.D.

2. Tomato ND. | ND. | ND. | ND. | ND. N.D. N.D, N.D.

3. Spinach 200 480 | ND. | ND. | ND. N.D. N.D. N.D.

(Note: N.D.- Not detectable. IRGW: Indirectly Recharged Groundwater; NIGW: Non-
impacted Groundwater)
Conclusion:

The utilization of direct wastewater for irrigation poses many environmental probiems such as
soil quality deterioration due to the accumulation of salts, heavy metals, micro-poliutants and
health risk due to undesirable microorganisms. This hampers its agricultural reuse in arid and
semi-arid regions. To address these concerns, the present study itroduces a recent approach
that involves using indirectly recharged groundwater (GW) with secondary treated municipal
wastewater (STW) for irrigation through a Soil Aquifer Treatment-based system (SAT). This
method aims to mitigate freshwater scarcity in semi-arid regions. The outcomes of the study
indicated no negative impact on soil properties when using indirectly recharged GW whereas
a positive significant impact was reduced soil salinity in impacted areas. No microbial
contamination in terms of pathogens was found ou tested soil and crop samples. Hence,
indirectly recharged GW using STW could be safely used as an alternative source for irrigation
overcoming the concerns of heavy metals, micro-contaminants and pathogens associated with

the direct use of partially treated or untreated mixed municipal WW for irrigation.
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Prof. Lakshminarayana Rao

Gdnog - 2,

Prof. M S Mohan Kumar

Associate Professor (Former) Professor
Prof. Chanakya H N Department of Civil
(Former) Chief Research Scientist Engineering
Centre for Sustainable Technologies Indian institute of Science
indian Institute of Science B Bangalore 560 012, India.
Bangalore 560 012, India. - Phone : 91-80 2293 2814
Phone : 91-80 2293 2051 Wi g ey Email: msmk@iisc.ac.in,
Email : chanakya@ilsc.ac.in ms.mohankumar@gmad.com
: narayanaiisc.ac.in

08" of November 2023
To
The Chief Engineer,

Minor Irrigation and Ground Water Department (South)
Bangalore Karnataka

Dear Sir

Ref

1} AEE/MI&GWD Sub Varthur /K&C Valley/ 2023-24/224 dated 07-11-2023

2) “Environmental Impact Assessment of KC Valley Project”, Agreement No 134/2019-

20 dated 02/03/2020

3) Interim report submitted by CST-IISc dated 21-01-2022

4) No:AEE/MI&GWD Sub Varthur /K&C Valley/ 148/2023-24 dated 31-07-2023
With respect to the above reference, we would like submit the following
[ISc team is monitoring/measuring heavy metals periodically in K & C valley project. Table 1
below lists the date/location of water sampling and the important findings. The drinking water
specification IS 10500: 2012 lists 18 metals out of which 6 are listed as toxic heavy metals. In the
secondary treated water from the STPs of K & C valley and Bellandur, all these 18 metals are well
below the acceptable limits from the muitiple samples collected between 2019 to 2022 (please note
this meets even the stringent drinking water standards). Hence this water, when used for
indirect recharge, is not expected to cause any heavy metal pollution of the underground water

table,

Table 1: Heavy Metals Measured in K & C Valley Project
Si Date of Location Remarks Details
No Sample

1 | 10%Jan 2019 | 10 locations | The secondary treated water which is | Annexure I
including | being pumped to Kolar from STP at K
K&Cvalley | & C Valley and Bellandur does not
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STPs and
Tanks in
Cluster 1

contain any harmful heavy metals
above the prescribed limit and even
meets drinking water Standards IS
10500: 2012

contain any harmful heavy metals
above the prescribed limit as per
drinking water Standards IS 10500:
2012 (meets even the drinking water
standards)

10% Jan 2020 | All five inlets | Heavy metals even in untreated | Annexure -1l
to Bellandur | wastewater entering Bellandur lake
Lake and |from all five inlets and cven the
outlet of Bellandur lake outlet i3 within the
Bellandur | prescribed limit even for drinking water
Lake Standards IS 10500: 2012. The
wastewater  undergoes  anaerobic
conditions during which all of them will
precipitate out even if present.
T 15" of March | Raw sewage | The heavy metal concentrations “in' [- Annexure -1it
2021 entering secondary treated water which is being
K&C valley | pumped to Kolar from STP at K & C
STP and Valley and Bellandur are well below
Secondary | even the drinking water Standards IS
Treated water | 10500: 2012
pumped to
Kolar
5 October | DCpoint, | The secondary treated water which is | Annexure -IV
2021 Narasapura | being pumped to Kolar from STP at K
Tank, open | & C Valley and Bellandur does not
well, contain any harmful heavy metals
borewell and | above the prescribed limit as per
Kalyani near | drinking water Standards IS 10500:
Narsapura | 2012 (meets even the drinking water
Tank standards)
Even the groundwater in borewells,
open wells and Kalyani near Narsapura
Tank does not contain any harmful
heavy metals above the prescribed limit
as per drinking water Standards IS
10500: 2012
20% of July | DC point and | The secondary treated water which is | Annexure -V
2022 Lakshmisagar | being pumped to Kolar from STP at K
Tank Outlet | & C Valley and Bellandur does not
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As can be seen from Tablie 1, the secondary treated water which is being pumped to Kolar from
STP at K & C Valley and Bellandur does not contain any harmful heavy metals above the
prescribed limit even as per drinking water Standards IS 10500; 2012,

Also, IISc has clearly demonstrated that thermodynamically, any heavy metal will have the
propensity to precipitate as sulphides and form insoluble salts very rapidly, thus rendering the
wastewater free from heavy metals, which is published in Current Science Article, given here as
Annexure VI.

Also, IISc has regularly published this data on absence of heavy metals in groundwater and surface
water samples impacted by K&C valley project and secondary treated water being pumped to
Kolar through various publication attached here as Annexure VII and Annexure VIII.

Sincerely
%’Iﬁh .uncnér' Prof. M S Mohan Kumar
. ct e (Former Prof) CE. [ISc

1. Copy to Secretary, Minor Irrigation& Groundwater development Department,
Government of Karnataka, Vikasa Soudha, Bangalore for information,

Copy to Superintending Engineer, Minor Irrigation Circle, Bangalore for information.
Copy to Executive Engineer, Minor Irrigation Division, Kolar for information and
necessary action,

4. Copy to AEE MI subdivision Varthur for necessary action.

RN
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Prof. HN Chanakya and
Dr. Lakshminarayana Rao
Centre for Sustainable Technologies
Indian Institute of Science
Bangalore 560 012, India,
Phone : (+91-80) 2293 2051
Fax : (+91-80) 2360 1692
Email : chanakya@ iisc.ac.in narayana@iisc.ac.in

7" of March 2019
A note on STP secondary treated water quality of K and C Valley and Bellandur

Background This project is about supplying secondary treated domestic sewage water
to tanks of Kolar for indirect recharge of underground water. In this project, secondary
treated sewage water is directly picked up from the plant and passed on to pipe at K& C
valley and Bellandur and thus the situation of getting mixed up with existing Lake waters
at Bellandur does not arise. This is one of the unique projects where a Mega City (which
is normally seen as guzzer of water and energy) becomes a source for indirect ground
water recharge and irrigation in neighboring towns / villages and peri urban areas thus
supporting their livelihood ecology / environment and other activities. There is a UN
mandate on use of right quality of water for right purpose indicating necessity for minimal
treatment which is enough for the purpose. Treated Water as it flows from one tank to
the other, the quality of such waters will improve since it will be exposed to oxygenation
and sunlight. Mixing with local catchment waters, the quality will only improve, if no local
waste water flows in. Moisture build up will happen surrounding the tank areas which will
help in agriculture. Need based, small quantity water could be treated to the drinking
water standards

* In India, there are no water quality standards for such applications i.e., indirect recharge from
secondary treated waters. However, based on the water quality testing that has been done as per
the submitted report titled “Report of Secondary Treated Water Quality from K & C valley,
Bellandur STP and tanks in Kolar”, dated 21* jan 2019 and the final report dated 7" of March
2019, the secondary treated water from K & C valley and Bellandur STP meets:

o the water quality criteria for irrigation as per 15:11624-1986, BIS Standard.
o the water meets the Class E criteria as per “DESIGNATED BEST USE CLASSIFICATION OF
STREAMS’, of CPCB, which is for Irrigation and industrial cooling.’
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o In most of the cases, the Water Quality satisfies, Class D which Is fit for Aquaculture as
well

o Based on the water analysis result presented as per the above said report, this secondary
treated water from the K & C valley and Bellandur STP can be safely used for indirect
recharge of underground water and Irrigation purposes.

e Water which is fit for irrigation purposes is certainly fit for indirect recharge of underground
water,

o The drinking water specification IS 10500: 2012 lists 18 metals out of which 6 are listed as toxic
heavy metals. In the secondary treated water from the STPs of K & Cvalley and Bellandur, all these
18 metals are well below the acceptable limits. Hence this water, when used for indirect recharge,
is not expected to cause any heavy metal pollution of the underground water table.

o Heavy metals in the treated water from the treatment plant are well below the acceptable limits
for drinking water and hence of no serious threat is fikely to human / animal life from these heavy
e —— R e B

+ During the indirect recharge, it is well understood that the water percolates stowly through the
torturous pores through multilayers of the Mother Earth. During this process of slow percofation,
it is well understood that the water guality improves even further as it trickles down through such
soil layers.

e As the above observations are based on a single grab sample taken on 10th of Jan 2019, in order

1o get a better control of the system, it is suggested that periodic monitoring, lab testing,
documentation and reporting mechanism needs to be implemented through any credible third-
party observers.

e Several Institutes / research labs / regulatory authorities have tested the quality of secondary
treated waters and have come with similar opinion that it meets the required standards.

e If need be, once the plant starts running, again, the quality of secondary treated waters could be
ascertained by National Labs Institutes of high repute such as 115c and NEERI.

h-v\fe.

Lakshminarayana Rao
Date : 7* of March 2019

H N Chanakya
Date : 7™ of March 2019
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1

Report of Secondary Treated Water Quality from K & C valley, Bellandur STP

and tanks in Kolar

1. INTRODUCTION

The Minor Irrigation Department has implemented a project for pumping
secondary treated water from the STP at K &C Valley and Bellandur to fill 126 tanks
in Kolar District. On 9% January 2019, the Minor Irrigation department approached
IISc to sample the secondary treated water which is pumped to tanks in Kolar. On

10" of January 2019, IISc team undertook a water quality sampling campaign and

have collected ten (10) water samples from various locations as listed in Table 1. The

water quality is being accessed at [ISc. IISc team of professors, consisting of Prof H N

Chanakya and Dr Lakshminarayana Rao have analyzed the samples collected and a

report is prepared. The details of the same are described below.

Table 1: Summary of water samples collected

SL. No | Water Sampling Location Sample
Identification

#

1 K & C valley STP - Before chlorine contact tank 1

2 K & C valley STP - After chlorine contact tank (Lift Point 1) 2

3 Bellandur STP after Chlorination tank (Life Point 2) 3

4 Discharge point Lakshmisagar Lake (first drop point into Kollar tanks) 4

5 Lakshmisagara waste weir (Qutlet from Lakshmisagar lake) 5

6 Udapanahalli tank-1 (First lake downstrearn of Lakshmisagar lake) 6

7 Udapanahalli waste weir-2 (outlet from Udapanahalli Lake) 7

8 Narsapura tank 8

9 Doddavalabhi waste weir 9

10 | Signahalli tank 10

2. WATER QUALITY OF SAMPLES COLLECTED
Table 2 lists water quality parameters analyzed of the water samples collected and

Table 3 lists the test methods followed to analyze each parameter. Based on the results

of the analysis the following conclusions are drawn and recommendations are made.
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e Based on the water analysis, the water quality meets the water quality criteria
for irrigation as per 1S:11624-1986, BIS Standard (Annexure I).

e Based on the water analysis, as presented in Table 2, the water meets the Class
E criteria as per “DESIGNATED BEST USE CLASSIFICATION OF
STREAMS’, of CPCB, which is for ‘Irrigation and industrial cooling’
(Annexure II). This water pumped to the tanks of Kolar can be safely used for
Irrigation purposes.

e As India does not have any specific standards for indirect ground water
recharge i.e., percolation through the soil strata and as recharged ground water
is mostly used for irrigation purposes in Kolar, as indicated above, it meets the
criteria for irrigation through ground water as the designated best use.  ———

e In addition, the water quality of the all the water samples analyzed, for all the
measured parameters as shown in Table 2, also meets a much stringent criteria
as per the CPCB Inland surface water standards (Annexure I). The results
indicate that the secondary treated water which is being pumped to Kolar from
STP at K & C valley and Bellandur does not contain any harmful heavy metals
above the prescribed limit.

e Also, the secondary treated water which is being pumped from STP at K & C
valley and Bellandur i.e., sample 2,3 and 4 meet the Class D criteria as per
“DESIGNATED BEST USE CLASSIFICATION OF STREAMS’, of CPCB,
which is for ‘propagation of wild life and fisheries’ (Annexure II).

o The above results are based on a single grab sample taken on 10" of Jan 2019.
In order to get a better control of the system, it is suggested that periodic

monitoring, lab analysis, documentation and reporting mechanism needs to be

implemented.
s
Dr H N Chanakya Dr Lakshminarayana Rao

Date : 7" of March 2019
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Table 2: Water Quality as on 10-01-19

CPCB: Water Quality Criteria Sample #1 |Sample #2{Sample #3 Sample | Sample | Sample Sample [ Sample | Sample | Sample
Parameters | Unit | Intand #4 #5 6 #7 #8 #9 #10

Surface

water

Standa | A ;] C!D E

rds _
Total mg/ - - - - - - 480 414 426 471 450 428 424 332 305 376
Dissolved L
Solids
Turbidity NTU - - - - - - 4,37 2.39 3.03 2.95 11.50 9.09 26.9 36.9 228 327
Electrical ps/c - - - - - 1 2250 960 828 852 942 900 856 848 664 610 752
Conductivity m
Temperature | °c shall - - - - - 235 24.6 24.9 23.2 24.8 23.7 24.2 23.9 24.1 245

not

exceed

5°C

above

the

receivin

€ water

temper

ature
pH - 3.5-9.0 | 6.5- | 6.5- | 6.5- |6.5-| 6.0- 86 7.7 7.8 8.0 84 8.7 9.0 9.2 89 8.5

85(85]85[85] 85

Particulate - Shall - - - - - Passed Passed Passed | Passed | Passed | Passed Passed | Passed | Passed | Passed
size of pass 85015 85015 85018 8501S | 8501s | 8501S | 8501s | 850 IS | 8501S | 85015
suspended 850 micron micron micron | micron { micron micron | micron | micron | micron | micron
solids micron sieve sieve sieve sieve sieve sieve sieve siave sieve sieve

IS Steve
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.Sm\ |

214 Lead {as Pb) 0.1 - bdl bdl bdl bdl bdi bl bdl bdl bdl bdl

22{ Total arsenic | mg/I 0.2 - 0.002 0.001 0.001 0.001 [0.000774| 0.0007 | 0.002 0.003 0.002 0.001
(as As)

23] Hexavalent mg/! 0.1 - <01 <0.1 <0.1 <D.1 <0.1 <0.1 <01 <0.1 <01 <0.1
Chromium
(as Cr*§)

24 Total mg/! 2.0 - 0.006 0.006 0.004 0.008 0.004 | 0.009 0.01 0.01 0.009 0.005
Chromium
{as Cr) _

25] Nicke! {as Ni) | mg/! 3.0 - 0.029 0.028 0.024 0.028 | 0.023 | 0.018 | 0.029 | 0014 0.011 0.01

26] Copper (as mg/l 3.0 - 0.002 0.001 |0.000064| 0.002 _bdl bdl 0.002 0.002 0.002 0.002
Cu) _

27§ Aluminium mg/I - - 0.036 0.109 0.02 0.121 0.025 | ©0.012 0.375 0.261 0.088 0.c77
{as Al) _

28] Barium (as mg/| - - 0.044 0.045 0.01 0.048 0.003 0.011 0.059 0.048 0.046 0.039
Ba)

294 Boron (as B) mg/l - 2.0 0.019 0.021 0.037 0.022 0.018 0.019 0.022 0.025 0.026 0.02

30] Calcium (as mg/] - - 57.21 mu..w 58.45 61.02 56.66 44.41 62.9 29.81 23.00 20.4
Ca) _

311 Magnesium | mg/i - - 16.81 17.16 3.35 17.66 11.69 6.582 17.42 13.08 12.58 7.985
(as Mg} _

32] Selenium {as | mg/! 0.05 - 0.000673 | 0.000698| 0.008 0.000665] 0.001 0.008 ]0.000618{0.000642(0.000593 0.000460
Se}) _

33] Silver {as Ag) | mg/t - - 0.000888 | 0.000429{ 0.000395 0.000634{0.000169( 0.00005 10.000402[ 0.002 0.000498(0.000501

34§ Mercury {as mg/| 0.01 - 0.002 0.000%6 0.003 0.002 |0.000478] 0.002 0.000899|0.000334/0.000697] 0.00019
Hg)

35 Molybdenum | mg/| - - 0.001 0.001 0.003 0.001 |0.000413]| 0.p01 0.001 | 0.002 0.002 0.001
(as Mo)
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Table 3: Parameters analysed and Analysis methodology

Si No. Parameters Method References
1 Total Dissolved Sollds APHA 23" Edlition 2540-C
2. Turbidity APHA 23" Edition 2130-B
3 Conductivity APHA 23" Edition 2510-B
3 pH APHA 23" Edition 4500-H", 8
5. BOD for S days at 20°C APHA 23" Edition 5210-B
6. COoD APHA 23" Edition 5220-C
7. Total Alkalinity as CaCOs; APHA 23" Edition 2320-B
8. Total Hardness as CaCQ; APHA 23" Edition 2340-C
9. Nitrate APHA 23" gdition 4500-NOy., E
10. Nitrite APHA 23™ Edition 4500-NCy, B
11, Ammonia-N IS: 3025 (Part 34}- 2009
12. Iron (as Fe) APHA 23 Edition 3125-8
13. Manganese (as Mn) APHA 23" Edition 3125-B
14. Zlnc {as Zn) APHA 23 Edition 3125-B
15. Cadmium (as Cd) APHA 23 Edition 3125-B
16. Lead {as Pb} APHA 23" Edition 3125-B
17. Total arsenic (as As) APHA 23" Edition 3125-8
18. Total chromium (as Cr) APHA 23" Edition 3125-B
19, Magnesium {as Mg} APHA 23" Edition 3125-B
20. Nickel (as Ni) APHA 23" Edition 3125-8
21. Copper (as Cu) APHA 23" Edition 3125-B
22, Aluminium {as Al) APHA 23 Edition 3125-8
23. Barium (as Ba) APHA 23 Edition 3125-B
24. Boron (as 8} APHA 23™ Edition 3125-B
25, Calcium {as Ca) APHA 23" Edition 3125-8
26. Selenlum (as Se) APHA 23" Edition 3125-8
27. Sliver {as Ag) APHA 23" Edition 3125-8
28. Mercury (as Hg) APHA 23 Edition 3125-8
29 Molybdenum (as Mo) APHA 23" Edition 3125-B
30, Sodium (as Na) APHA 23" Edition 3125-B
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ANNEXURE-1

19 : 11604 - 1906

Indian Standard

GUIDELINES FOR
THE QUALITY OF IRRIGATION WATER

& FORBWORD

on 27 mmmmwwusn tios
Sestioasi
&-“ull'o«l Mh‘h-mdgm

Delhl.
04 In bﬂdtmumm-ﬂohwm
this stan mummuwmunum
off, it shnil be done in acvordance with IS : 2-1968*
1, 8COPE

unaummmumﬁumummma
irrigation water,

3. TERMINOLOGY
2.1 For the of this standard the deSaitions givea in 18 : 7022-
19731 and 1S : 11077-1984} shail apply. .

*Rales for renading off aumerical valoss { revised ).
Mdtuuulmnum.w.lmuidm
$0Momsary of terme on s0il and water.
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1S : 11624 - 1996

3. SUITABILITY CRITERIA

3.1 The suitability of aa irrigation water depsnds upon severs] factors,
.mu.mmmr.ﬂzwmmmwam
drainage, climats and the conditions. The integrated effoct of
these on the suitability of irrigation water ( S/ ) can be expressed
by tise refationship given below:

SI= ]osrcp .
where

Q = quality of irrigation water, that is, total mit concentratios,
relative proportioa of cations, etc;

S = il textore, structure, permeadility, fertitity, caljciom
grbom comtent, of minevals and hovid of

P = saft tolerance characteristics of the crop to bs grows, it
C elina“t:u wmhmmww
- te, is,

characteristics; and

D = draimage conditions, depth of water table, mstwrs of soil

profile, preseace of hard pan or lme

mansgement practicen
3.1.1 These factors act interactively such that a suitabie criteria
is hard to bo adopted for widely conditions. However, 2 geusnl

broad guideline has been developed bere.

3.2 Besides these factors, the prasence of potassium and nitrae ioes I
water, is favourable foe crop growth, as water of more almity can be
uscd in presence of these jons. In a puarticular climate, ali the factors

cnumeratod in 3.1, are Nkely to and interact sitber positively or
negatively in relation to salt and degree of harmful effect
on soil propertios and crop growth,
4. WATER QUALITY CRITERIA FOR TRRIGATION
4.1 The following chemical properties shafl be considered for developing
waler quality ctiteria for irrigation:

a) Total sk coaceatration,

b) Sodium adsorption ratio,
c)l.zdulﬁodiunmbouuotmhi coacantration,

d) Pocoa ooutent.
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4.1.1 Toral Selt Concentration — 1t is sxpresesd as the clectricad
ductivity (nc);hla relation t0 hazardous effects of the w?n.

concontration, waler caa be classifiod Into major
groups as given in i. foue
TABLE :wﬂllmummwmmmr
CONCENTRATION
3¢ No.
Ciam (Mulc )
)
) Lo e 1 300
i) Mogion 1 500-3 600
i) High 30006 60
) Yery bigh Above ¢ 000

4.2 Sodium Adsorprion Retio ( SAR ) — shal] be calculated from
the following formmla:

SAR = No®
v +
()

SAR = sodiug adsorption mtio / (‘milkmolsiitre )
Na = sodium lon concentration, me/)
Ca « calgium ion concentration, mef)
Mg = magaesiumy ion concentration, me/l
Note — sl = miltisquivalent/Hwe,
In refation to the hazardows effects of sodiem advorption ratio,
the irvigation weter quality rating is givem in Table 2.

TABLE2 WATER QUALITY RATING BASED ON SODIUM

ADSORPTION RATIO
. No. Coam R Rance
Wi =

) (¢4 (¢)]

;) Low Below }0

[} Medism 10-19
0 Nigh 136
) Yary Mph Above 26

T . -
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413 Residual sodium carboaate ( RSC) shall be determined by the
oquation:

RSC = ( CO- + HCO; ) — ( Cate-+ Mgl )

where
~ RSC == residual sodium carboosts ( mefl ).
COP~= carbonats ioa concentrstion ( meft ),
HCO; = bicarbonsts ion concestration ( me/l ),
Ca* = galcium ion conoentration ( mej1 ), and
Mg* = magossium ion concentration ( mefl ).

 Nom—mfl =

as residual sodium cerbonsie, ths irrigation waler

tration
quality is given in Table J-
TABLE 3 WATER QUALITY RATING BASED ON RERDUAL

SODIUM CARPONATE
S No. Cuam REC Ravos ( mefl )
(L) @ M
) | Low Selow 1-§
) Modiom 1'$39
1) Righ 3060
iv) Yery bigh Abowe &0

4.1.4 Boroa Consemt — Boron, though & sutrient, becomes toxic if
present in water beyoad a particular level. Ia relatios to boron taxicity,
the irrigation water quality rating is given in Table 4.

TABLE ¢ WATER QUALITY RATING BASED ON BORON CONTENY

S No, CLam Bono ( ppm )
) 2 13
i) Low Below ro
) Mediom §0.2-0
ids) High 2040
iv) Very high Above 40

4.2 Though all the chemical characteristics have been classified .
they are present in cach irrigation watcr, and the chemical characteristics
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ANNEXURE-2
Thr Exvironment (Prosvesson) Rules. 1986 443
‘[mm—\'l]
(Bwe rule 3A)

mnmmmwmu
POLLUTANTS PART-A : EFFLLENTS

S. Pavemeler Standards
No. inlend Public Land for Marine coastal
aurface Sowens Ivigalion aress
waker
1 2 | 3
{m) ®) (€) (d)
1.  Colour and odow See 8 of - See 8 of Ses 8 of
Armexure-4 Annexure Annmare-
4
2 Suspended solids 100 600 200 (s)For procees
moA, M. wadls waler-
100
(b)For enoling
walsr affluant
10  percent
above totel
suspanded
maller of
influent.
3 Pusicuiale eire of Shall pass 850 - - {a)Flomable
suspended solids mioron 18 salids. mex. 3
Sleve rrwm,
(b)Setlisahle
solide. max.
850 micom
3‘. oe . - -y -
5 pMVae 551090 551000 S551wWH0 551000
8. Temperature shall not - - shall not encesd
axceed 5°C 5°C above e
above the receiving waler
recaiving waber lemperaiure
amperature

' Sehabehs VI tmested by Ruke 2d) of e avienenan (Psacnen) Seowd Anwadment Rl 1973 asofled
vide GS.R. 42K doved ML03 1993, publishad o the Gaswir No. 134 dosed 19.05.1993.

1 Ouited by Rule NdWi) of the Exvirmmmans fPootectiun) Thind Amondoscnt Rudas, (903 vade Nowficamos
NaGA R SMH(E) damd 31 12,1999
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ANNEXURE-3 {Contd)

346 The Exviroswent (Frotectson ) Ruiex, 986
§. Parameler Standards
No- indand Public Land for Marine constel
surtace Sewers rigation areas
walbar
1 2 3
{») {b) (c) ()
7. Oland grease 10 20 10 2
mpA M
A Totel residusi 10 - - 10
chiorin g Mex.
nirogen {as N),
moA Max
10. Total Kjekish 100 - - 100
Nivogen (as NM,)
mpA. M.
11. Frea smmonia {(as - - 50
N moA Mex. T~ T
12. Biochemicsl 30 as50 100 100
Oxygen demand '3
days at 27°C} mght
max.
13.  Chemicel Oxygen 230 - - 20
Damand, mgh,
max, _
14,  Arsenic (ss As), 02 02 0.2 02
moh, max,
15.  Mearcury (as Hg). oM 0.01 - o
moh. Max.
16. Laad (a6 Pb) mpA, 0.1 1.0 - 20
Max_
17. Cadmium (as Cd) 20 10 - 20
mgA, Max.
18. Haxavalerd R 20 - 1.0
Chwomium (as
Cr+8), mgh max.

Saubattonind by Rule? of the Earvanmont (Froscium) Amondenest Rules. 199 susfied by GoSR. 176, dutod 24 199

mry be rend s BOD ) duys w0 270y wharever BOD § doys 2000 ocoaned
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The Enviromment (Protection Rule. 1986
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ANNEXURE-3 (Contd)

i Parameter Sanderds
indand Public Land for Marine cosate
mxface Sewurs invigation arees
waler
1 2 3
{8) ) () (9)
19. Yol dwombam (se 20 20 - 20
Cr.) mgh, Max.
20. Copper (ss Cu) 30 30 - 30
mgA, Mes
21. Dnc{As Zn.) mpA, 50 15 - 18
M
Z2.  Belerhun (as Se.) 0.08 0.08 - 0.08
mgh, Max.
2. Nickel (o5 NI) moh. 20 30 - 5.0
_‘M sea . . . .
’m. ' . . . .
'm_ See . . .
27.  Cyanide (as CN) 02 20 02 02
oA Max.
‘a [ Y] . . » »
20. Fumoride (ss F) mgh 20 15 — 15
Max.
3. Disscived 50 - - -
Phoaphates (s P),
moA Max.
131. e . .
32.  Suphide (as 8) 20 - - 50
moA Max.
3. Phenole 10 50 - 50
Wﬂ;
s

' Owsiad by ule 3iti) of e Envemmman (Presecomnt Thind Ammdwent Snis, (9 vde Notifiapnas
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ANNEXURE-3 {Contd)

443 The Exviromment (Protection) Rudex, 1988
5. Paramela Sanderds
No. nland Public Land for Marine coastel
surface Sowers invigation arens
webet
1 2 3
(=) (b} (c) o
34. Radicactive
malenials .
{a) Alphs emititer 107 107 1ot 107
micro  cwriedmi.
micro  curieimt
3. Biv-assay Wst 0% survival of 0% 20% 0% survivei of
fish after 98 survivel of  survival of heh altor 98
hours in 100%  fish afer fsh afer haours In 100%
alfluent 98 hours 98 hours aliverd
in 100% n 100%
- offvent . sfueni o
3.  Manganese (ss 2mN 2mpA - 2mgh
M)
37. won {as Fe) 3mph 3 mgA - 3 mpl
3B Vanadium (ss V) 0.2 mpA 0.2 mgh - 02 mgl
30. Nrsle Niogen 10 mgA - - 20 mpA
'w‘ Y] - . . [ ]

' Ol by Rise 28%01 of the Eavirmment {Protectus) Thisd Amosdsent Rulew 1993 vde Nowficxe No. G4A.

WhCE) dawsd 31.12. 1993
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Date of Sampling : 15 of March 2021

Table of Heavy Metals

Summery of heavy metals analysis.

S No. Metals, metatloids, and IS 10500 Raw sewage Secondary tremted
beavy metak (mg/T) (mg/D wastewster{mg /1)
1 Iron (Pe) 3 0.40 0.36
2 Manganese (Mn) 2 .16 0.02
3 Zinc (2n) 5 0.02 BDL
4 Cadmium (Cd) 2 BDI, BDL
5 Lead (Fb) 0.1 BD1, BDL
& Arsenic (As) 0.2 0.001 0.001
7 Chramium (Cr* %) 0.1 0.004 <1
a Nickel (Ni) 3 0.02 0.028
9 Copper (Cu) 3 0.00005 0.00
10 Aluminium (Al) 0.2 0.03 BDA.
11 Barinm (Ba) 0.7 0.01 0.045
12 Boron (B) 0.5 0.04 0.021
13 Selenium (Se) 0.01 0.008 BDL
14 Silver (Ag) 0.1 0.00041 BDL
15 Mercury (Hg) 0.001 0.004 BDL
16 Molybdenum (Mo) 0.07 0.003 0.001
Nove: BDL is below the detection limit of 1 x 10-° mgA.
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Date of Sampling: 5* of October 2021

Table : Summary of Heavy Metal Analysis of the DC Point Lakshmisagar and
Narsapura Tank

Standard Iroz | Manganese | Cadmiom Lead | Chromium | Nickel | Copper | Mercury | Aluminium

Name Fe) | Mnymgl | Chmgl | D) | Cmgl [ N) | (Cw (Hg) (AD) mg/L
mg/L mg/L mgl | mgl | mgl

1810500 3 2 2 0.1 0.1 3 3 0.002 0.2

DC Point 026 | Bdl Bdl Bdl 0 0 0.002 0.001 0

Narsapura Tank | 0.2 Bdl Bdl Bdi 0 0 0.001 0 0

Borewell 023 | Bdl 0 Bdl Bdl 0 0.051 t 0

Open well 047 | Bdl 0 Bdl Bdi Bdl 0.016 0.03 Bdl

Kalyani 025 | Bd 0 Bdl Bdl Bdl 0.01 0 Bdl
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Date of Sampling 20 July 2022
Table: Summary of Heavy Metal Analysis of the DC point and Lakshmisagar tank outlet

Sl. No. | Parameters IS 10500 (mg/L) ry treated tl:;misagara tank
(8IS 10500, atde (m
2012) point (mg/L)

mg/L}

1 Iron (Fe) 3 0.36 £ 0.02 0.26 1+ 0.001

2 Manganese {Mn) 2 0.02%0 BOL 0

3 Zinc (Zn} 5 BDL 0 BDL £ 0

4 Cadmium (Cd) 2 iBDL £ 0 BOLt0

5 Lead {Pb} 0.1 BOLtO BDL1 O

6 Arsenic (As) 0.2 0.001+0 0.001+0

7 Chromium (Cr*%) 0.1 <0.1£0 <0.1+0

8 Nicke! (Ni) 3 0.0281+ 0 010

9 Copper {Cu) 3 0.00+0 010

10 Aluminium {Al} 0.2 BOL:D 010

11 Barium (Ba] 0.7 0.045 + 0 00110

12 Boron {B} 0.5 0.021 £+ 0 0.001t0

13 Selenium (Se) 0.01 BDLt O BDLtO

14 Sitver (Ag) 0.1 BDLt O BOLtO

15 Mercury {Hg) 0.001 [BOL £ 0 BDL: O

16 Molybdenum {Mo) 0.07 0.001+0 BDL1D

BDL is Below Detectable Limit which is is 1 x 10°¢ mg/|
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Fate of heavy metals in sewage and polluted

water bodies

Harsha Rao, Lakshminarayana Rao* and H. N. Chanakya

Centre for Sustainable Technologies, Indian Institute of Science, Bengaluru 560 012, India

There is a major knowledge gap and a multifarious
problem involving metal chemistry, physical interac-
tions of metals, microbiology, aerobic and anserobic
processes in understanding the precipitation of heavy
metals in sewage and polluted water bodies. This
study focuses on determining the most feasible metal-
salt that can be formed using standard Gibbs free
energy change for each possible reaction of all the
heavy metals in wastewater, Solubility limits of all
possible metal salts are computed. It is shown that
even in the short anaerobic stage, any heavy metal will
have the propensity to precipitate as sulphides and
form insoluble salts, thas remdering the wastewater
free from hesvy metals. The measured heavy metal
concentration In treated wastewater from Bangalore’s
K-C Valley and Bellandur sewage treatment plants is
presented as a validation of the theory.

Keywords: Anaerobic digestion, heavy metals, precipi-
tation, solubility Hmit, wastewater.

Origin of heavy metals in urban sewage and
threat to lakes

THE ever increasing sewage generation from urbanization
and consequent threals to water resources are important
concerns to sustainable development. Majority of the
world’s population now lives in the cities'™. Nearly one-
third of the Indian population is urbanized and many
states are expected to have more than half of their popula-
tion in cities by 2021 {ref. 7). Most citics have little
wastewater infrastructure®, Cities have become farge
sinks for water and epicentres for wastewater (sewage).
Cities usurp water from hundreds of kilometres away
while the rainwater collection tanks have become recep-
tacles of sewage. When untreated sewage flows under
anaerobic conditions, most of the metals present are pre-
cipitated and deposited as a heavy metal (HM)-rich
sludge’.

Cities in the Deccan Plateau have always aligned their
sewerage systems along with the natural contours of land
and water basins. These water bodies have become perpe-
tually filled with sewage. For exampie, Varthur and
Bellandur lakes of Bengaluru, Musi in Hyderabad and

*For correspondence, {e-mail; narayana@iisc.ac.in)
CURRENT SCIENCE, VOL. 121, NO. 1, 10 JULY 2021

River Cooum in Chennai receive large volumes of urban
sewage. Ag cities are industrialized, storm water, sewage
and industrial effluents became mixed and flow as com-
mon wastewater. For a significant period, industries in
Bengaluru such as battery reconditioning, electroplating
and paint shops have released effluents bearing HMs into
sewage'®. It is unclesr what happens to these HMs in
sewage streams. The present study answers this question
using both thermodynamic potential and solubility limits-
tions.

By definition, metallic elements and metalloids having
atomic density >5 g/em® arc termed as ‘heavy met-
als''"'%; for example, As (5.75 g/lem?), Zn (7.14 g/em?),
Cr (7.15 g/em’), Mn (7.30 g/em’), Fe (7.87 g/em’), Cd
(8.69 g/em’), Co (8.86 g/em’), Ni (8.90 g/em?), Cu
(8.96 glem’), Mo (102 g/em®), Ag (10.5 g/em™), Pb
(11.30 g/crn’) and Hg (13.53 g/cm’). Selenium having an
atomic density of 4.8 g/cm’ is also included in this list
given its toxic nature, All thege HMs, except silver, are
toxic. Although the dominant material of sewage is con-
sumed food, several other household chemicals also enter
it. Food contains only insignificant levels of HMs and
over 99% of the digestible organic food matter is
absorbed by humans. Rejects are farther digested as
sewage decomposes rapidly, anacrobically or aerobically,
leaving behind these unused HMs. Sewage, especially as
settled sludge, is known 1o accumulate these HMs and is
often considered as an environmental threat!>",

The Environmental Protection rules of 1986 have spe-
cified the discharge standards for 10 HMs, namely As,
Hg, Pb, Cd, Cr*®, Cr, Cu, Zn, Se and Ni"*. A few recent
reports claim that these HMs are present in amounts higher
than the permissible limits in urban sewage'™?", Bioac-
cumulation of HMs in the riverine/lacustrine systems and
the risk of reusing sewage water on health, agriculture
and environment have been reported. For example,
according to a study on crops and soils receiving sewage
from Bellandur, Byramangala, Nagavara and Varthur
tanks in Bengaluru, the average HM concentration of
water from these water bodies ranged from 0.014 to
0.039 mg/1 for Cd, 0.039 to 0.075 mg/! for Pb, 0.120 10
0.311 mg/1 for Cr and 0.027 to 0.042 mg/! for NiZ. The
concentration of Pb and Ni was within the safe limits of
0.5mg/l and 0.2mg/l respectively, according to the
guidelines for irrigation water. Nevertheless, it is not
clear how these levels, well above typical solubility

109
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levels of their respective sulphides, have been reported
from sewage under chronic anaerobic conditions.

Several studies have indicated that under anaerobic
conditions, in the presence of hydrogen sulphide (H,S),
HMs present in the sewage tend to rapidly precipitate or
bind to the sludge, forming metal sulphides which preci-
pitate out of the water given their low water solubility™ .
Being highly insoluble, they need to be resolubilized into
forms that plants can take up and such a process is un-
likely to take place with sewage under normal conditions.

This study evaluates the fate of HMs in urban sewage.
A thermodynamic study based on standard Gibbs free
energy change (AG®) was conducted to determine which
metal-salts will be formed spontaneously under anaerobic
conditions. The AG® values were calculated for each
possible reaction of all the HMs with other anions and
neutral species. The most spontanecus reactions based on
the lowest AG® values were determined to arrive at the
most feasible product salt formed: Based en the solubility
limits of the salts formed, this study shows that HMs
present in the sewage will turn almost immediately into
insoluble sulphides which will precipitate out of the
water, thus rendering the wastewater free from HMs.

Water chemistry of heavy metals in urban sewage

Unlike the tanks filled by run-off and drying off dunng
summer, sewage-fed water bodies remain continuously
filled for decades and show macrophyte infestation.
Within a few minutes of discharge of sewage, it gets
mixed with a larger sewage flow and rapid digestion of
the organics begin, This absorbs all dissolved oxygen and
the sewage first becomes anoxic and almost immediately
anaerobic. Under anaerobic conditions hydrogen (H;) is
generated and sulphate-reducing bacteria converts the
sulphur in organic matter and products of fermentations
to H,S and HCO3 (eq. (1))”. Nitrates and sulphates are
used in place of oxygen, releasing H,, CO;, NH; and
more H,S. The redox potential measured against a standard
hydrogen electrode fails below —200 mV. CO; is reduced
to CH,4 using H, by methanogenic bacteria. The redox po-
tential drops up to —~400 mV, a stage at which few metals
can remain in soluble form. The H,;S produced {(~ —50 mV}
reacts with the metals present to form insoluble metal
sulphides that subsequently precipitate (eq. (2))**. This
precipitation can be correlated with the Kipp's apparatuos.
This is used to gemerate H,S, which when bubbled
through metallic salt solutions of either Pb, Ag or Cu
forms a black precipitate almost immediately, even as H;S,
was brought near the salt solution™. H,S readily reacts
with metal ions to give corresponding metal sulphides.

2CH,0 + 80" — H,S + 2HCO;
(in the presence of anaerobic bactena), I

110

where -CH;Q represents organic matter.
M + H,S ~ MS(s) 1 +2H", @

where M includes metals such as Fe, Cu, Zn, Ni, Cd, etc.

The metal sulphides formed because of anaerobic con-
ditions have very low solubility in water over a wide pH
range’®. These HM-sulphide salts bind to the sludge
which gradually settles as sludge or silt at the lake bot-
tom.

Standard Gibbs free energy change for heavy
metal salts ib urban sewage

Table 1 shows the standard Gibbs free energy (AG") of alt
possible reactions for 13 HMs’'*2. As shown in table, for
each metal, AG® for the formation of metal sulphide is the
lowest, indicating that metal sulphide formation is more .
spontancous/favourable compared to all other metallic
salt formations, namely metal hydroxides, chlorides,
fluorides, phospbates, chromates, bromates, bromides,
carbonates, metal icdates, metal jodides, nitrates and
metal sulphates. This result matches with the earlier
studies confirming formation of metal sulphides in
sewage’>?* and as explained by eq. (2)**. Also, this result
agrees with earlier studies which have reported that —
sulphide precipitates are thermodynamically the most
copious product in the inorganic fraction under anaerobic.
conditions and HMs will precipitate as sulphides to form
insoluble salts®. These data strongly indicate that
propensity of metal-sulphide formation in wastewater is
the highest and wilt occur rapidly, if not instantly.

Solubility of heavy metal salts in urban sewage

Solubility limits of salts in a liquid can be determined by
calculating the solubility product (K,,) at a given pH and
temperature®. Table | lists the K,, and solubility of
various metal salts at 298.15 K. As shown in the table,
the solubility of sulphides is the least at room temperature
(e.g. for HgS solubility at 298.15 K is 1.47 x 107" mg/1),
indicating that the metal sulphides are least soluble in
water. Metal ligands are formed based on Lewis’s acid-
base interactions. Hard ions (such as AP, Ba®*, Be”,
Co™, Cr’") have highest affinity towards ions of hard
bases (such as OH", SO, CO¥, HCO3) to form ionic
complexes and are less toxic in nature. Soft acid ions
(such as Ag', Cd?*, Cu*, Hg’") have highest affinity
towards ions of soft base (such as HS", $%, CN™) to form
covalent complexes and are toxic in nature. The tendency
of metals to formn solid phases, such as sulphides, is
related to their hard and soft (Lewis} acids and base
qualities®. Each metal has a specific affinity with each
anionic system and the order of precipitation is dependent

CURRENT SCIENCE, VOL. 121, NO. 1, 10 JULY 2021
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Table 1. Standard Gibbs free enefgy change of the resction, selected solubility product constants and solubility of heavy metals at
298.15 K, 1 bar (at zero ionic strength)’*>?

Reaction AG®s113k. | v (KFmol) K, at298.15K Solubility (mg/1) at 293.15 K
Arsenic (As)

248" + 38 5 Ag,S, 4223 2.1 x 1078 517x 10* a1 291.15 K

As™ + 3F — AsF, 64.1 - -

A + 3" — Asl, 97.3 - -

As™ + 3CT — AsCl 136.1 - -
Zinc (Zn)

Zn™ + 8 = Zn§ -140 Laxt0™a1291.15K 338107 at 291,15 K

Zn™ + 20H" -3 Zn(OH), 92 Ix10"” 0.195

Zn™ + COYF o ZnCo, ~56.6 1.46 x 1071 1515

Zo™ + 2F - ZnF, -85 3.04 x 1072 203 x 10°

Zo™ + INO; - Zn{NO,), 0.1 - 5.46 x 10°

Za™ + SO} — ZnS0, 20.1 - 3.66 x 10°

Zn** + 2CT — ZnCl, 40.1 - 8.03x10°

Zo™ + 21" 5 ZqI, 41.3 - 8.14 x 10°

Zn™ +2Br — ZnBr, 43 - 83ix10°
Chromium {Cr}

C*+8 508 -305.8 Insoluble Insoluble—

Cr"* +3F = CrFy -57.1 6.6 107" 1.36 x 108

Cr* + 3CI = CrCl, 102 - 5.9 % 10°at 293.15 K (for CrCl, - 6H,0)
Manganese (Mn)

Mn' + 8 = MnS§ ~76.1 LA 107 21291 15 K 326x 10291, 15K

Mn + 2Ct 5 MnCh, -0.3 - 4.36x 10°

Mn™ + 2NG; -+ Ma(NO,), 03 - 6.17 x t0°

Mn? + 50} - MnSO, 0.2 - 3.89x 10°

Mn™ + 2Br - MuBr, 26.9 - 6.019 x 10°

Mn? + 2F — MnF, 36.7 - 101 x10¢
Iron (Fe)

Fe** + § . FeS ~107.3 3T 10 at291.15K 535% 107 At 291.1SK

Fe™ + S0} — FeS0Q, 0 - 228 % 10°

Fe™ + 3NOj ~ Fe(NO»); 0.3 - 4.657 % 10°
Cadmium (Cd)

Ca™ +$* o CdS ~164.7 3Ex10®at 291 15K BE67x 10" 29).15K

Cd™* + 20H" = Cd(OH), -81.6 T2x10" 1.781

Cd +2I" - Cdf ~20.6 - 4,63 x 10°

Cd¥ + 2F -5 CdF, -12.5 6.44 x 107 176 x 1¢*

Cd* + 2Br — CdBr, -10.7 - 534 x 108

Cd* + 2C = CdCl, -39 - 5.46 x 10°

Ccd™ + 80} — Cdso, ~0.6 - 4.34 x 10

Cd™ + 2NQ; = CANOy ), 0.1 - 6.1 x10°
Cobalt (Co)

Co®* + §* - Co§ ~114.2 30x10%at 29115 K 104 x 10 at 291.15 K

Co™ + 20H™ - Co(OH), —-85.5 5.92 % 107" 1.059

Co™ + 2F = CoF, -35.2 - l4x10°

Co™ + S0}” — CoS0, -0.2 - 277 x10¢

Co¥" + 21" = Col; 0.1 - 6.699 x 10°

Co® + INO3; — Co(NO,), 0.1 - 5.08 x 1¢¢

Co™ +2CT 5 CoCly 0. - 159%10°
Nickel (Ni)

Ni¥ + 8% 5 Nis -119.7 1.4x 10 M a1 291 5K 107 %1067 st 29115 K

Ni* + 20H" — Ni(OH), -87.2 5.48x10™ 0478

Ni** + 2F 5 NiF, 0.9 - 25x10

Ni¥ + 2NO5 —5 Ni(NOy), 0.3 - 4,98 x 10°

Ni** + 50 —» NiSO, -0.2 - 2.88 x 10°

Ni®* + 21" = Nil, 0.2 - £.069 x 10°

Ni®* +2CT - NiCl, 49 - 4.03 x 10°

(Contd)
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Table 1. (Conid)
Reaction AG 15k, 1 b (KImo01) Kpat29815K Solubility (mg/1 at 298.15 K
Copper (Cu)

Cu®’ + 8 - Cus -204.9 85107 291.15K B.81x 107" a1291.15K

Cu” + 1" — Cul 619 127 x 10" 0.215

Cu' + Br — CuBr ~46.8 627 x 107° 1.136 x 10

Cu' +CI" = CuCl -38.7 1.72 % 107 4.105 x 10°

Cu® + ZNO; = Cu(NO:) 0.1 - 5.92 x 10°

Cu® + S0} — CuS0Q, 12.8 - 1.8 x10°
Molybdenum (Mo}

Mo* + 8§ = MoS; -388.95 2.2 x 107* 19x 1072
Silver (Ag)

2Ag"+ 57 5 AgS -280.7 6x 10°% 2.84 %107

Agt+ T 5 Agl 917 852 x 107" 0.002

Ag'+ Br — AgBr -70 535x 10" 0.137

2Ag" + CrOF — AgiCrQy —58.2 1.12% 107" 2.17 % 10'

2Ag" + COY — AgCOy 632 8.46 x 107" 3.539 % 10!

Ag' +CI = AgCl -55.7 177 x 1071 1.907

Ag* + BrO; — AgBr0,; 244 538 x 107 1,729 x 10°

Ag’ +NO; 5 AgNOy . . 0.8 - . J01x10°
Lesd (Ph)

Pb** + 8% —» PbS -160.1 34 %10 a1 291.15K 441 x10° 29115 K

Pb* + COF™ — PbCO, -73.3 7.40 % 107 0.073

Pb** + 2[" - Pbl, -46 9.8 x 107 6215 x 107

Pb* + SO% — P6SO, —44 1 253x107° 4.824 % 107

Pb* + 2F — PbF, -35.1 33x10*" 4.95 x 10

Pb* + 2Bt —» PbBr, 295 66x 10" 4336 % 10°

Pb* + 2CI" — PbCl, 273 1.7x10° 4.504 x 10°

PB2* + ZNO; — Pb(NOy); T 0.1 i - - . TITIEX T -
Mercury (Hg)

Hg® + §% — HgS (red) -300.8 4x10°® 147 x 167"

Heg™ +2I" = Hgl, -162.9 29x%x10% 879 % 107

Hgi" + 2B — Hg;Br; -126.6 6.40x 1078 0.014

Hg** + 2Br — HgBr, -109.5 - 6.1 %107

Hg2' + 2CI" - Hg,Cl, -~101.8 1.43 x 107" 0.335

Hg' + COF - He,COy -93.8 3.6% 1077 0.003

Hg}* + S0F — Hg80, -34.8 6.5 % 107 2.71 x 10°

on the different K, values. Lower X, indicates lower
solubility of the salt. In addition, metal sulphides are
amphoteric and only slightly soluble in water’’. The solu-
bility data in Table 1 suggest that sulphide salts are
water-insoluble, and form most stable precipitates under
anaerobic conditions™.

Another aspect that plays an important role in HM
chemistry is pH. Figures 1 and 2 show the solubility of
various metal salts in water at different pH values®’. As
shown in figures for all HMs, their solubility decreases
with pH. Under anaerobic conditions, the following
processes are known to increase the pH of wastewater
above 8, from its initial value of 6.8-8.3, i.e. consump-
tion of volatile fatty acids by methancgens and reduction
of sulphate/sulphite to sulphides by suiphate reducing
bacteria®, Under this pH condition, the metal sulphides
of Zn, Cu, Ni, Cd, Fe, Mn, Hg and Ag are less soluble
and more likely to form insoluble precipitates™.

Under anaerobic conditions, the HMs are known to
speciate and shift towards the solid phase, leading

112

to lower concentrations in the liquid phase. The percen-
tage of metals in the liquid phase represents only 0.5-4 of
their total concentrations®’, whereas the remaining 99.5—
96 shifts towards solid precipitate.

These data show that HMs that enter the wastewater
systems which become anaerobic duning their transport
along waste streams, tend to form metal sulphides which
rapidly precipitate out due to their low solubility.

Water guality and heavy metal concentration in
urban sewage treatment plants

To validate the above theory, the treated wastewater from
K-C Valley and Bellandur sewage treatment plant (STPs)
were analysed, which have anaercbic digestion as part of
their treatment process. Table 2 lists the discharge water
quality from these STPs and compares it with the CPCB
inland surface water discharge standsrds. The concentration
of metals was determined by inductively coupled
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Table2. Water quality of sewage Ireatment plant as on 10 January 2019

CPCR: inland surface water

Parameter standards K-C Valley 5TP  Bellandur STP
Temperature Shall not exceed 5°C above the 24.6 24.9
receiving waier temperature
pH 5.5-9.0 7.7 7.8
Iron (as Fe; mg/) 30 0.363 0.321
Manganese {as Mn; mg/) 2.0 0.024 0.006
Zine (a5 Zn; mg/T) 5.0 BDL 0.028
Cadmium (a3 Cd: mg/1) 20 0.000057 BDL
Lead (as Pb; mg/l) 0.1 BDL BDL
Total arscnic (a3 As; mg/l) 0.2 0.001 0.001
Hexavalent chromium (es Cr + 6; mg/l) 0.1 <0.1 <0.1
Total chrominm (as Cr; mg/l) 2.0 0.006 0.004
Nicke! (as Ni; mg/1) 30 0.028 0.024
Copper (as Cu; mg/) 30 0.001 0.000064
Aluminium (as Al; mg/1) - 0.109 0.02
Barium {ss Ba; mg/1) 0.045 0.01
Boron {as B; mg/) 0.021 0.037
Calcium (as Ca; mg/l) - 578 58.45
Magnesium (as Mg; mg/l) - 17.16 335
Selenium (as Se; mg/) 0.05 0.000698 0.008
Silver (as Ag; mg/M) - 0.000429 0.000395
Mercury {as Hg; mg/T) 0.01 0.0009% 0.003
Molybdenum (a3 Mo; mg/1) - 0.001 0.003

BDL, Below detection limit of | % 1072 mg)),
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Figure 1. Solubilities of metal hydroxides and sulphides &s a function
of pH¥.
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Figure 2. Metal solubilities as a function of pH™.
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plasma—mass spectrometry (ICP-MS) after filtering the
samples using 0.45 um membrane filter and acidifying
them in 2% nitric acid matrix, according to the APHA®
TheresultsindicatethalHMsindxesecondarytrcated
water that has undergone anacrobic treatment are well
below the discharge limits. Table 2 shows that the treated
wastewater does not contain any harmful HMs above the
prescribed limits, which provides evidence for the above
theory of HM-sulphide formation and solubility in sewage
systems.

Conclusion

The relative content of HMs tends to accumulate in urban
sewage when organic matter content is sequentially
digested in the food chain and often, storm water, sewage
and industrial effluents become mixed. Occasionally,
small amounts of industrial effluents entering fugitively
into sewage-dominant wastewaters pose a serious chal-
lenge to the reuse of treated wastewater. The scwage sys-
tems under tropical climatic conditions undergo rapid
anaerobic digestion leading to precipitation of HMs as
metal sulphides. Metal sulphide precipitates are thermo-
dynamically the most copious product in the inorganic
fraction of wastewater under anacrobic conditions. It is
therefore an important condition that sewage flow is
maintained under typical anaerobic conditions, atleast for
a few hours, to ensurc that HMs if any, are allowed to
form insoluble precipitates thus rendering the wastewater
free from HMs. This process makes the scwage more

113
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appropriate for further treatment before it is released back
to the environment.
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aregs, ﬁrd\emae,ﬂ)ispmjeacmﬁbmmadmhrmmmywﬁmh thewatermor,whichhucconomc,
mﬁmmmmmmmbmmunuymmmnmmmdmmkmmw
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1. Introduction (ARMCAN et al., 2000) have set the standard/ guidelines to reuse treated

The world is facing challenges to manage severe water crises because of
wﬁomfacmudaspopuhﬁmgrowm,rapidmbam nual electri-
fication, industrialization, climate change, end iresponsible wse of natural
resources (Okello etal, 2015; Shan etal, 2020). This has prompted the pol-
icymakers to consider treated wastewater 2 a sustainable source of water
supply (Okello et al., 2015; Shan et al, 2020). India is the largest extractor
of groundwater (GW) in the world, and GW is primarily used for agricul-
tural needs, followed by domestic and industrial consumption (World
Bank, 2012; Suhag, 2016). India extracts more GW thap China and the
United States combined (World Bank, 2010; Chindarkar and Grafion,
2019). India does not only suffer from GW scarcity, but contarnination of
gmundandsurfacewatubasalsobecomeamattuofhighmem
(Biswas and Hartley, 2017; Dangar et al., 2021),

The declining level of India's GW gained the atiention of multiple
stakeholders including policymakers, scientists, academia, national and
international institutions (Bera et al, 2022). This has initiated exploring
innovative, sustainable, affordable, and safe solutions for water manage-
ment that contribute to improve the GW table (Bera et al., 2022). The
development and expansion of wastewater treatment and reuse have the
high potential to sustainably develop water ecosystems, improve socio-
economic status, posiﬁvdycmuihnatoth_ef_nod—water—mgycyﬂe,and
buildadrcuﬂaremnmyuhamiandbﬁshra,zms;sahaiahand
Chandrasekaran, 2020; Kesarl et al., 2021). In varlous countries, treated
wastewater is considered an efficient and safe additional water resource
andismedmmjﬁgnmwammdtyﬂu'oughmmmnbhm
instance, Israel (Icekson-Tal et al., 2003), Egypt (Aly Gondia et al,, 2021),
Kuwait (Aleisa, 2019), Spaln (Jodar-Abellan et al., 2019), and Mexico
(Mazari-Hiriart et al, 2008) have pioneered the technology to treat
bm%dwmwata-aﬂmitmahﬂyfu’asﬁudumlhﬁsaﬁmm
{WHO, 2006), Singapore (T ortajada and Bindal, 2020), and Australia

wmm&nhﬂhwmﬁdimmmggmﬁmquedm
wmmwmemm%dﬁmpom’smdmuﬂmm:mmm
Amahamvluﬂnrgemiﬁaﬁveisﬁﬂﬁ]hg4%dmemykmw
mhermppiysdmewmuemﬂ:esecuﬂtyofurbmwm(mﬂmmd
Arshad, 2016). Table 1 represents the status of these treated wastewater
reuse efforts,
mmdm;mm«mmdmmhm-
cultural irrigation has also been historically prevalent in India (Minhas
etal.,zozzj.Buthdiahasnottakmmylarge-mleiniﬁaﬁvetom
treated wmamfordiﬂumtpmpmsuﬂindimﬁwmm
National Rnvironmental £ngineering Research Institute (NEERI) in Nagpur,
Indiamnductedapﬂotstudytorememmdmunidpalwastemterfor
indirectGWrechargebyimplementhgd)emﬂaquermr(SAﬂ
medndmwﬁ).ﬂleSATreie:smthemﬁﬁda]rdmgearhﬁkm-
ticn of wastewater through the vadose {unsaturated) zone to recharge
the underlying aquifers (Rssandoh et al,, 2011). Few other studies with
ﬂaesameobjecﬁveandmeﬂ:odsmmieduninwmd
Chemm!tumthepotenﬁalofSAT.Howem,t}mearenom
that reveal full-fledged implementation from anywhere in India (Deepa
a.ndl(rkhnaveni,zmz;l’adtiahmnnietal., 2015). Recently, the Natjonal
Wmmmmwammm
Gwmmm@xmanagedaquifamdmge.hmhﬁmtmksm
huﬂtthmug]icommmypmﬂdpaﬁontustomminwatermandanetal.,
2021).
Amdmmmmmmnm«m
sodo-eeommjcheneﬁmafwastewmmyeling projects which is the
objecﬁnofmissmdy.wge-mkmcydingofsecmdmymnedmmidpal
wastewater(er}washﬁﬁamthmdlzms,inﬂESomhemIndimdty
omegﬂmMmmﬂymahmnlﬂOmﬂﬂmHUapuday

(MLD) of STW. Under a project titled “Koramangala-Chellaghatta Valley
(K&C) project”, nearly 440 MLD of STW from Benigaluru is being used for

Table 1
Treated wastewatsr rense in different countries. ) .
Country Project name % of Trestment method Purpose tenefit
Domestic
WaFtewaier
treated and
reused
" izreel The Dan Reglon Reclamation Project 90 % Secondary, biclogical, and tertlary: 60 %: Agricultural imigstion; 10 %

(Kanarch and Michail, 1996;
icekson-Tal et al, 2003)

Reuse- 69 %  soil aquifer reatment

environmental firefighting: increasing river flow;
groundwater recharge,
Agricubture irrigation {>90,000 ha lxnd):

wrban i

Mezico Atotonilco wastewnter reatment 60 % Primary, secondary
(World Bank, 2018} project Reuse46%  and biological andwcairing.
park development,
domestic ose,
groundwater recharge.
Egypt Part of Sinai Peninsula Developtitent 0% Prirmary, secondary and Agricuktural borticulture;
(Aly Condla et al, 2021)  Program Reuse44 %  disinfection Forest irvigation;
trben landscaping
reduce pollatants discharged into the Nile River.
Treated studge (bjosolids) weed as fertflizer
Singapore Changl Water Reclamation project s~ 50 % A four-stage treatment process: Industyial purposes; domestic wes; frrigation;
(Ddame] et ab, 2019: one of the largest and most advanced  Reuse-54 % oonventional, micro-ftration, recharge bocal aquifers; drinking water supplies v
Tortajada and Bindal, 2020)  reclamston facilithes In the world ] is, and LY 5.7 millon people,
{NEWater).
Fuwalt - 75% Uleraflitration through reverse Agricultural frrigation (19 %); golf courses; Comnumnity
(Abusam and Shahalam, Reuse-58 %  otmosts mmwmw
2013; Aleisa, 2019) tertlary trestment: sand Rltration o0 major highways and the new campus of Kewait
and chiorination university.
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indirect GW recharge in severe drought-hit neighbouring areas of Benga-
lury, i.e., Kolar districts. Kolar, a neighbouring district of Bengaluru, had
rurned dry due to minimal or no rain for the last 10 years (CGWB, 2016).
The GW resources in the Kolar district were categorized as “over-exploited”
and this resulted in the depletion of the GW table in the district (DEIAA,
2020). The DFIAA, 2020 report indicates that the GW table in the affected
area was ~—250-450 m from ground level. The persistent drought condition
due to minimal rainfall and GW deficiency adversely impacted land use &
irrigating areas, cropping pattem & productivity, socio-economic status,
and migration of people to Bengaluru in search of employment
(Ballukraya, 1997; Ramaiah et al., 2017; Garg et al., 2020). The focus of
this study is to quantify the socio-economic impact of large-scale recyeling
of STW for indirect GW recharge. Specifically, the objectives were i) to
determine the impact of indirect groundwater recharge on surface water
quality, GW level, and GW guality, and ii} to determine the impact on
socio-economic development and sustainability.

The socio-economic impact was quantified by comparing the socio-
economic changes in the impacted locations (i.e., reglons influenced by
STW) with that of the non-impacted locations (i.e., regions not influenced
by STW) of Kolar and a comparative study was also carried out between
pre and post recycling period of the impacted areas.

2.1, Study area and the K&C valiey project

Kolar district is in a semi-arid, drought-prone region located in the
southeast of Karnataka state and covers an area of 3950 km? with a popula-
tion of 1,54 milliar. The major source of livelihood in the district is agrieul-
ture and associsted activities (Kolar disuict profile, 2009; Nagaraj et al.,
2003). Agriculture is mostly dependent on rainwater, minor irrigation
tanks, arx! borewelks. Kolar district anciently had around 3000 man-made
surface teservoirs/tanks which were the highest in Kamataka (GoK
(Government of Kamataka), 2016). The tank water was used for various
purposes, sich as controlled irrigation, domestic and livestock needs, and
also provided GW recharge (Lars Engberg-Pedersen, 2011). With little or
0o rains over the last 10 years, numerous tanks and borewells had gone
dry and the GW table declined at alarming levels due to over-exploitation
(CGWB, 2016). The depth of irrigation borehole wells had reached
~250-300 m from the surface (Garg et al, 2020).

The K&C valley project is a large-scale (~440 MLD), indirect GW
recharge project initiated in March 2018, by the Minor Irrigation and
Groundwater Development (MI&GW) Department of the Government of
Karnataka to provide relief to these persistent drought-hit areas in the
Kolar districts. The project aims to fill existing tanks using STW coming
from the two sets of STPs located in Bengaluru. This project covers five
Tahuks (sub-unit of a District) in Kalar district namely Kolar, Srinivasapura,
Mulabagilu, Bangarapet, and Malur, As of July 2022, a total of 137 tanks
have been filled. The distribution of STW to existing tanks is divided inio
12 clusters in order to track the supply, maintenance, and impact. A key
map of the project is provided in Fig. A.1 in appendix A. The project is
designed/implemented by ensuring safety and awareness among the public,
for ex a bi-lingual (Kannada & English) board is placed near each tank that
reads- “This water is meant for indjrect groundwater recharge only”. This
project was designed to provide irrigation water to -—24,000 ha of land,
enhance water security for Kolar, re-establish plant and animal bjodiversity,
revive the rural economy, and ultimately improve the quality of life.

2.2. Dain collection

2.2.1. Water quality analysis of secondary treated water and surface tank

The STW samples from STP and water samples from surface tanks
receiving STW were collected and analysed following the standard methods
{APHA, 2005). The test results were compared with the most stringent
surface water discharge standards as prescribed by India’s The Hon'ble
National Green Tribunal (NGT) (shown in Table 3), which focuses on the
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discharge of treated wastewater into water bodies as well as for land dis-
posal/applications (NGT, 2019). All the eight water quality parametets as
per the Hon'ble NGT standard namely pH, biological oxygen demand
(BODs), chemical oxygen demand (COD), total suspended solids (TS8},
total nitrogen (TN), and ammonical nitrogen (NH,-N), phosphate phospho-
rus (PO,-P) and faecal coliform were nxmitored. In addition to the above
eight parameters, the STW and surface water quality were also compared
with the Central Polution Control Board (CPCB, 2013) standards for
dissolved oxygen (DO), electric conductivity (EC), sodium absorption
ratio (SAR), and Boron (B) (Table 3). All the water samples were tested in
triplicates and average values along with standard deviation are presented
asavg. * std. dev. A detailed analysis for heavy metals was also carried out
for the raw sewage entering STPs and STW using JCPMS {Quadrupole
ICPM- Thermo X seties ). An attempt was also made out to analyse phar-
maceutical and personal care products (PCPPs) in the STW using LCMS
(Dionex Ultimate 3000 (Thermo), micro-LC equipped with C18, 150 %
4.6 mm, 5 um reversed phase column. Preliminary determination oo antibi-
otic resistance bacteria (ARBs) was carried out using Ezy MIC™ Strips
(HiMexlia).

The STW reaching all 137 surface tanks of all 12 clusters are being mon-
itared by the authors. The fourth tank in Chaster 2 i.e., Chowdenahalli Tank
which was one of the earliest tanks to receive STW and is Hkely to be stabi-
Tized over this period was chosen as a representative tank for comparative
analysis. However, one representative tank from each of the 12 clusters is

reparted in Table B.1 of appendix B.

222 Growswbwater (GW) level and quality

To find the impact of STW recycling on GW recharge and water quality,
Narasapura borewell which was within 2 km of Chowdenhaili tank was
identified for this study. Historical data on GW levels and water quality
were nbtained from the Karnataka Ground Water Authority (RGWA) and
Monitoring Centre (KSNDMC). The parameters stodied for GW quality anal-
yeis weve pH, EC, total dissolved solids (TDS), nitrate (NO3 ), sulfate (SOF ),
phosphate (PQ.-P), sodium (Na*), Calciven (Ca* ), chloride (C17), magne-
sium (Mg *), potzssium (K *), and Buoride (F* ). Though one representative
borewell data is provided in the main text, GW quality data of 12 represen-
tative borewells, around tanks {Table B.1), for all 12 clusters is provided in
Table B.2 of appendix B.

2.2 3. Socip-economic stoius

Villages that are nearest {within 2-3 km) to the tanks filled with STW
have been considered “impacted” or experiencing benefits from STW
recycling and villages where the tank has not received STW continue to
remain status quo of being drought-prone/rain-fed, are considered “non-
impacted”.

To assess the socic-economic impact of the K&C valley project, & two-
step data collection process was followed i.e., 1) approaching farmers
through a structured household survey and 2) reaching out to different
government organizations of Kolar district such as the depantment of agri-
cultural & horticulture, department of veterinary sciences, Kolar-district
co-operative milk producer’s societies imion Itd., department of fishery
sciences and district surveillance office. Consecutive data for a 6-year
period, between 2016 and 2021, were collected for Kolar district from
these organizations. Data between 2016 and 2018 were categorized as
‘pre-recycling’ and that between 2019 and 2021 as ‘post-recycling” data.

The present study covered 12 villages in the Kolar district congrising &
villages from impacted areas and & from non-impacted areas to camy out &
comparative study to analyse the impact of the K&C valley project and
its sustainability. It was ensured that the selected impacted and non-
impacted villages were within the Kolar district with the same geographi-
cal, hydrological, socio-cultural, agro-climatic, and environmental condi-
tions. The largest distance between impacted and non-impacted areas wis
just 55 km. Also, the impacted and non-impacted groups of farmers repre-
sent typically the predominant ‘small and marginal farmers’ (SMF, 1-2 ha
land holding) and have been carrying out a similar pattem of agricultural
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activities for a reasonably long period. The predominant difference
between the impacted and non-impacted areas was the availability of
STWinmetanksandshaﬂowGWlevelsbemmeofﬂﬂsrecyclixm.A
schematic framework indicating the common and the differentiating
factorsbetmmimpmedmﬂmn—hnpacmdmiswoﬁdedmﬂg. 1.
Data for the year 2021 wascuﬂectedﬁminmduﬂmimpaﬂed
study areas. Utnlmberoﬁmmsselecmdwasbasedonthepmhawlty
propottional to the size of SMF of the 12 villages. The sample size (n) of
farmer's household units in the study area was determined by applying
the following formuia (Arkin and Colton, 1959, Kadam and Bhalerao,
2010; https://wwwmeymonkey.com/mp/sampl&size—calculmr/) at
95 % of confidence level, where: £ = z-score (1.96), d = margin of error
(0.05), p > estimated population proportion (0.5, this maximizes the sam-
plesize) and N = total number of farmer's bousshold {1035),

Ns'p(1—p)
NE & *2p(1 —p)

Amordhgtot}ﬂsfmntﬂa,msamplesizeswefoundmbeidealfor
themdomsamplkmmmmatotalofzaofammwmsdemd
forthepresmtsmdy.mempledistrlbuﬁonofimpnctedandm
impactedmispresenmdlnhh!ezmdaschemadcdiagmmofme
methodology has been represented in Fig. 2.

Table 2
Selection of sample farmer.
Impacted aren Non-imparcted area
Name of village  Number Sample  Name of village  Number Sample
of farmers of fammens
farmer’s farmner's
household household
Narsapur 130 as Baiyappanahafli 105 k]
Chowdenahalli 100 30 imarakunte 70 25
Doddvallabbi 80 15 Marasanapatli ;13 25
Dinnehosahalil 85 20 Raynlapad 70 20
Kavaraganahsli 90 a5 Chillarspalli 60 15
Doddaleri 70 15 Beemaganapelli 90 ]

22 4, Questiornaire

Field/homdnldsunquhavem’gcdasawm for etnpirical
memdainsodalsﬂem(Vehovarmdear-Mﬂnﬁ'eda,MJ.lnorderto
adzleveﬂnobjec&veomummﬂyamMmahemMgmdﬂm
hmludedﬂqusﬁonsdistﬂhmdweﬂsegnmmasmmed below.
medatasetchoseanearlymuwgmoustypeoffarmersh this region
andmecﬁﬁcaldiffermesbemeenmemgrmrpswemanlythem
and availability of GW for agriculture and reluted livelihceds.

i} general information and socioeconomic status including name, age,
education, occupation, and income of the respondents,

ii) agricultural activitles inchiding information about land ownership,
agricultural land, crop pettern/diversification, crop production, scurce
mwahﬂmm.duwmmmm,hm
utilization, and sources of income.

iii) lifestyle and property enhancement including the recent purchase of
household amenities, agricultural assets, land, refurbishment of
house, land value (pre- and post-recycling), and others.

iv) public, animal health, and perception-related questions include
whether the incidence of diseases mainly waterborne (cholera, diar-
rhea,typlnm,etc.)hshurmedduﬂngpm-mcychdmwe,me
mmsofanjmalhealﬂ'l/disease/momlitychmgesduringpost—
mcyding,ageneralophﬁmabunthemgaﬁvemdpoﬂﬁwinmctd
the project and suggestions,

Thequestionnairewassnucmedtobepreciseon“openanddomd-
ended questions”, and multiple-choice questions to obtain spedific data
poims.Thehomeholdsuweywasomﬂuctedbyadnﬁnimﬁngamaﬁm-
mmmm&—mmvmmammw
frunrespmdemsbefmadminmu-ingtheqmiumheandﬂnm
of the study was conveyed (Lawton et al,, 2017; Roy et al, 2018), Head
of&lefamﬂieshlhestudymwmthepdmyrespmﬂems.

225, Data analysis

An independent student's t-test was performed to verify the statistical
significance difference in obtained data between impacted and non-
impected areas. The results are represented as follows: (a) NS {not signifi-
cant) for p > 0.05, (b) *p < 0.05, {¢) and **p < 0.01. The percentage of
chansewmcmﬁedouttoanalysetbediﬁermmbemeenpn-andpm-
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Fig. 2. Schematic diagram of the methodology.

recycling data of Kolar district by taking an average of 3 years for every
FrOUp. . ~

3. Results and discussion

3.1. Physiochemical and microbiological analysis of secondary treated water
and surface water

The result of the physio-chemical and microbiological analysis of STW
2t the outlet of STP and surface water of Chowdenahalli tank is presented
in Table 3. It indicates that STW from STPs and Chowdenahalli tank were
meeting the Hon'ble NGT standard (except for faecal coliform in STW) to

Table 3
Water quality of secondary treated water and surface tank.

Parameters IHon'ble 2CPCB §TW from  Chowdenahalli
NGT (Designated-best-use  the outlet  tank
standard  warer quality} of STP

pH 6590 6585 7.6 7.4

BOD; (@20°C) 10 =2% <3b 9+10 37:08

{mg/1}

COD (mg/T) 50 NS 4840 45140

T3S (mg/T) 10 NS Bx22 65215

TN (mtg/M 10 NS 78+25 1501

NH, -N {mg/1) 5 1.2° 4608 013002

Faecal Coliforms <230 =50%, =500% BO 20 190+ 26

(MPN/100 mi} =5000°

PO, P {mg/T) 1 NS 0.8+ 03 03 =008

DO (mg/1) N5 =6* =5% 24%® 45 a5+ 21

EC (@25 °C, ps/em) NS 2250 707 587 * 21.5

SAR (mEg/1) NS 26" 93 31210

B (mg/1) NS 2 12x04 D5=018

Source: 'NGT, 2019; CPCB, 2013 cpeb.nic.in

Note: A: Drinking Water Source without conventional treatment but after disinfec-
tion; B-Outdoor Bathing; C: Drinking water source after conventional treatment
and disinfection; D-Propagation of Wildlife and Fisheries; E-drrigation, Industrial
Coaling, Contrelied Waste dispesal.

NS: not specified; SAR-sodium absorption ratio; DO- dissolved oxygen.

dispose of the water into water bodies and for land disposal/applications
(NGT, 2019). The results were also meeting three important criteria of
the CPCB “Designated best uses of water” i.e., bathing water quality (B),
propagation of wildlife and fisheries (D), and irrigation (E).

3.2 Analysis of heavy metals, personal care, and pharmuceutical products
(PCPPs}

Given the risks of heavy metals on human health, heavy metal is being
monitored regularly, not only in the STW generated in STPs but also in raw
sewage entering STPs. Table 4 gives o typical analysis of the heavy metals in
the raw sewage entering the STPs and STW being supplied from the STPs to
the tanks. As can be seen from Table 4, both the raw sewage and STW meet
the existing drinking water standards IS 10500 for heavy metals (Rac et al,
2021 ). The STW has been constantly monitored for heavy metal content
and has been reported to be within acceptable limits (Singh, 2020).

It is important to note that, based on the analysis of heavy metals in raw
sewage and STW at the STPs, it is clear that there are no serious threats to
human health as far as heavy metals are concerned. Further, the sewage
generated undergoes a four-layered purification process namely 1. an an-
aerobic stage during its conveyance in the sewerage system, 2. a conven-
tional aerobic sewage treatment system that meets the NGT standards
(NGT, 2019) (Table 3), 3. a > 14 days residence time in contact with
algal system in the open water body and 4. a long passage over hundreds
of meters of soil contact before recharging GW. This greatly enhances the
potential for nearly complete biodegradation of the slow-to-degrade
PCPPs (Narain-Ford et al., 2020). Studies on PCPPs for these locations
are underway and preliminary results indicate that common PCPPE such
as Tbubrofen, Diclofenac, Azithromycin, Ciprofloxacin, Cetirizine, and
Triclosan were absent in the STW.

3.3 brpact on groundwarer level and quality

Fig. 3 represents the historical GW level of Narsapura borewell which
was in the nearby vicinity (within 2 km) of impacted Chowdenahalli
tank. It can be observed from Fig. 3 that the depth of the water leve] in
the Narsapura borewell was approximately 18 mbgl in (Jan-May) 2019
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Table 4

Summary of heavy metals anatysis.

S.No. Metals, metalloids, and IS10500  Raw sewage  Secondary treated
vy metals {mg/T {mg1) wastewater{mg/T)

1 iron (Fe) 3 0.40 0.36
2 Manganess (M)} 2 0.16 0.02
3 Zinc {Zn) 5 0.02 BDL
4 Cachmivm (Cd) 2 BDL BOL
3 Lead (Ph) ol BOL BOL
6 Arvenic (As) 0.3 0.001 0.001
7 Chromium (Cr*% 0.1 0.004 <0.1
-] Nickel DH) 3 0.02 0.028
9 Copper {Cu) 3 0.00005 0.00
10 Alurminiom (ALY 02 003 BOL
il Barium (Ba) 0.7 0.01 0.045
12 Boton (B) 0.5 0.04 .02
13 Selenium (Se) 0.01 0.008 BOAL
14 Silver (Ay) o1 0.0004]1 B
15 Mercary (Hg) Lt 0,004 BDL
16 Molybdenarn (Ma) 0.07 0.003 0.001

Note: BDL s below the detection limit of 1 > 10~% mg/L

whereas it reached 3 mbgl in July 2019. A clear positive impact on GW
levels (83 %) was observed in the studied borewell as an immediate impact
of recycling STW. It can be confirmed that the sieface water has infiltered
into the subsurface and percolated vertically through soil permenbility,
The downward flow of water through gravity reaches the water table and
increases the levels in the GW reservoir, Similar studies are also reported
by Nandan et al. (2021) who have reported improved GW conditions in
water-scarce regions through managed aquifers. Shawaqfah et al (2021}
reported GW table recovery to 39.68 m by using treated wastewater as
GW recharge. Fig. 3 also represents the precipitation data which proves
that 2018-2019 was a rain deficit year in the Kolar district but siili the
water level increased at the studied location which significantly confirms
that the increase in GW level is a direct impact of STW recycling which is
filled in the respective tank at the studied borewell location.

Table § represents a comparison between the pre-recycling (2018) and
post-recycling (2021) phases in the historical water quality data of the
Narsapura borewell. It can be observed from Table 5 that the GW quality
has improved post recycling in the case of all the studied significant param-
eters, It can be observed that post recycling there was no major change in
the pH and the nature of the GW was alkaline (pH = 7.5). Significant reduc-
tion was observed in NO3 (25 %), S0%~ (42%), F* (52 %), PO,-P (20 %),
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and C1~ by (52 %) when compared with pre recycling phase. The concen-
tration of cations was also reduced where a reduction in Ca™* concentration
was by 22 %, Na* by 13 %, Mg* by 36 %, and K* by 56 %. It can be
concluded that the water quality parameters improved due to the move-
ment of water from the surface tank and through infiltration into the soil,
where the water percolates downward deep in the soil and further reaches
the water table, and also due to the dilution factor. Analyzing the GW qual-
ity is important as it determines its suitability for reuse in inrigation. Bekele
et al. (2011) have reported reductions in phosphorous by 30 %, 66 % for
fluoride, and 51 % for organic carbon due to GW recharge experimental
studies in managed aquifer systems. The results of the presented stady are
also supported by the cutcomes of Asano and Cotruve (2004), Bekele
et al. (2013), Packialakshmi et al. (2015), and Shawaqfah et al (2021).

3.4. Impact on ogricultural activitles and soclo-economic stotie

This section represents the overall impacts of the K&C valley project in
different socio-economic sectors such ax

3.4.1. Impact on lond use and land coverage (LULC)

3.4.1.1. Comparison between pre- o past-recycling period. Fig, 4 indicates the
topographical view of and use and land coverage in the Kolar district. Anal-
¥sis of land use and land cover of any area is an important research aspect to
understand environmental change and sustainability (Vivekananda et al,
2021). The analyzic shows abmost 6 times improvement in the water spread
area of water bodies from 9.01km? in 2017 to 61km?® in 2022. It was
observed that area under trees increased from 124 km? to 177 km? and
cropping land increased from 2477km? ro 2584 km? during the same
period. A major change was observed in the area under flooded vegetation
indicating a 67 times improvement from 0,07 km? in 2617 to 4.8 km? in
2022, The data for fallow land and rangeland indicated a decrease of
41 % and 32 % during the same period. Fig. 4 establithes the contxibution
of filled water bodies and minor tanks In the improvement of areas of
agricultural or productive land.

3.4.2 Impact on agricuthmal land

3.4.2.1, Comparison between impacted ond non-impacted areas. Fig. 5(a) repre-
sents that the area under cultivation of vegetables for the year 2021 was
relatively higher in impacted areas (57 ha) compared to non-impacted
areas (29 ha). The computed student’s t-test value confirms that there was
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Pig. 3. Change in groundwater level (Narsspura borewell) between pre- to post-recycling period. Source: KGWA & KSNDMC,

]
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Table 5

Change in groundwater quality between the pre- to post-recyding period.
5L No Parameters (vt} Prerecycling Post-recycling
1 pH . 7.2 7.5
2 EC {(ps/em) 950 x 68 404 + 55
3 TDS (mg/1) 368 * 22 108 = 28
4 NO; (mg/1) 2421 18104
5 S04~ {mg/M 252 12:18
L] PO,-P (mg/1) 0.1 = 0.03 0.08 = 0.01
7 Na™ (mg/h 63.5x 12 58 + 10
B I~ (mg/) 507 + 8.2 24¢5
9 Ca* {mg/1) 452 * B8 36 =82
10 Mg* (mg/1) M7 216 282 + 64
1 K* (mg/M 162 £ 5.1 7+22
12 F* {mg/1) 0.84 x 08 04*01

a significant difference in the mean value of the area under cultivation of
vegetables (p < 0.01). The student's -test value confirms that there was a
significant difference in the mean vahee of the area under cultivation of ce-
reals (p < 0.05), frits (p < 0.01), and flowers (p < 0.01) between im-
pacted and non-impacted areas. It was observed that the area under
plantation and pulses was alsc high in impacted areas compared to non-
impacted areas, but a significant difference was not found.

3.4 2.2 Comparison between pre- to post-recycling perind. Fig. S(b) indicates a
change in agricultural land of Kolar district from the pre- to post-recycling
period. It was observed that the average area under cultivation of vegetables
increased from ~20,000 ha to ~33,000 ha from the pre- to post-recycling
period which indicates an increase of 65 %. During the same period average
ares under cultivation of flowers, fruits, and plantation and spices &
aromatic (SP & Aroma) crops increased by 68 %, 50 %, 42 %, and 33 %
respectively. A minimum increase of 10 %, 9 %, and 7 % was observed
for areas under cultivation of pulses, cereals, and oil seeds respectively. It
1s obvious that due to the assured availability of water the cropping paitern
was changed from. jow water requiring crops (e.g., pulses, oil seed).to high

Land Use Land Cover Kolar 2017 ,

A
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water requiring and water-intensive /water sensitive crops (vegetables,
flowers, e},

3.4.3. hmpact on agricuitural (crop) production

3.4.3.1. Comparison between impacted and non-impacted areas. Fig. 6(a) rep-
resents that the production of different plantation crops was relatively
higher for the year 2021 in impacted areas {23 metric tons (MT}/ha) com-
pared to non-impacted areas (15MT/ha}). The computed student's t-test
value indicates that there was a significant difference in the mean produc-
tion of plantation crops (p < 0.01). Similarly, the yields of vegetables,
flowers, and cereals were high in impacted areas. The student’s -test
value confirms that there was a significant difference in the mean yield of
vegetables (p < 0.01), flowers (p < 0.01), and cereals {p < 0.05) between
impacted and non-impacted areas. It was also cbserved that the production
of pulses was high in non-inpacted areas compared to impacted areas, but a
significant difference was not found.

3.4.3.2. Comparison between pre- to past-recycling period Fig. 6(b) indicates
improvement in crop priduction from the pre-to-post recycling period
where the average production of flowers, vegetables, plantation, fruits,
spices, and arcmatic plants and pulses increased by 80 %, 70 9%, 35 %,
35 9%, 28 %, and 12 %, respectively. While during the ssme period prodac-
tdom of cereals and oil seeds increased by 11 % and 7 % only. It is visible that
agriculoural production has increased significantly as a result of the assured
availability of itrigation warer throughout the year, the revivat of the GW
table, and possibly due to improved GW quality (Theregowda et al.,
2019; Tymchuk et al., 2020; Ofori et al., 2021; Partyka and Ronald,
2022). Secured water availability throughout the year resulted in an
extended cTopping season and a change in cropping pattemn. Considering
the mulidimensional benefits of water security, farmers appear to be
more inclined towards cash crops (vegetables, flowers) for quick returns
and higher benefits,

"y —y
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Fig. 4. Change in land use and kand cover between 2017 and 2022 in the Kolar district. Source: Environmental Systemns Research Institute {ESRI) land cover 2017 o 2022,
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v o ad

Notz: Student’s t-test vahpe: - vegetables (5.02), Cereals (2.61), Plantation (1.39), Fruits (3.93), Flowers (2.53), Pulses (0.39). NS- not significant for P> 0.05 *p < 0.05,
**p < 0.01.lelxtlmn—nulmw,sﬂvuoak.ewelypun,mgmmgMaﬁmmmvmbutmmnmemmmm
etc,; Fruits- mango, banana, sapota, guava, grapes, watermelon, pomegranates, papaya, etc.; Ceteals- tagi, paddy, maize, jowar, minor millets, i, Flower- marigold,
dwysanﬂlmmjamune.m,umndmtm.; Puha-mdglm,ﬂeﬂban,m,mwmhwmgrm,gmmgrmemoﬂmed-gmndmmﬁwu

3.4.4.hpanmﬁmmd:ma1ngmnmdnﬂkm 3.4.4.3. Comparison between pre- to post-recycling period (¥vestock). Fig. 7(c)
mmmmmmaummmwmm
3441, CWMWMMWM(HW. d)epost-recyc]iugccmparedtoﬂlepm-myﬂ[ugpﬂ‘hd,however,them
Fig. 7 (a) indicates that the number of sheep, goats, cows, and buffalo  wag no change observed in the pattern of fivestock rearing. The average
was higherintmpmdamascmnpemd to non-impacted areas in 2021. number of cattle increased from 0.15 miilion to 0.22 million and buffalos
Theoompumdsmdm'sbmwueomﬂmﬂmmediﬁammsimﬁf- a!somcrmedﬁ-omo.oamﬂlionmo.Mmﬂlionfromthepte-mpost—
icant for sheep (p < 0.5), goat (p < 0.5}, cow (p < 0.01), and buffalo recydingpuiodwhichhdicatesagmwthof~37%md~33%rspec-
(p < G.01). ﬂw]y.&huﬁveﬂnckathsp@,dnep,mmdpmﬂuyabowimmed
aninaeaseﬁomﬂnm'bto-pastrecyclmg-peﬁodﬁdlampm‘ted'MOf
3442 Cambmmmmamlmhpmm{nﬂkputmu 100 %, 37%.33')6,and27%respecﬂvdy.
The extent of milk production in impacted and non-impacted areas is
presented in Fig. 7(b). The total miilk production per day was significantly =~ 3.4.4.4. Comparison between pre- to post-recycling pertod (milk production).
(p<0.01]h]ghu'lnhnpactedamascomp&redlonm-ﬁnpactedmsat Fig.?(d}demo:mtata]uklevelpre-andpost-mydingduaforﬂn
2141 and 1394 litre, average milk production. It indicates that the average milk production

[

3]’
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Source: {a) Household survey (b) Department of Agriculture & Horticulture, Kolar

Note: Student’s t-test vahse: - Plantation (4.08), Vegetables (4.67), Flowers (3.79), Cereals (2.91), Pruits {12208). Pulses (1.89). NS- not significant for p > 0.05, *p < 0.05,
o < 001, Hmtaﬁm-mshew,d’lverod:,em!ypus, cocomut, areca put, tamarind, and mulberry; Vesembl&-mao.pmam.bems,uﬂnge.mmchiﬁ.mpdmm
¢te.; Fruits- mango, banana, sapota, guava, grepes, watermelon, pomegranates, papaya, ete.; Cereals- ragi, paddy, maize, Jowar, minor millets, etc.: Flower- marigold,
d:rysan&anum,jannhe,rose.umndm,etc.; Pulses-red gram, field bean, toor, cowpes, horse gram, green gram, etc, Ol seed — grovnd mit, sunflower,
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Fig. 7. Change in livestock pattern and milk production; (a) Comparision between impacted and pon-impacted areas in pattern of livestock (b) milk production
(c) Comparision between pre to post recycling period in the pattern of livestock (d) milk producton.

Source; (a & b) Household survey; () Deparment of Veterinary Sciences, Kolar; (d) Kolar-Chikkaballapur District Co-operative Milk Producer's Societies vnion Ltd. Kolar.
Note Student’s t-test valoe: - (a) Sheep (20.05), Gost (2.19), Cow (3.77), Buffalo (3.18); (b) milk (7.14). significant for p* < 0.05, **p < 0.01.

increased during the post- recycling period compared to the pre-recycling
period. Milk production was increased by 37 % from 0.08 MLD to
0.11 MLD at Bangarpete. Similarly, an increase of 25 %, 17 %, and 12 %
in average milk production was reported at Mulbagal, Kolar, and Mular
taluks, respectively. Farmers also revealed that the quality and quantity of
milk have been improved due to the increased use of green fodder in the
daily ration of animals. It is evident from the results that the availability of

water has a positive impact on livestock rearing along with milk production.
3.4.5. Impact on fish production

3.4.5.1, Comparison between pre- to post-recycling period. Fig. 8(a) indicates a
steep rise in fish farming during the post-recydling period in all taluks of the
Kolar district. The highest increase of 300 % was observed at KGF followed
by Bangarpete (221 %), Kolar (133 %), Mulbagal (49 %), and Malur (29 %)
from the pre- to post-recycling period. Pish farming is one of the most
important allied sectors in the Kolar district and occupies an important
place in socio-economic development. There were 8091 fish farmers in
the Kolar district who were involved in fisheries on a full-time basis and
94,946 fish farmers had taken up fisheries activity as a subsidiary occupa-
ton {Department of Fishery Sdences, Kolar, 2021).

3.4.5.2. Comparison between impacted and non-impacted areas. It could be
observed from Fig. 8(b) that the average fish production increased by
133 % fromn 647MT 10 1510MT from the pre- to post-recycling period in

impacted areas whereas only an 8 % increase was reperted from non-
impacted areas. The improvement in fish production echoes various
supporting statements which elaborated that treated wastewater is
favourable for aguaculture due to the presence of a higher concentration
of organic matter and other nuirients such as ammonia, nitrite, and potas-
sium which is important for fish growth (Zaibel et al., 2015 & Zaibel and
Zilberg, 2021).

3.4.6. Impact ot land values

3.4.6.1. Comparison between impacted ard non-impacted areas. Fig. 9 repre-
sents that the mean price of agricultural land was substantially higher
(Rs.2.4 million/ha) in the impacted areas compared to the non-impacted
areas (Rs.1 million/ha). From the pre- to post-recycling period land value
in impacted areas observed a sharp escalation where prices increased by
118 % compared to a mere 25 % increase in non-impacted aress. Assured
availability of water throughout the year resulted in fertile and productive
land and has caused this change (Rondhi et al., 2018).

3.4.7. impact on labowr wilivation

3.4.7.1. Comparison between impacted and non-impacted areas. It could be
observed from Fig. 10(a) that the total number of men labour utilization
for the year 2021 in crop activities, livestock, and the non-farm sector
was higher in impacted areas at 4248, 2568, and 1149 compared to non-
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Source: (2) & (b} Department of Fishery Sciences, Kolar,
Noee: Impacted-Kolar taluk and Non-impacted: Srinivaspur taluk.

impacted areas with 3279, 2019 and 920 respectively. The computed stu-
dent’s t-test value indicates that there was a significant difference in the
mean score of men's labour utilizaton in the <Top activities {p < 0.01),
and livestock sector {(p < 0.05) between impacted and non-tmpacted
areas. However, there were ne significant differences observed in the
mean score of men's labour utifization in non-fanm activities.

Fig. 10(b) indicates that the total number of women labour utilization
for the year 2021 in crop activities was higher in impacted areas (6563)
commpared to non-impacted (4155) aress. Similarly, during the same period,
there were substantially higher women's labour utilization obgerved in
impacredamlnljvesmckmdthenm-famingmatmmﬂzsm
compared to non-lmpacted areas with 2895 and 1122 respectively. The
computed student's t-test value indicates that there was a significant differ-
emeinthcmmsmreofwomm‘slabmuuﬂﬂzaﬂminmecmpacﬂvmes
{p < 0.01), livestock sector (p < 0.01), and non-farm activities {(p < 0.01)
between impacted and non-impacted areas.

An increase in women's employment pattern reveals that the revival
of agricultural activities expanded women's employment opportunities
thereby providing unique potential for women's empowerment and
influencing involvement in decision making. This observation also supports
various studies indicating that empowerment and financial contribution
are the most important factor determining the involvement of women in
decision-making (Lohani and Aburaida, 2017; Pandey et al., 2021;
Kochar et al,, 2022),
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Pig. 9. Change in the value of agricultural land between pre- to post-recycling

perind
Source: Household survey,
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3.4.8. impact on overall income

3.4.8.1. Comparison between impacted and non-impacted areas. Table 6
indimmsﬂmmeamgencthmneoffa:mmmmhﬁvelyhlghﬂ'ln
wmmmmmmmdmmmmm
income from flower cultivation was Rs, 2,27,893/ha in impacted areas
whmh?ﬁ,MSMinmmmdeaﬂmanhmof
M%Simihdy.averagehmmﬁmvegmbh,plmtaﬁonmdmuk
cultivation was also relatively high at Rs. 6,54,672/ha, Rs. 3,72,583/ha
and Rs. 49,372/ha tn impacted areas compared to Rs. 2,62,143/ba, Rs.
1,93,790/ha and Rs. 32,352/ha at the nor-impacted areas, indicating
irxcmoflso%,n%md&%rapecﬂwly.ammmmtﬂﬂple
cmp;ingaswdlasinueasadagﬁcuhxnlmyiddsistogeﬂmmﬁbk
for this increage,

It was observed that the average income from livestock was substan-
tially high at Rs. 1,29,200/farm in impacted areas compared to Rs,
93,245/farm in non-impacted areas, indicating an inerease of 38 %,
Similarly, it was observed that average income from non-farm activities
was also relatively higherlnimpactcdamas.Damfmmmulﬁplemms
mvea]sthatwateravaﬂablﬁtymddreinueasedGmelemplayﬁagm
iummﬁmmkhdnraﬁmlhnmofﬂnmmm

3.4.9. impact on asset creation - recent purchases of essential @ non-essentiol
goods

Table 7 indicates an improvement in the buying pattern of various
hmselnldgmdsandasﬁadnmmlsinimpactedm.merewasaa-
foldinuememthepmchaseofnewfmn-wheelus.m&mplefmm
from the impacted areas refurbished their houses from “Kutcha® to “Pukka”
status as compared to only 19 sample farmers from nem-impacted areas, It
indicates thatmmmemmmmehﬂuawedthemdmbehawm
the sample areas. The positive relationship between socic-econanic status
mdhvﬁagstandardsahmswimﬂ\epmchaseoﬂmeboldgmdsisak‘endy
well established (Slama and Tashchian, 1985; Karthika etal., 2015; Mashao
and Sukdeo, 2018).

3.4.10. impact on public health
Tablealndicatad:atdtmmepost-mcycﬁngpadodwmd-
demeofwater—bouudheamsuchastyphoidmdcholmmmted
lower at 3353 and 7 compared to the pre-recycling period with 3409 and
11, t}ﬁsilﬂimtesadecmseofl.ﬁ%and%%respecﬁw!y.ﬂermthe
incidence of average diarrhea cases was reported slightly high during
post-recycling (46) compared to the pre-recycling period (42). A major
surge was reported in chikungunya (182 %) followed by dengue (83 %)
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Fig. 10. Change in labour utilization pattern between impacted and non-impected areas, (a) Men (b) Women,

Source: Household survey

Note: Student's t-test value (a) Crop (4.20), Livestock (2.38), Non-farm (1.19). (b} Crop (6.22), Livestock (40.05), Neo-farm (4.39). Significant for *p < 0.05, **p < 0.01.

cases from the pre- to post-recycling period. The incidence of average lepto-
spirosis cases was reported lower during the post-recycling period (5) com-
pared to the pre-recycling period (7).

Over the past 2 years, a noticeable increase in the number of chjloun-
gunya and dengue cases was reported across the Kamnataka state (www.
statista.com) after a long period since India reported re-emerging of the

chikungunya outbreak in 2005 (Jain et al., 2020; Sengupta et al., 2020;

Sujatha, 2021). Experts from the heatth departiment revealed that the
increasing numbers of mosquito-bome diseases are a direct consequence
of the excess rainfall in the state over the last 2 years, resulting in an
expanded pool of stagnant freshwater. This has led to the excess breeding
of mosquitoes (Press Trust of India (PTI*), 2021) and therefore does not
appear to be due to increased GW availability.

Data obteined from the household survey also confirmed that there was
no noticeable increase in water-bome diseases in impacted areas compared
to non-impacted areas. The occurrence of skin rashes and itching was
reported by most of the farmers (80 %) in both the study areas. Bowever,
this is certain as a range of studies has established the relation between
agricultural workers and skin diseases due to direct exposure to soil, plants,
insects, pesticides, sunlight, heat, and infectious agents during farming
(Susitaival, 2000; Donham and Thelin, 2016; Bashir et al., 2021).

As discussed in Section 3.2 as far as heavy metals are concerned their
presence is below the permissible drinking water standards IS 10500 of
India and as such does not pase any serious health rigks. Analysis of the
health reports for the district and household survey data indicate no

Table &
Change in Income from different units of production between impacted and non-im-
pacted areas.

5L income sourre tmpacted farmers Non-impacted Percentage
No. in 2021 (Rs/ha) farmners {Rs/ha) change (%)
1 Crops
Cereals ¥ 49 372 + 32,352 53
Vegetables * 5,54,072 T 262,143 150
Pulses v 98,027 T 63,552 5
Plantation ¥ 3,72,583 €©1,93,79¢ 92
Flowers v 127893 * 75,345 20
I Livestock ¥ 1,29,200 ¥ 93,245 39
iy Nan-farm income
Servies * 48,725 ¥ 35213 38
Rental Income * 27 6822

¥ $2,352 124

Source: 1lousehold survey.

increased incidents ot chronic impacts due to the presence of chemical com-
pounds in the STW (Sanchez and Bgea, 2018; Yadav et al., 2021). However,
in order to prevent an undiscovered public health hazard, direct use /
contact with water preserit in tank is prohibited at this stage.

The surface water from the tanks filled with STW and rain-fed tanks in
the same region j.e., tanks that did not receive STW but received ouly
_rainwater, as controls, were tested. Water in these tanks was studied for
antibiotic resistance based on minimum inhibitory concentrations {MIC)
of a few representative bacterial species. Resistance to antibtdoties such as
azithromyein, ciprofloxacin, cefotaxime, amoxicillin + clavulanic acid,
cefotoxime + clavulanic acid, and meropenem was studied. These prelimi-
nary and ongoing studies indicate a predominsmce of higher resistance to
azithromycin among all the tanks studied i.e., both controls and those
receiving STW. However, there were no significant differences in antibiotic
resistance levels between these two tehks. Further studies are being

Table 7
Change in the new purchase of essential and non-essential goods between impacted
and non_-i_mpacted areas.,

Wew purchase/assets Impacted Non-impacted  Percentage changy

arncas areas (96}
Year 2021 200
Houschold goods Newly Newly

purchase purchase
Refurbished house (Richa to 42 19 121

Pakkn)

Tvs 62 &0 3
Smart phones 163 105 55
Redrigerator 38 17 24
Washing machine 23 11 109
Sofa set 47 21 124
Two-wheeler 7 16 [
Eour wheeley 13 4 s
Agricultural toals
Seed drill 18 11 64
Wooden plough -] 3 100
Tractor 25 12 108
Sprayer 7 19 9%
Pump house . 14 5 180
Divip or Sprinkler System 224 226 g
Cattel Shed 44 37 19
Harvesting machines 72 49 47

Seed drill 18 11 64
Source: Howsehold survey.

11
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Table 8
angemmemddmceofdimbﬂmmpmtod’em-mdhgqudmﬂ\e
Kolar district.

Diseagpes Pre-recytling Post-recycling Fercentage
(2016-18) 2019-21) change (%)
(Average) (Average}

Dengue 9% 176 g3

Chikunguerya 67 190 182

Typhoid 3409 3353 (~1.6)

Cholera 1 ? (—36)

Lepmspirosi 7 5 (-28)

Diarcheai 42 4% 1]

Sourve: District surveillance Office, Kolar.

pmsuedtoexplajnmegmerauyhighpmvalmceofmdbioﬂcm
among these water bodies (including control tanks). It has been reported
ﬂ:atdmemnngpmvalmofvaﬁmdmhumggemdmeexpms-
sion of many antibiotic-resistance genes in various representative bacteria
and needs further understanding (Khuntia et al., 2019; Khuntia end
Chanakya, 2020). ltishnpmtanttonoteﬂ'mt,thesetanksreceiﬁngmw
donotfonndxﬁxldngwatersourcesforpeopleinﬂleresionhnareonly
used for indirect GW recharge.

3.4.11. Impact on ardmal health

Observations on major causes and number of animal deaths in the Kolar
disﬂictampmsentedinTableQ.Themostimpmtd:mge&mnhnmed
water avaflability is the increased availability of green fodder and fodder in
gﬂmn]leudingmben&animalnumdelsm&mﬂJyMQtedbyme
inueasedlevelofﬂvetockmﬂngasdlscussedemﬂmmewﬁmoma
Indicators of health, namely commaonly occurring diseases and causes of
animaldeaﬂuweredocumemedinthissurvey.lngeneml,memwere
onlymarginalchmgshﬂtepamofcamofuvesmckmmmy.m
average number of cow mortalities was higher during the pre-recycling
period (149) than in the post-recyeling period (122). From the pre-to-post
recycling period, the mortality from bloating and babesia decreased by
12 % and 36 % respectively. Among buffaloes, there were slightly lower
mmdityﬁ'ommostcamltwasalsomuddmwwmmamywashigher
than buffaio. The mortality from waterborne diseases was negligible in
livestockanima]ssincedimctoommnpﬂmofmtedwastewaterwas
restricted.

3412 Opinion of the sample formers of tmpacted creas on the overall benefit of
the availabity of water in tanks
Amutﬁxngablelo.theovﬂ'allophﬁmofdlesmlplefarmsmﬂ)e
avaﬂabilityofmiumkswumdad.Am'dingtomemdu,%%of
samplerespondemsclaimedthattheavﬂhbiﬁtyofwaterlntmhhawa
significant impact on agriculture production. According to 88 % of the
farmers, GW levels increased substantially, 78 % noted an improvement
insanitaﬁmandhygime.md?&%saiddrh-hwmmhavehm.k-
mrdingtow%ofmdmts,cmppmgmhmchangedmdthere
isnowanopﬁontogmwmmdplecmpsalmgnmhveseublesmﬂﬂowers,
62 % reported that water availability and accessibility have increased, 59 %
repmtedbmweﬂrejuvmamss%saidthatwmmmpomnmthns

Table 9
Major causes and number of animal death In the Kolar district.

m#hrﬂmm(m»lm

ilmmed,ss%chimedanimmeinlfvesmckmrhumdmﬂkp:m-
ﬂon,49%oonﬂmwdabomd1eﬂseinljfscylesandpmchasjngpow
m&%mﬂmthlhﬂmdbmmhﬂhubemmmhmhﬂk
nrptodmﬁvelands.lnd:esuwey,m%mpwmdthatbirdmvmtm
mignﬁmmumsadmdzl%alsohfomwdﬂmmofﬂmfmmm
whohadmigrmuitourbanalmforemploymemhmmtmnedmlhe
vil]sgemdaremwﬁumingoncemmisindwdunmmﬁmof
musemigraﬁon,mhnparmtimﬁmfcrmmmmdnmm
tural sector. This study provides empirical evidence that the K&C valley
projeuhascreamdﬂ\epomﬁalwinweﬂnmmksim
ﬁxxdsennity,andmﬁmmmm]mmmhﬂmmadmuhmy,
andhasbemdocumemadinﬂ:isstudy.

mmmﬂdsunphimleﬁdumﬂmmdwmmhm
humessartulbna}acﬁﬂdesandimRmﬂuofﬂlkmdym
the findings of Pedrero et al. (2010), Sathaiah and Chandraselran
(2020), Blmidjandmlshtaqmtzoﬂ}whichindimeaposmvemlmm
behvemwh}gmmdwmtcwminagﬁcuhureandimpmvememm
agricultural production. A study by Nandan et al. (2021 reveals that the
avaﬂabiﬁtyofwatummkshmdmmtahle,ammmnlpmduc—
ﬁma:ﬂmdo-mmuﬁcdmhpnmtwhﬂemdudmﬂ:emmnp-
tion in water-scarce regions of Telangana state.

4. Conclusion and policy recommendation

mwﬂudquﬂﬂmuwmdmmﬂchnmdﬂnlﬂgemk
semndarymtedwastewater(STW]fmmanurbandtywnejshbomﬁ)g
amas.AbouthIDofSTWﬁmBensahnuwaspmnpodtoKohrmﬁll
137mdsﬁngsmfmmtermksmachiewhdimﬁwme.1he
mmmmzmmmmmmmmmusmmm
most stringent standards set by India's The Hon'ble NGT and three important
mma@m“dmwmedei.g,bammmﬂy
(BJ,wﬂd-Hﬁepmpagaﬂonmdﬁdmm(D),mﬂhﬁgmm(E}
As a consequence of this project, the surface tanks receiving water have now
bmamwhuoﬁmmy,mmmmmhﬁdlm-
ﬁonandbhﬂmvenm&mdﬂﬂxmadyhawrﬂukdamu
rmgeofbmeﬁtsinimpactadmsu&asreplmishmentofmvuble,
rejuvenation of borewells and open-wells, and improved water security.
Significant improvements were observed in crop productivity (flower-
80 %, vegetables-70 %, plantation-36 %, and fruits-35 %), an extension of
memppingmmmmnmming(mﬂ&ﬂ%md
buifalo—33%),mﬂkpmducﬁon(ﬂmgarpete-37%, Mulbagal- 25 % and
Kolar-l?%),lmdvahe(lla%)mdhmmbmwhasmadm
jobmmﬁﬂumdmnﬂgmﬂmﬁmm‘hntomﬂmm
ments in agricultural activities also Jed to an increase in on-farm empioy-
ment opportunities for women, which in tum had an impact on decision-
maldnginaﬂdomﬁcsphems.lﬂodirwnegaﬁveeﬁemwmmponed
mwtﬂicandmhnalhmlmgamhomwmmmsm
nmﬂedmmvaﬁgmelmgmrmhnpamoﬁndimctsmlﬂwmredmge
ﬁnﬁadeeplythrwghmmpubﬂchuhhinmeﬂudiedpupuhﬁonas
usuaily, they are bio-accumulating,

Similar to Jakkur and Puttenahalli in Bengaluru (which received
treated wastewater) (Inayathulla and Paul, 2013; Ramachandra et al.,
2020; Pinglay, 2021), this initiative has also become a model for a

Dizeaces Cow (Average) Buffalns (Average) e L
Pre-recycling Post-recycling Percentage change (%) Post-recycling Percenitage chamge (%)
(2016-18) (2019-21) (2015-18) [2019-21)

Bloating &0 71 (=12) 6 5 (=17)

Babinsis 30 19 [~ 36) 2 ] [(—50)

Other diseasess 39 32 (~18) 1i 7 {~36)

Total 149 12 ({—18) 19 13 (—31)

Source: Department of Veterinary Scisvoes, Kolar.

waﬂﬁm—mmwmwmmmm&&od/ﬂmm
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Table 10
Oﬁnmdﬂnmﬂemsdimmmdmmmeomnbmﬂtdmmdmmmedmm
Particulacs Yes (%) Particolare Yeu (%)
Agricultura) production incressed 93 Employment of women increased 58
Groundwater Jevel Increamed 88 Change in livestock pattern 58
Sanitation, hygiese and cleanliness of surrounding aress improved 78 Increased in milk production 58
Income increased 76 Lifestyle impraved 49
Crop pattern changed {muitiple crop/vegetables) 67 Transformatlon of bare land to productive land 43
Ensy accesalbllity of woter 62 Bird movermnent,/mlgrawry bird 29
B Il d functioning or properly fimctioning 59 Rural migration 21
Source: Household survey
wastg water management system that allows GW recharge and biodiver-  Ackmowledgments

sity to be enhanced. In addition to enabling a transition from urban to
rural water recycling, this project contributes to the transition towards
the circular economy in the water sector, which is beneficial at several
levels: economics, environment, social and cultural. The availability
of water in tanks facilitates local recharge throughout the year and
rejuvenation of borewells provides support to small and marginal
farmers who cannot afford to deepen borewells or pay the cost of the
declining GW table.
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acknowledge different government departments such as the Kamataka

To shorten the gaps between water supply and demand, the restifts of ~ ~ Ground Water Authority (KGWA), the Karnataka State Nanural Disaster

this study will eventually help the different stakeholders including central,
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1. Inooduction

An increasing global population, industrial growth, wbanization, land
use changes, and limited prectpitation have caused a worldwide scarcity
of freshwater, putting pressure on groundwater (GW) resources
{Modrzynski et al., 2021; McCance et al., 2020; Wakode et al., 2018;
Okello et ak., 2015). Indla is the largest user of GW, with over 50 % of its
rural population relying on it for basic needs (Garg et al, 2022). It is esti-
mated that 17 % of India is overexpioited due to excessive extraction of
GW (58-65 % in 2020), reducing annual recharge from 447 billion cubic
meters-te 432 BCM (Dangar et al, 2021; Geol, 2021; CGWB, 2020;-
Hussain et al., 2017). To prevent further depletion, long-term water man-
agement strategies are crucial, with artificial GW recharge methods such
as the use of rainwater and treated wastewater for improving the GW
table. (Chen et al., 2023; Dihan et al,, 2023; Manisha et al., 2023; Dillon
and Arshad, 2016). Managed aquifer recharge (MAR) is a common tech-
nique for preserving GW by intentionally infiltrating water from the surface
into GW and addressing freshwater scarcity (Sunyer-Caldd et al., 2023;
Alam et al, 2021; Grinshpan et al., 2021; Ganot et al., 2018). MAR is
achieved through techniques such as percolation tanks, rainwater harvest-
ing, soil aquifer treatment (SAT), and infiltration basins (Alam et al,, 2021).

SAT is a globally practiced wastewater recycling method under MAR
that converts wastewater into high-quality recharge effluent by removing
contaminants as wastewater infiltrates through soll layers (Grinshpan
et al., 2021; Wei et al,, 2015; Rahman ¢t al., 2012; Icekson-Tal et al.,
2003). Successful GW recharge schemes based on SAT are summarised in
Table 1. The reported GW recharge rate, soil type, and chumges in GW qual-
ity are also tabulated in Table 1. As can be seen from Table 1, GW recharge
rates vary significantly even in sandy and sandy loamy soils, from

Table 1
Summary of SAT based groundwater recharge studies.

13.2 mm/day to 110 mm/day, with varying degrees of GW quality im-
provmmtﬁWrechargerxtesmdchmgsinGquﬁtymlnﬂuemﬂd
by many factors such as sail type, soil permeability, local hydrogeology,
heterogenicity, topography, land use, and management practices including
GW pumping, and climatic conditions (Ramaiah et al., 2017). Very few
studies investigated the effect of GW recharge through surface tenks in
India on GW levels and quality (Nandanwar et al., 2020; Siva Prasad and
Venkateswara Rao, 2018; Patil et al., 2017; Packialakshmi et al., 2015;
NEER], 2015). There is a lack of quantitative information in the literature
on recharge rates in hard aquifers, effect on GW quality, and agricultural
impact, especially for crystalline aquifers characterized by hard rock with
fractured gneiss, granites, schists, and highly fractured weathered rocks of
peninsular Indiz. This study fills this gap and provides valuable insights
into the effectiveness of large-scale water recycling in rural areas,
Recently, India has started large-scale recycling (Koramangala-
Chaﬂaghaﬁava]leypmject)ofmmﬂljmlimpwday(MID)ofsecmd-
ary treated wastewater (STW) based on SAT method (unlined and no wet/
dry cycle) in Kolar district of Karnataka ndia. Kolar is a semi-arid drought-
pmnereglonwiﬂaanomalarmmlramfallofbmmmfort}epuiod 1981
10 2010 (GoK, 2016; CGWB, 2009, KSNDMC, 2009). Kolar district had ap-
proximately four thousand unlined cascading man-made tanks or water res-
ervoirs for capturing rainwater and were used for various purposes along
with GW recharge (Engberg-Pedersen, 2011). With little or no rains over
melastmymrs,numeromtanksandbomwel]shadgoncdryandme
GW table declined at alarming levels due to over-expioitation (CGWB,
2020). The depth of irrigation borehole wells had reached ~250-300 m
from the surface (Garg et al., 2020). Thus, to provide relief 1o the droughts,
for effective management of the limited GW resources, and to ensure its
long-term sustainability, in 2018, the Minor lrrigation and Groundwater

§l. Country Climate Soil cype  Acuifer Wet/dry GW recharge rate  Empact on GW quality Renarks Reference
Na. type tatio {nandy)
1, lsrael Arid-semiarid  Sandy Sandy o5 133 = 70 % removal efficiency for TSS, + Recharged water: arefishle  loskvon-Tal
loamy COD, BOD, ammuonia, nitrogen, source of irrigation et al, 2002
phosphorons, and turbidity
« 100 % removal of Coliform
2. Egypt Dry-deserted Sandy Unconfined 0.5 25-35 = COD reduction by 95 % + Constant hydraulic rate El Arwbl amd
» BOD reduction by 70-80 % increases recharge rate by Dewond, 2012
40 %
3. South Arid-semiarld  Sandy Sendy - 26 + Not reported * The munerical madel Jovanavic
Africa loamy MODELOW loc groundwater et al, 2007
flew and conaminant tems-
port
4, Australia Semiarid/desert Sandy.clay Alluvigl 0.3z 107 + Improvement in recharged water + Infittratlon rates per basin Barry et al.,
quality in terms of EC, OC, TN, and varied from 0.1 to 1 m/day M7
CaCO3
5.  Belglum Maritime Sandy Dune - 110 - Improved water quality in terms of - A unified conceptual madel Vi Hoame
(saline) EC, TOC, hardness, chiocides, was developed, making & and
nitrates, phosphates, and heavy framewatk for forecasting Verbauwhede,
metals. Absence of total coliftrms long-term groundwater 5 2012
and pathogens. ainakility
6. Phoenix Dry-deseried  Sandy One layer, 0.75 Not reported « Reduciion in N by 65 %, faccal coli- - Hydraulic loading rate Critcs et al,,
{LISA} ailuvial form by 99 %, TOC by 93 % 60-100 msyT 2014, Baawer
H, 1991
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Development Department of the Government of Karnataka implemented
Mmmmlmdmmmm«omamm
from two sewage treatment plants (STPz) of Bangalore, (Manisha et al.,
2023].111erecyclingwasahmdtolrnpmveﬂ:eGWtaMeandGunahty
by storing water in the existing tanks (Manisha et al., 2023; Singh, 2020).
Ta the best of author's knowledge, there are no such large-scale full-
fledged field implementation studies available in India wherein STW com-
huﬁmmjormtnndﬂesismfwﬂnmjumaﬁmofeﬁsﬁngmﬁce
tanks and subsequently facilitating indirect GW recharge in the semiarid
drought—eﬁecﬁvemraldimict.Henoe.fortheﬁrsttime,dﬂswmt
(unandﬁesmeGWdeargemmlnmeummneaquusofpuumula:
hdia,charadnizedbyha:dmckaqdfusuﬁﬂaﬁamnedmﬂmedmdm
using AMBHAS 1D GW modelling. (i) Changes in GW quality due to the ad-
diﬁona]mcbmge&md:ispmjeumﬂwqmﬂﬂed,almgwimﬂmlm-
pact on agriculture, fisheries, and milk production. (iii) Additionally, the
social impacts of the improved GW table are quantified by comparing
areas receiving STW to those not recetving it.

2. Methodology
2.1. Study area and design of large-scale recycling

Kolar district lies between north latitude 12" 45’ 54" 10 13" 35’ 477 and
easlkmgitude?750‘29'w78'35'18'(CGWB,m12;2009]fF%1]. Ithas
a total area of 3979 sq. km with a total population of 1,536,401 (Census
India, 2011). Kolar district falls under a partial rain shadow zone, and
duetomewpographymdphysioguphy,rhemmnopmmialmm
(rlvm)ofwater.’mesoi]lsdisu-ibumdinmemlgeofred loamy to red
smdymdlaterlﬁcsoﬁl(CGWB,L’Dzo;DEMA, 2019). Kolar predoniinantly
has fractured mmiti-aquifer systems with gnedss/granite,/schist rocks (GoK,
20]6).Beth'ockispeninsulargnejssofmearchemagemdﬂ1emcmb¢
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classified as “hard rock terrain” (CGWE, 2020) with a semiarid climate.
Neadym%ofﬂzegeogmpmm;reamthedisuictisunderagﬁculture
wlﬂchhasahigh-wat&demmd(CGWB,ZOﬂ);DmA, 2019},

The recycling of STW in Kolar district was initiated in March 2018
(Manisha et al,, mn).mmmmmsmmmmmdmped
first to Lakshmisagara tank (LT) of Kolar district which travels a distance of
53hnlndnseddmmxeh.111ewamrﬁnmﬂﬁstmkﬂowsbygmﬂtymopm
chanm]sfm'adiaameofﬂmtotheNmmtmk(mmdﬁunM
tank,itﬂowsﬁwnseveralﬁdgepoimstomemoftheoﬂlertmlsbthd-
ingKolartank(KT).Kolarregionhusanetwukufmmdingtﬂ&sﬂum
mnﬁadbyopmdamhlfﬂxemlevelmmmmkm
its overflow weir, the excess water will flow into a downstream tank
mmughﬂmeomchamels,dﬂmbynaunalgraﬂty.thksm
grwpedinmamtaloflzchmenbasedmdldrhcaﬁmmﬂmﬂuw
network (a detailed plen of the recycling scheme and clustar classification
almgwiﬂlthetanknamglspmvldedinAppmdiansFig.AlandAmn-
dix B as B as the supplementary data). Only four pumping stations are
installed in uphill areas where a gravity-based flow was not possible.

2.2 Secondory trented wastewater and surface tonk waier

S]meleswuecdlectodfmmﬂieﬁ?souﬁe:mdsﬁwedalfcma
mu,mmammwmmw
ca]analyxiswasarﬁedmnmesﬁmatethewatm-qmlitymingmﬁa:d
methodsforwam-mdwastewaterthamcmﬁmﬁonmPMM).Tom-
lyseﬂteavmﬂimmctsofﬁkmcyﬂing.twoanﬁmtanbmme!yﬂm
Minnmwummmmlammm
selectedlnmestudymidmuﬂedashaﬁngreoeivedmatﬂwm
oftherecydlng.TheNTwmzkmawayﬁommevuyﬁmtmki.e.,LT
whexusthell’fwaslﬁlunmy&omtheNT(ﬁg.2).Adetnﬂedwam
quaﬁtyanalysisasperﬂ;eHon'kaaﬁmmlemﬁfhmal(NGn

Fig. 1, Study area,
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"’Ow ,._..o Kolar Toum
I Rorehola } Bovehole
' (empacted) i (Imepacted)

0.5km : 0.75m :
| 1

m;m INarsapun | Holar Town
[ REC | Puimp House 3 59 1080w

Pump House 2

Fig. 2. Surface tank and groundwater sampling points.

standards (NGT and National Green Tribunal, 2019) which includes the
specific eight parameters pH, biological oxygen demand (BOD), chemical
oxygen demand {COD), total suspended solids (TSS), ammoniacal nitrogen
{NH,-N), total nitrogen (TN}, phosphate phosphorus (PO.-P), and faecal co-
liform was performed for the STW and surface water tanks. All the water
samples were tested in triplicates and average values are represented with

standard deviation as avg. + std. dev. Other than the NGT parameters ade- .

tailed analysis for heavy metals and up to 10 emerging contaminants was
also carried out for the STW and surface water of the first tank (LT) receiv-
ing the treated water. ICPMS (Quadrupole JCPM- Theamo X series 1) that
can operate in both analog and pulse counting modes (Awual and Hasan,
2015) was used for heavy metal analysis, and LCM$ (Dionex Ultimate
3600 (Thermo), micro-LC equipped with C18, 150 X 4.6 mm, 5 pmn re-
versed phase column for the analysis of emerging contaminants. The instru-
ment sensitivity ranges between <10 ppb to <1 ppt (parts per thousand).

2.3, Groundwater

2.3.1. Sampling and charocterisation

To study the impact of indirect GW recharge using STW cn GW quality
two boreholes namely i) Narsapura (NB) and ii) Kolar town (KB) which
were in the vicinity of the two selected surface tanks (NT and KT) were
identified and designated as “impacted” bareholes. NB was 0.5 km from
NT and KB was 0.75 km away from KT (Fig. Z). Similarly, two boreholes
i) Shapura (SB) and ii} Harati (HB) were around 10-14 km away from
one of the impacted tanks KT, were also sampled and was designated as de-
layed {mpact. The GW samples were collected and analysed following the
standard methods (APHA, 2008) for their physio-chemical constituents
such as pH, hardness, total dissoived solids (TDS), and electrical conductiv-
jty (EC). Calcium (Ca*) and sodium (Na*) as important cations, chlorides
(C17), and nitrates (NO3 ) as anions, (Awual, 2016). Other water quality pe-
rameters such as magnesium (Mg ™), potassium (K™), sulfate (503 ), and
fluoride (F~) were also measured using standard methods.

2.3.2. Historical groundwater level and water quality dato

Historical data of GW levels and GW quality was collected to anaiyse the
impacts of indirect GW recharge using STW. GW levels data was collected
from the Karnataka Ground Water Authority (KGWA), and GW quality
data from KGWA, the Central Ground Water Board (CGWB), and Kamataka
State Pollution Control Board {(KSPCB), Government of Karnataka for
2013-2021. These agencies are known to regularly monitor boreholes in
terms of water levels and water quality.

2.4, Precipitation datn

Historical monthly precipitation data (2013 to 2022} of Kolar district
was collected from Karataka State Natural Disaster Monitoring Centre
(KSNDMC) to find out the rainfall pattern in the study area. Precipitation
data helped to confirm the drought conditions in the study area and helped
mjusﬂfytheimpnctofmqrdedwatﬁ'mthesmdiedGWlevekmdquality.

2.5, Groundwater modelling

Measurements of GW level fluctuations in response to precipitation
events can provide a practical means of estimating temporally and spatially
variable GW recharge rates. Lumped unconfined aquifer models have been
widely applied for studying the GW dynamics and recharge estimation in
the hard rock aquifer regions of southern India (Collins et al., 2020;
Subash et al., 2017; Marechal et al., 2006). Park and Parker (2008) pro-
posed an equation for modelling GW level fluctuations in response to rain-
fall considering the recharge and discharge terms, however, it lacked a
representation of GW pumping. Subash et al. (2017) and Kumar (2016)
added the GW pumping term to the equation and developed the
AMBHAS_1D mode] with the equation (Eq. (1)) given as:

dh 1 T ]
s - A+ LR —Dpe a
ot Sy S Sy )

In the above equation, h represents the hydrautic read (L), Sy is the spe-
cific yield of the aquifer system (—), 4 is the discharge constant (T~ '}, R is
the rainfall (LT"),rfisthemchargefactur(—}andDm is the net ground-
watet draft or pumping (LT ).

2.5.1. Parameter estimation

Sy and r;aretwakeypamnetersofﬂaemodelwhlchgomd)ecw
levels, During the calibration, the reliability of simultaneous estimation of
both the parameters can be improved if encugh redundancy of GW time se-
ﬁ&sisconsidemdAsequenﬁaltwo—stepmeﬂndfaesﬁmaﬁonofSyandr;
is adopted with a GW time series of 5 years as suggested by Sekhar et al.
(2013). To separate the impact of the recycling on the parameter estima-
tion, the period from 2013 to 2017 is selected. The ranges of specific
yield and recharge factors are taken from previous studies in the hard-
rock aquifer region of southern India (Goswami and Sekhar, 2022a,
2022b; Garg et al., 2020; Sekhar et al., 2013). Average net GW pumping
of 150 mm/year is considered for the entire simulation period (Garg
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et al,, 2020). The recharge factor ry estimated in this step is averaged over
thes-yeardmﬁmwhidaismpremmheofaﬁacﬁonofrawmﬂntgﬁx
converted into recharge.

2.5.2 Recharge estimation

For the estimation ofrecharge,syiskaptasmnatedmﬂlepmﬂws
step. Net GW pumping is kept at 150 mm/year to maintsin consistency.
The model estimates monthly total recharge (R;) by minimizing the sum
of the square of the error between the observed and simulated GW level
from 2013 to 2021. The recharge from rainfall (R,) is obtained by multiply-
ingthery by!hemonﬂnlyraﬂtfal]tﬁneseﬁa.nedmrgeﬁ'mﬂnmnkm)is
calculated by subtracting Rp from Ry.

28, mmwmwmmmwm

maddiﬁmmﬂleimpmmcwlevelsandqmlity.d\epmmdy
abofoamesatimpactsofrecydedwateronhndmelandcowchmge
(LULC), agricultural productivity, milk production, and fishery status spe-
ciﬁcaﬂyind:esmdyaru.Acompmnﬁveanalysiswasmﬂedombetwem
theimpactedareaofkola:disu-ictwhjchrecdmrecydedwnter
(Narmpmavi.ﬂage)mdthenm-impmdamme!avmhvﬂhge)whidl
isﬁahnawayﬁummehnpamedsmdymandhsnmruﬂmquded
wata'.Tosmdytheinmmquireddatawasmﬂectedﬁmdiﬁemtgm-
ermnment organizations like LULC data from Environmental Systems Re-
search Institute (ESRL, 2017-2022), agriculture data for the year
2021-2022 from the Department of Agriculture & Horticulture Kolar,
mﬂkpmdmﬁondam(Ml—mmﬁmKolardismueo-openﬁvemﬂk
producer's societies unjon, and fishery data (2021-2022) from the Depert-
mmtofFishuySdamKnlummryomthlsmalm

3. Resuitz and discussion

Thisse:dunpresemsﬂxemulysisofﬂ:eimpmdmmcyﬂhagforin-
diredGWrechargeonﬂleﬂ.ﬂaeewauqmﬂty.GWlevelsmchldingGw

31 Wmmmqmmmnwmm
mmk water

Tablezrepmentsthewawqmmyofﬂ)eﬂwmsfmmmand
mrfacetankwateridenﬁﬁedﬁxthesmdy.metstmﬂtswempamd
with the NGT standards.

AsﬂieSTWispmnpedinmthetankx,asessingﬂ:ewaterqualityin
ﬂmetanksisimportantwhid:mpresmtsﬂleh&almofdnmnk.Asm
beseenfmmTable2theSTWoomjngﬁ'omﬂleSTPmeetsallthemms
set by the NGT (2019) for the treated wastewater to dispose into surface
water bodies or for land disposal/applications except for faecal eoliform
levels, which was slightly above the standard. It is known that such micro-
bial population will reduce rapidly when water flows through multiple
tanks and more so during infiltration through soil column to reach the
GW (Grinshpan et al., 2021), As per NGT notms PH should range from
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6.5 to 9 as most aquatic organisms prefer this as the acidic nature of
water (pH < 7) enhances the proliferation of algae (Bergstrom et al.,
2007; Leavitt et al., 1999). The BOD and COD predominantly represent
d)empidlydeumpmbkmdmmmklmmmgmﬂcbadsmmemmd
watua:ﬂdusslnuldnotmeedlomsommlymﬁ‘r, 2019;
zlnngetal,zom).memalgimldmgeofCOD/BOthatusofLde
KT in spite of having undergone many days of flow, indicate that these
valuesmmhleunddonotwudemmpmhleamimandism
likely from inorganic sources. The discharge limits for TN is <10 mg/L
and PO,- P is <1 mg/L which is meant to restrict autotrophic algal growth
(kadingmalgalblomus),lfitisinmmmethmsleadmhypmiaat
pre-dawnhoursfromexc&uivealgalmpinﬁonmdresulnm&hdnm
(Abu ct al., 2022; Mishra et al., 2022; Yaqub et al., 2022; Alidina et al.,
2014).TheT‘SSvaluswerelowthnnmedischargelimhor]0nW1.A
Iwmsmmemmwaabodywﬂmmqﬂemonhem
system.
Tablezahommewaterqm]ityoftheﬁmttnnkfﬂjmceiﬁng
the STW. Itmbeoboewedmatthewaerqmjitymthemhasslighﬂyim-
prmtdrelativetosm.memuxim]immmemmtinwmqmlitybe-
tweentheSTWanditsrecdptatLTismggsﬁveofamal]mteofﬂ)e
nmﬂyzz-hreﬁduweﬁmeformtedwatermm&kmthmugh
pipesandimm‘buﬂmtohnprovcquuaﬁty.
AsdisumdendierlnSecﬁunzltheSrWremivedﬁmtatLT,rmnim
ﬂmforaﬂslﬂﬁumpaiodbdueﬂnwhsm km through open channels,
andpasingﬂn'oughmomeunfaoemrhbeﬁuemdﬁngdnm.ld&
aﬂy.daeNTswnmrquaﬂlyshmldhmimuwdrdmfwtoLT,duemnat-
ural treatment from flow in open chanmess and residence time in sarface
mh!bwm,sshmhmzhmmmmemqmﬁty
ofﬂn"fhasmarsimltydemmﬁkdyduemhmacﬁvﬁessnch
mf&tﬂbu-nmﬁsﬁmaykuhualhndmﬁaglﬁvedisdimddm
tic sewage by houses on the tank shore.
Whmﬂ!omﬂmnﬁumﬂnelﬂhanlstoﬂleﬂbymmh:gadiﬁame
of16hn,whﬂeahospmdingahtguesidmmthneinopmmks,itmbe
obwvedﬂutthewmqmlﬂyofﬂnk‘fhashanmedmhﬁutnﬂ\em.h
isindicatedd:atmadﬂnmtoihebngpui&d’mddemeﬁmewby
denglmﬂowﬂnwyuumdenfmn-fxewamtmﬁsasweﬂas
mmushthemnecdngmchmnels,thismmdwmissubjemdto
almgmsidmceﬂmeudﬂﬁndretanksﬂmitpasesﬁmughwhicb]each
to natural treaiment. The water quality of KT when compared with that
ofﬂ'lesrw.itmobseﬂaddmﬂmewasalmﬁmso%impmm
S@mmmmmmmmmﬂﬂﬂem
Wmmmﬂmmmmwwmﬁmﬂmﬂnm-
ment systems are functioning to their near ideal levels and teave behind
veryhtﬂemtab&esubstances.ﬂepmsmtedresultsmsupponedby
Amin et al. (2022); CCWB, {2020); Sharma and Kennedy (2017) where
the water quality of treated water improved due to the self-purification
mechmﬁminﬂleﬂowingstateanddnmnghdﬁmimasanimpmofGWre-
charge. Eslamian et al. (2018) reported the removal of dissolved organic
canpomdﬂuﬂngGWredmgaﬂnmxghSATsysternasanimpactofmluu—
bial biodegradation and absorption. El Arabi and Dawoud (2012) reported
the removal of suspended sotids, biodegradable materials, bacteria, and
other microbes from treated wastewater through the vadose zone as it

Tabie 2
Wataqmﬁtyofsmﬂarymwdwmmmdmﬁkawm.
8l Parameters Unit Hon'dle NGT discharge standards Sampling points
No. {NGT, 2019) STW fram cutlet of Lakshmisagara tank Narsapura tank Kolar Town tank
STP n (L 2y) KTy
1. pH - 65-9.0 7.6 7.6 78 27
2. BOD; (@20 °C) mg/L 10 9=x10 6.2 % 15 72+ 20 64 % 14
3. Cop mg/L 50 48+ 40 42 + 8.0 50 + 4.0 42 > 2.0
4. TSS mg/L 10 8+ 22 68 *+ 20 72+ 28 615
5. NH,-N mg/L 5 4.6 + 0.8 37 x 03 28 + 08 24 * 0.2
6. ™ mg/L 10 78125 53 %14 69 + 1.0 SZx048
7. PO P g, 1.0 08 t 0.3 0.3 * 0.1 06 =02 04 x 01
8 Faecal Coliform MPNA100 ml < 230 allowable 280 * 20 220 + 16 40 *+ 30 23+ 25
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Table 3

Heawmemlmalysisofsemndaryueatedwastewamandﬁrstmfacemnh
s, Metals, 18 10500 {my/L} S dary d Lakshmisag
No.  metallgids, (BIS 10500, 2012} wastewater tank (LT}

and heavy metals {(mz/L) Gng/L}
1 ron (Fe) 3 036 £ 0.02 0.26 = 0.001
2 Manganese (Mn) 2 002 £ 0 BDL x O
3 Zinc (Zo} 5 BDL = 0 Bl £ &
[ Cadenbm {Cd) 2 BDL * O BOL = 0
5 Lead (Fb) 0.1 BDL * D BDL = O
[ Arsendc (As) 0.2 0.001 =0 0001 =0
7 Chromfum (Cr*¥) 0.1 <01 = 0 <010
8 Nickel (NI 3 0.028 & 0 00
9 Copper (C) 3 000 =49 0x0
10 Aluminium {Al} 02 BDL * 0 00
11 Batium (Ba} 0.7 0045 = 0 001 £ 0
12 Boron (B} a5 0021 = 0 0001 £ 0
13 Selenium (Se) 0,01 BDL 0 BDL + O
14 Silver (Ag) 0.1 BDL + O BDL = 0
15 Mercury (Hg) 0.001 BDL + 0 BDL *+ ¢
16 Molybdemam 0.07 o0l £ D 8DL 2 O
{Mo)

Note: BDL is below the detection Himit of 1 x 107% mg/L

acts s a natural filter in SAT systems. Wilson et al. (1995) reported 50 %

removal of nitrogen, heavy metals, and disinfection byproducts through
the vadose zone.

Table 3 represents the water quality in terms of heavy metals. As can be
seen from Table 2, the STW and LT's water meets even the stricter standards
for drinking water (BIS 10500, 2012) for heavy metals. This suggests two
possibilities: firstly, there is very low contamination of urban runoffs, and
secondly, the anaerchic stages experienced by wastewaters generally

cause heavy metals to precipitate and separate out, even if they are present ..

(Manisha et al., 2023; Rao et al., 2021; Awual et al., 2020; Awual, 2019).
Therefore, from this perspective, the wastewaters are rendered safe for dis-
charge to surface water bodies. El Arabi and Daweud, 2012 reported the re-
maoval of heavy metals and other inorganic contaminants from wastewater
during GW recharge as an impact of geochemical reactions such as mineral
precipitation, dissolution, adsorption, and redox reactions.

Detailed studies on the presence of emerging contaminants in STW and
surface water in the study area are underway. Preliminary results presented
in Table 4 indicate their absence in STW and subsequently in the first sur-
face tank (LT) receiving STW. This is because the STW undergoes different
levels of natural trearment as it experiences a long residence time
{>14 days) in tanks (Manisha et al., 2023; Teo et al,, 2022; Teekson-Tal
et al., 2003).

The rejuvenated tanks are home toa variety of birds, such as fish eagles,
herons, and various types of ducks, indicating the presence of a large fish

Table 4
Summary ofmnergimcuntamhlamsinsecondarytreatedwamwaterandmﬁme
tark,

§l. Testparameter  Type Secondary  Lakshmisagara

No. treated tank {LT)
wastewater  (mg/L)
(mg/L)

1 Fluoroguinolones  Antibiotics BDL BDL

2 Ciprofioxacin BOL BDL

2 Axithromyeln BDL BDL

4  Temacycline BDL BDL

5 Norfloxacin BDL BDL

6 Acetarnnophen  Pain killers BDL BDL

7  Ibuprofen BDL BDL

§  Diclofenar BDL BDL

9  Sulfamethoxazole BDL BDL

10 Celirizine BDL BDL

11 Xyleno! Pharmaceuticai and BDL BDL

12 Triclosan personal care products BDL BDL

Nate: BDL is Below detection limit (< 0.001)].
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pomdaﬁon,wlﬁchserwsasﬂmeirmimaryfoodsource.hrgeandsmaﬂer
fish were also observed in these tanks, starting from the LT, indicating sue-
cessful breeding. These observations suggest that the vecharged water qual-
ity is suitable for aquatic life and supports fish growth and reproduction,
which was previously a concern when selecting fish far commercial cultiva-
tion in these tanks. In the past, it was challenging for fish to breed in what
was peroeived as “hard/poliuted” water. However, these observations dem-
onstrate that the approach of recharging water in the tanks allows for suc-
cessful fish breeding and growth, eliminating the need for separate
breeding programs and seeding with fingeriings. These observations, show-
ingﬁshinvaﬂoussmgawfbreedingmﬂgmwth,dearlyindicaﬁethesﬁt—
ability of this approach not only for fish cultivation but also for their
breeding and the long-term sustainability of surface tank water.

3.2, prpact on groundhwerter levels

Fig. 3 (a) and (b) represents the historical data for GW levels and precip-
itation of impacted as well as non-impacted boreholes of Kolar district.

1t can be ohserved from Fig. 3 that the GW levels before recycling STW
{March 2018) were around 18 mbgl (meters below ground level) which im-
proved to 7.5 mbgl for NB and for XB it was 33 mbgl in Aug 2018 which

rose to 9 mbgl in September 2018, A dlear immediate positive impact on
GW levels can be observed as the levels increased by 58 % and 73 % respec-
tively in the studied impacted boreholes. Literature reports a linear reia-
tionship between GW recharge and rajnfall (Rasel et al., 2023; Anuraga
etal, 2006) but it can be observed from the historical precipitation data
(KSNDMC, 2020) represented in Fig. 3 that 2018-2019 was a rain deficit
period but still the GW levels increased which confirms direct impect of
recycled water (STW) filled in the existing surface tinks rear to the stisdied

tanks has infiltered through soil layers and percolated vertically downward
deep in the soil through the unsaturated zone towards the water table. The
movement of water also.depends on soil peomeability or hydraulic conduc-
tivity. Pore space in the soil serves as the storage compartment for water. i
is reported that the Karnataka state is underlain by peninsular gneisses, and
granites (Ramaiah et al., 2017). The studied surface tanks are also located
at such highly fractured and weathered rock and have a sufficient thickness
of permeable vadose zone which helps for speedy GW recharge (Veerarma
and Jeet, 2020; DEIAA, 2019; Asano and Cotruve, 2004). Fig. €
(a) (Appendix C} represents maps showing low water levels in Kolar district
before commencement of the recycling and Fig. C (b) represents increased
water levels after commencement of the project.

As discussed in Section 2.1 soil type in Kelar district ranges from red
loamy soil to red sandy lateritic soil which is also characterized by low
water holding capacity and increased hydraulic conductivity (GoK, 2016;
Sivapullaiah et al., 2003). This soil has an infiltration rate of >10 in. per
hour (CGWB, 2020) thus an immediate response can be seen in the im-
pacted boreholes which were in the nearbry vicinity of the rejuvenated sur-
face tanks. Thus, it can be concluded that indirect artificial recharge of the
GW has a significant role in the development and management of drought-
prone semi-arid areas as it boosts the GW level. Nandan et al. (2021);
Shawagfah et al, (2021); Dillon and Arshad (2016); El Arabi and Dawoud
{2012); and Yeekson-Tal et al. (2003) also reported improved GW levels
through indirect GW recharge methods.

Fig. 3 {c) and (d) represents water levels of two boreholes (SB and HE)
with delayed impact where it can be abserved that in both the boreholes
there is no immediate improvement in the GW levels post recycling. It is
thus concluded that treated water has not reached to these aveas which
are far away (at a distance of 10 to 14 km from the KT) until 2020. Whereas
it can also be observed that the water levels have increased in both 58 and
HB after 2020, At SB, the water level increased by 80 % from October 2021
to November 2021 whereas at HB it increased by 48 % from October 2020
to November 2020, This is attributed to the fact that these two boreholes
have shown a delayed impact with respect to 2018 post recycling and
may be attributed to lateral movement of percolated underground water
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Source: Precipitation data from KSNDMC and GW water level fram XGWA and CGWS.

over & long period. To order to confirm these findings GW modelling was
carried out.

3.3. Groundwater modellirng

As discussed in Section 2.5 a physieally lumped unconfined medel
AMBHAS 1D was used to mode! the GW level fluctuation in two steps con-
sidedqgtthWrecharge,disdm:ge,mdpmnp{ng.mﬂleHmnepmodel
mlibntlonwascarﬂadoutforapedodofSyeamﬁngOBtoml?dudng
which the GW levels were representative of long-term GW balance in the
non-impacted region. The estimated set of parameters along with perfor-
mance indices “Roct Mean Squared Error” (RMSE) and “Coefficlent of de-
termination” (R°) are listed in Table 5. Fig. 4 represents the comparison
of simulated and observed GW levels for the calibration period. In the sec-
ond step, the calibrated set of aquifer parameters were forced into the
model to estimate the monthly recharge values corresponding to the best
fit between observed and simulated GW levels from 2013 to 2021.

Fig. 5 represents the estimated monthly recharge and the sirmlated GW
level time series for 2013-2021. The monthly recharge estimates are vali-
dated by comparing the model simulated GW leveals with observed GW
tanks in terms of R* and RMSE (Goswami and Sekhar, 2022a, 2022b;
Sdthsretal.,ZO!B.lnFig.S,bhnandgrmbusmespmﬂtodnredsw
from rainfall and tanks respectively. As discussed in Section 3.2 the two im-
pacted boreholes reflect good GW recovery just after recycling was started
lnMathOlS.ﬂ)eothcrtwobomholmSBdeB,showedadelayede

Table s

Estimated parameters and performance of the model calibyation.
$LNe. Boreholes RMSE {m) r? o Sy
1 Narsapura (NDB) 28 0.7 0.127 0.05
2 Kolar (KB) 3z 077 0.0%4 0.039
3 Shapur (SB) 161 0.88 0124 008
4 Harati (HE) KX /4 0.85 0.099 0.025
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Source: Precipitation data from KSNDMC and GW levels datn from KGWA and CGWR.

recavery because of slow lateral movement of GW as these locations are far
from the rejuvenated tanks, The annual water budget for each Jocation is
tabulated and provided in Table 6. Daily recharge rate before 2018 are in
the range of 0.1 to 0.48 mm for all four boreholes studied. The daily re-
charge rates of NB and KB reflect the impact of recycling steting from
year 2018 as the daily recharge rate is almost 2-10 times higher for 2018
and 2019. The sharp rise in the observed GW levels at impacted locations
in range of 20 m to »>100 m withia 4-6 months duration supports the higher
recharge estimates because of contribution of rejuvenated tanks. Since
2019, these two borehole sites exhibit low seasonal GW level variability
(around 5 m} as these sites are in the vicinity of the tanks which act as con-
stant head boundary condition. The other two borehales (SB and HB), expe-
rience 5-10 times rise in daily recharge rate in 2020 and 2021 respectively
confirming a delayed impact with respect to 2018. Net pumping to recharge
ratio at all locations before the recycling was >1 signifying unsustainable
GW pumping in the region. The daily recharge rate improved significantly
post 2018 because of the extra recharge from the tanks which is much
higher than the direct recharge from rainfall. The increased recharge com-
pensates for pumping and the ratio of net pumping to total recharge drop
below 1. The GW recharge eatimates based on GW modelling indicate
that this large scale recycling of STW has enhanced the GW recharge in
the region resulting in rapid recovery of GW storage (Manisha et al,,
2023; El Arabi and Dawoud, 2012; Icekson-Tal et al., 2003).

3.4. brpact on growdwinter quality

Results represented in Section 3.3 confirm that STW filled in the tanks
has recharged the GW table of the study area and thus this section repre-
sents its impact on GW quality as repsesented in Figs. 6, 7, 8 and 9.

The graphs in Figs. 6-9 illustrate that, the groundwater quality in the im-
pacted boreholes has improved across all studied parameters when compar-
ing the data from before and after the recycling period. Observations
indicate that in the case of NB, there was no significant change in pH
value. However, a notable reduction in water quality parameters was ob-
served, including a 55 % reduction in hardness, 23 % reduction in TDS,
12 % reduction in EC, 46 % reduction In Ca+, 62 % reduction in Na™,
23 % reduction in €1, and 84 % reduction in NO3 . Similarty, for KB, no
change in pH value was observed, but there was a significant reduction in
water quality parameters, Inctuding a 70 % reduction in hardness, 76 % re-
ducﬁuninTDS,85%mductiminEC,88%reductiminCa+.33%wduc-
tion in Na*, 96 % reduction in 1™, and 93 % reduction in NO3 ™. Fig. D1
and D2 (Appendix D) represents reduction in Mg*, K*, SO3™, and F~
when compared between before and after recycling period. Clearly the
hard waters of deep aquifers (before recycling) with a lot more dissolved
salts have transformed into a2 more agriculture friendly water (Hasan
et al., 2023; Teo et al., 2022), .

Figs. 6, 7, 8, and 9 highlight the dilution effect an the water quality pa-
rameters resulting from the recharge of recycled water into the deep aquifer
during its infiltration through the soil. As discussed eartier, the STW held in
tanks infiltrates into the subsurface and deeper aquifers rapldly, and perco-
lates vertically through the unsaturated zone towards the water table
(Saleem et al., 2016; Bekele et al,, 2011). This infiltration process through
the soil is siow, which results in the purification of any residual chemicals
thatmayhawmpedmewastewatermaummmm,ﬂﬁs
filtration process occurring over months starves the potential pathogens,
ensuring their rapid die-off (Hasan et al., 2023; Hasan et al., 2021;
Maurya et al, 2020; islam et al, 2020).

The removal mechanisms involved in the recycling process include
physical filtration, biodegradation, adsorption, chemical precipitation, ion
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exchange, and dilution. Microbis) action typically converts organic contami- consistent with the findings of Zhang et al. (2028); who reported improved
nants into simpler compounds, while fiitration through various soil layers groundwater quality with a standard of class 1 WQ index in a laboratory ex-
removes suspended matter and pathogens (Islam et al, 2021; Mazrouss  perimental sequusingredaimedwaterfmgromﬁwaterredurge. El Arabi
et al., 2019; Bekele et a}., 2011), conﬁrmingthesafetyofthcrecharged andDawotd(ZOIZJGhsuvedﬂlerelnovalofsmpendedsoﬁth.biodegmd-
grmmdwaterformme.Asdnwninl’ig.S—g,theddayedimpauofmded ablemmmmphaqﬂxmaﬂheﬂymhduemmm
mmmﬁmmm@mhﬂmﬂﬂﬂmﬂeﬂhmﬂyﬁﬁmm macdngasamntalﬁlrer.Bekdeetal(mll)mpmtuiﬁﬁ%mald-
pactonwaterqlmutybefmezow,bmasigniﬁmmimp(wemauwxob- ﬁdmcyforﬂmﬂde(F‘),ﬁz%ﬁxitm(FeLSI%farmmmicm
served in 2020-2021 due to diluﬁon.'!hemﬂtsofﬂlisstudym'e nom,mao%ﬁxpmmmmmammmm

Table &
Ammlwmbuixeundemlrﬂnﬂmdmﬁunmhmdm

Barehaies Year 2013 2014 2015 2016 2m7 20ns 019 2020 200
Net pampiug (mem) 150 150 150 150 150 150 150 150 150

Narsapura Total recherge (mm) 20 &7 139 ) 120 352 966 181 284
Recharge from rain (mm) 90 67 139 o 120 89 a0 109 109
Recharge from lake (men) 0 0 0 0 0 263 836 73 178
Dajly recharge e (e /day) 0. 0.18 0.38 b.19 0.33 0.97 265 0.50 o7e
Net pumping to total recharge matly 1.5 2.2 1.0 21 1.2 0.4 0.1 0.8 05

Kolar Total recharge (mm} 67 58 88 56 108 1101 358 293 419
Recharge from rain (oun) 67 68 B 56 108 53 71 az 150
Recharge from lake (mm) 0 0 a9 1] -0 1048 287 206 e
Dafly recharge rate {mm/day) 0.18 0.1% 0.24 0.15 0.30 3.02 0.9 o.80 118
Net pumping 10 total recharge ratio 22 2.2 17 26 1.3 0.1 0.4 05 0.3

Shapur Total recharge (mm) a9 90 123 56 173 S6 81 138 1647
Recharge from radn (mm) 89 90 123 "3 173 56 81 138 184
Rechare from lake {mm) 0 0 0 0 [} 0 0 0 1463
Dadly recharge mte (mm/day) 0.24 0.25 o.M 0.18 0.48 0.15 0.22 038 451
Net pumping to total recharge mdo 1.6 L6 1.2 22 .8 26 1.8 1.0 0.0

Harad Totalnchuge(nmj 71 37 87 » 106 &5 47 1217 640
Recharge from min {mem) 71 krd a7 k] 106 o4 45 94 119
Recharge from kake (mm) 0 [\ 0 0 o 1 2 1134 520
Duily recharge mre (mm./day) 0.19 0.10 0.24 on 0.29 0.18 0.13 3.33 1.75
Net pumping to wial recharge ratio 21 4.0 1.7 38 1.4 23 31 01 0.2

mmm&mmmmmmxcwamm
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Fig. 6. Impact on groundwater quality (physio-chentical)

Source: KGWA and CCWB

Note: Before reeycling period is 2013-2017 whereas after recycling pericd is 2018-2022.

wastewnter was used for groundwater recharge. Ioekson-Tal et al. (2003) re-
ported?O%rcrmvxlefﬂdencyfotCOD,BOD,mdodmwbsmmthrmsh
aSATsystﬂanmtedwmwatEwasmedfmgrmnﬂwmrechmge.
Hxperimental studies by Bauwer, 1991 also reported reduced levels of N,
TOC, sulfate, and faecat coliforms in recharged groundwater.

3.5, Impact on LULC, agriculnure, milk, and fish production

Fig. IOWmmetopograplﬂcviewofmehnpamofmwm
indirect GW recharge on land use and land cover of impacted area. Land

Use Land Cover (LULC) maps provide information to mnderstand the
mmlmdmpe{ManishaetaL,zozs;RaseletaL,M).MmmlLULC
information on nationa) spatial databases enables the monitoring of tempo-
raldynmnicsofﬂmsmdyaxenwhmlmdmisthephysimlmeﬁalat
the surface of the earth and land use is the description of utilizing the land
far socio-economic activities. A significant shift in LULC was observed be-
rween 2017 and 2022 where the number of water bodies have increased
by 5 times, the trees by 43 %, flooded vegetation by 67 times, cropping
]andby4.2%,buﬂtmby43%,whemstmemmdandrmgehndde»
aeasedbyﬁ%andm%respecﬁvelywhimgivesad&ummionofme
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Note: Before recycling period it 2013-2017 whereas after recycling period is 2018-2022.

increased availability of water and brought about positive impact of K&G
valley water on the LULC.

Fig. 11 (a)mﬂ@)wesmtsd:emdﬁvnmdamthatisudﬂmdfmdlﬂ’w
ent types of erop production. It can be observed that the area utilized for
crop production is more in the impacted area {Narsapurz village) when
compared to the non-impacted area (Nelavenki village). Significant im-
mmmtbobmﬁmmmawmduﬁngvesaaﬂs(m %), cereals
(35 %), plantations (38 %), flowers (100 %), fruits {57 %), and pulses
(40 %).TtﬂslsduemﬂniruaasedamtoGthichispossibletoﬂ\e
improvedGWtablebyK&Cvalleywater. Similarly, significant changes in
crop productivity (Fig. 10 b} are observed for vegetables (37 %), fruits
(2 %), plants (13 %), cereals (11 %), and pulses (12 %), Overall, there is a
pmiﬁmmmqoppedam(a@iuﬂm)dxmghdnavaihbiﬁtydmdi-
redGWredlargewlﬂchhm“smmed”meoﬂmwisesmﬁ-aﬁdmdm

deserﬂﬁedamltcanbeamibmedthatprﬂiouslytnmemﬂymﬂn

wiﬂllowomnicc,numenbssmhasplmqﬂ)mmﬂﬁncwhlchmm
mkenmeduelosecmwmavailabﬂjty‘ltmabobemndudedﬂmdn
amadavaihbiﬁlyofhﬁsaﬂmwmthrmglmthem(uaﬂshael&,
2023; Ofori et al , mzljmdﬂlemvivaloﬂheGWtablehasshiﬁed!he
crmpingpathemﬁnmlowwmmqniﬂngu‘qs(e.g.,pulses,oﬂmd)m
mshwmmﬂngmmdalsowata-intaﬁw/watermdwﬂops(wge-
tables, flowers, etc.).
Fig.ll(c)and(d)reprmtmeimpactmnn%andﬁshpmducﬂmm
melmpumdam.ltmbeobsewed(ﬁg.ll ¢) that the quantity of milk
pmducﬂonhaslmpmvedby%%inﬂmeimpactedmwhenwmpamd
with the non-impacted area due the higher observed increase in the
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Note: Before recycling period is 2013-2017 whereas after recycling period is 2018-2022.

availability of green fodder for the animals and is also a key determinant for
maintenance and viability of maintaining miich cattie (Manisha et al.,
2023; Zaibel etal., 2019). It thus appears that the improved availability /re-
liability of water for fodder cultivation has a positive impact on livestock
rearing along with milk production (although the extent of land dedicated
to fodder and their yields are not reported here).

Fig. 11 (d) represents the impact of using STW in tank rejuvenation on
fish production levels. During the drought conditions the fish produetion
decreased as a result of lower water availability and perhaps a shorter
grow&paiodfordwinuoducedﬁshwhenmostofthetanksdﬁedupmp-
idly. However, due to the implementation of the large scale recycling, there
is year-round availability of water in the tank and the tanks are generally
filled to maxiroum levels. It is suggested that owing to the higher reliability
of the water in the tanks as well as the higher volumes of water currently
stored in these tanks, the fish productivity has resulted in an increase by

12

341 % when compared with the non-impacted area. As mentioned esrlier,
dmehaﬁgﬂﬂmnthnprwmmmmwamrquality,eqndanythem
because of which there is now an opportunity to raise not only larger num-
bmofﬁshbutalsoagreatervmietyw}ﬁlealsofadﬁmthgmeirbreedim
in sitw

Studies supporting the presented results (Zaibel et al,, 2019), namely
the assessment of the food web starting from phyto-plankton ard zoo-
planktons, indicate that the aquatic flora (phytoplankton) and fauna (zoo-
phnkton)mqmredtosuppmtgmdﬁshpoplﬂaﬂmmminadequm
numbers in the tank water (STW). The increased availability of plankton,
required nutrients such as ammeonia, nitrite, nitrate, calcium, and potas-
siumhavenowdenriyimpmvedandissnppmedbyﬂrfoodmbumlysh
(not presented in this paper). Similarly, such additional nutrients are gener-
ally used for fertilization of fish ponds in aquaculture which is also & known
practice around the World (Zaibel and Zilberg, 2021). Nandan et al. (2021);
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Pedrero et ai. (2010) supports the resuits of the presented study and re- demonsu'atedrechargeratesupto:inmvday. which is 10 times the other-
poﬂedposiﬁveimpadonGW,agﬂculﬂmjsemr,andmd&mmnucm uﬁserechalgemmsmldyahoqlmmﬁaﬂupodﬁveimamdﬂﬁs
diﬁonshwatewcmregimmdmsghnmgedaquermharge(mm. recycﬂngeﬂ'oﬂonmundwaﬁerlevelxmﬂquaﬂty.hntoﬁddiﬂunlm

4. Conclusions groundwaterlevelsincreasedbyssmnhuu;dmtoinﬁhwﬁon

hmdﬁon,thissﬂdyhishﬁghud:emufhrmm SO—MKmethelandnsemdhndmmﬁndieswﬂmeda
ofmdarytreatedwastewaterlnaddrmingfreshwatermrdtyin ﬁvefoldinuweinwnterbodie&,rsulﬁmhasisﬂﬁmnmducﬁonin
wm—aumedmgimgpuﬁcﬂmiymeseuﬁmdmdmﬂnmluge backgmundmdmngeland,increasedmmﬂmralacﬁviﬁes,inm

existing surface tanks and recharged groundwater in neighbouring villages These findings provide valuable insights for stakeholders to accelerate
of Bangalore city. The AMBHAS, 1D model was utilized to quantify the  plans for reusing treated wastewater for indirect groundwater recharge
groundwater recharge rates in hard rock aquifers with fractured gneiss, and conserving freshwater, Large-scale water recycling schemes, such as
gmites.sclﬁsnx,andhig}uyfracmedmmmdmcks,mmemm ﬂxeK&cvalieypm}m,canherepﬁcatedmtommwdchisﬁdnsdmsht
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Fig. 10. impact on LULG (2017-2018 10 20212022}
Source: ESRI (2017 to 2022].
situations, providing long-term water security. However, it 1s crucial to Data avallability

moniter groundwater quality regularly and investigate the long-term im-
pacts of using secondary treated wastewater for indirect groundwater re-
charge. By doing so, we can continue to address freshwater scarcity
sustainably while supporting agricultural and economic growth in water-
stressed regions.

Supplementary data io this article can be found ondine at hitps://doi.
org/10.1016/].scitotenv.2023.162869.
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Water Quality Analysis

[ISc Bengaluru under the K&C Valley project has been periodically monitoring the water
quality of STP effluent. The water quality of the analysed STP effluent between January
2025 to June 2025 is presented in Table 1 and Table 2:

Table 1: Water quality of STP final treated effluent

Hon'ble STP Outlet/DC Point
NGT
SL Parameters Unit discharge
No. standards | 25.Jan | 25-Feb | 25-Mar | 25-Apr | 25-May | 25-Jun
(NGT,
2019)

1 pH LT 6.5-9.0 7.2 7" 7 7.2 73T T4
2 Boq’scg@zo ma/L 10 37+0 | 4540 | 640 | 8320 | 15620 | 20
3 COoD mg/L 50 24428 | 4257 | 3755 3;9: 40+27 NA
4 TSS mg/L 10 g8+1 9 +] 5415 8+1 | 9+l 101

114+ 039+ 004+ | 1714 8.1+
3 NH.-N- 4 -mgll 3 0.07 003 1 0.02 015 [49*0081 509
6 TN mg/L 10 82 911 643 10£2 9+1] NA
7 PO P mg/L 1. 1320 | 13+0 | 13401 | 060 | 070 | 06%0
Faecal MPN/10 <230
8 | Coliform | OmL | allowable | 2% | >0 >230 | >230 | 230 1 >230
NA = Not available

Remarks
«  The water quality at the DC points meets the Honorable NGT standards for all parameters except for

E-coli.



Table 2: Water quality (heavy metals) of STP final treated effluent

SLNo. | Metals, metalloids, | IS 10500 (mg/L) Secondary treated

and heavy metals (BIS 10500, wastewater (mg/L)
2012)

i Iron (Fe) 3 0.36 + 0.02

2 Manganese (Mn) 2 0.02+ 0

3 Zinc (Zn) 5 BDL + 0

4 Cadmium (Cd) 2 [BDL + 0

5 Lead (Pb) 0.1 BDL + 0

6 Arsenic (As) 0.2 0010

7 Chromium (Cr*%) 0.1 <0.1+0

8 Nickel (Ni) 3 0.028 + 0

5 Copper (Cu) 3 0.00+0

10 Aluminium (Al) 0.2 pDL +0

11 Barium (Ba) 0.7 0.045+ 0

12 Boron (B) 0.5 0.021+0

13 Selenium (Se) 0.01 BDL + @

14 Silver (Ag) 0.1 BDL + 0

15 Mercury (Hg) 0.001 BDL + 0

16 Molybdenum (Mo) 0.07 10.001 £ 0

Note: BDL is below the detection limit of 1x10° mg/L

Remarks
*  The heavy metals are not detected in the STP final treated water reaching at the DC point of Kolar.

In fact, the heavy metal levels are meeting drinking water standards 1S10500:2012
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Assessing the Impact of Indirect Groundwater Recharge through Recycled Water on
Public health in KC Valley Project

1. Objective:

This study aims to quantify the impacts of water recycling project for indirect GW recharge
on public health.
2. Methodology

To obtain the study's objectives quantitative data were collected and comprehensively
analyzed. To assess the prevalence of diseases in the Kolar district over the past nine years
(2015-2023), quantitative data was obtained from the Directorate of Health and Family Welfare
Service, Kolar to understand if any changes in disease patterns after implementation of project,
particularly waterborne diseases.

3 —RegEIE =
3.1 Analysis of public health data received from health departments, Kolar

Data received from the Directorate of Health and Family Welfare Service, Kolar, Government
of Karnataka, indicates a comprehensive overview of the prevalence of waterborne, and water-
related, diseases in the Kolar Taluka which is one of the impacted areas. The ten identified

diseases include diarrhea—éastfdenteritis, typhoid, 'baéiliazy dy;éntcry, | vxr;llhepatltls,

leptospirosis, Japanese encephalitis, malaria, dengue, chikungunya, and skin diseases.
Summary of the findings.

o Total prevalence of diseases reduced by 67% from 11012 cases during pre-recycling
period to 3627 during post-recycling period. This is attributed to increased hygiene
practices due higher availability of the water

o Typhoid fever cases decreased by 85% from 673 to 100.

e Bacillary dysentery cases decreased by 70% from 588 to 174.

s Diarrhea-gastroenteritis cases decreased by 67% from 9312 to 2990.

» Viral hepatitis-A cases reduced by 53% from 83 to 39.

¢ Leptospirosis decreased by 53% from 63 to 29.

¢ Skin diseases includes rashes, eczema, blisters, redness, itching reduced by 10% from
150 to 135.

¢ Malaria cases decreased by 57% from 7 to 2.
¢ Dengue did not indicate a distinct increase or decrease pattern, during beth period

average cases was 70.
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4. Conclusions

Based on data collected in this study from the Directorate of Health and Family Welfare
Services, Government of Karnataka, the analysis indicates that the reuse of secondary treated
wastewater for indirect groundwater recharge through the Soil Aquifer Treatment technique
does not adversely affect public health, On the contrary, improvements in hygiene and WASH
scores were observed, as evidenced by the decline in waterbomme diseases. This positive
outcome can be attributed to better water availability, improved sanitation and hygiene
practices, and enhanced nutritional intake. In the context of growing water scarcity, particularly
in semi-arid regions, decision-makers should prioritize and support projects that strengthen
water security through sustainable water reuse. Overall, this study recommends that
policymakers actively promote the reuse of treated wastewater for indirect groundwater

recharge.
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Groundwater Quality and Water-Level Response to Recharge in the KC
Valley Project

Groundwater recharge assessment by the Centre for Sustainable Technologies, Indian Institute
of Science (IISc) indicates (Fig. 1) that groundwater-level time series exhibit a sustained rise
beyond precipitation variability, providing clear evidence of recharge-driven aquifer response
in the impacted Kolar region. A significant post-recharge shift in groundwater quality is
observed in impacted locations. Comparative evaluation of water quality during the pre-
recharge (2014-2018) and post-recharge (2019-2025) periods shows consistent reduction

trends across monitored hydrochemical indicators in the impacted region (Fig. 2).

Annexure-I: Groundwater level vs precipitation (2014-2025)
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Fig. 1: Groundwater level response in Impacted region
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Annexure-1I: Groundwater quality comparison (Pre- vs Post-recharge)
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Fig. 2: Comparison of groundwater quality indicators in impacted and non-impacted

locations.



Summary of Findings

« Groundwater-level analysis indicates a marked and sustained rise in water levels in
impacted locations following implementation of the KC Valley project, irrespective of
precipitation vanability, confirming recharge-driven aquifer response (Fig. 1).

e During the pre-recharge period (2014-2018), declining groundwater levels
corresponded with elevated concentrations of total dissolved solids (TDS), hardness,
chloride (CI°), sodium adsorption ratio (SAR), and electrical conductivity (EC),
indicating degraded groundwater quality conditions.

= Post-recharge observations (2019-2025) show a consistent reduction in TDS, hardness,
CI-SAR, and EC-in impacted-lecations, asshown in Fig. 2, reflecting-the influence-of
dilution and recharge processes.

¢ Comparative analysis further indicates that impacted locations exhibit better
groundwater quality than non-impacted locations during the post-recharge period,
particularly with respect to salinity- and sodicity-related indicators.

¢ The combined improvement in groundwater levels and reduction in key hydrochemical
parameters demonstrates the positive impact of the KC Valley recharge intervention on

aquifer quantity and quality in the impacted Kolar region.
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K&C Valley Treated Wastewater Reuse Project - Level of
Water Treatment

The water pumped from borewells in Kolar district under the K&C Valley project is an ultra-
high level treated water that is subject to 5 levels of treatment, one level in advanced sewage
treatment plants (STP) and another four levels following nature-based solutions (NBS). These
five stages culminate in a form of soil aquifer treatment (SAT) method which is a part of the
managed aquifer recharge (MAR)—where treated wastewater is filtered through several
natural soil layers, effectively removing contaminants and also improving groundwater qu':;ility
by diluting the endemic fluoride content as well as the high salts within. Needless to state, the

resulting groundwater is at a better quality and is bereft of the high salt and fluoride content.

To meet National Green Tribunal (NGT, 2019) discharge standards, conventional STPs
(originally built in 1979} were upgraded with process modification design details provided by
IISc (in 2018) for incorporating Biological Nutrient Removal (BNR) systems, disc filtration,
and partial chlorination. This resembles tertiary-treated water, holding adequate micro-
macronutrients, supports aquatic life in the receiving tanks/lakes. This in turn provides the
basis for micro and macro living forms in the lake water that is needed to keep the water healthy

and in turn promotes fisheries, contributing to local biodiversity revival.

Considering the above, utilizing severe treatment methods such as RO, etc. that strips the water
of these nutrients will only create dead lakes bereft of life in place of the “Living Lakes of
Kolar” that retains the self-cleaning capability required to overcome human, animal and bird
intrusions along the way. It is thus predicted that tertiary or RO treated water will only

negatively impact aquatic flora and fauna resulting in loss of biodiversity.
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The K&C Valley Project, launched in 2018 by the Government of Karnataka, aims to address
water scarcity in the semi-arid Kolar and Chikkabaliapur districts by channelling secondary
treated wastewater (STW) from Bengaluru’s sewage treatment plants (STPs) to 137 village
tanks (“Kere”). The initiative covers 24,000 hectares of agricultural land and benefits nearly 2
million people by enhancing groundwater recharge, improving water security, and stimulating

the rural economy.

Continuous monitoring over six years confirms that treated wastewater, and surface water
meets NGT, 2019 standards and groundwater meets the water quality criteria for irrigation as
per 1S:11624-1986, BIS Standard, with no negative impacts such as heavy metals. This is
largely because, Bengaluru’s wastewater, being predominantly domestic, poses minimal
chemical contamination risks. It should be noted that that wastewater generated in Bengaluru
is predominantly domestic sewage (as mandated by law), and hence there is very low likelihood
of heavy metal contamination in the first place or its transport, even if it had accidentally
entered this stream it would have been taken care of as the wastewater under goes a five-layered

purification process such as

(1) an anaerobic decomposition during travel to STPs which precipitates heavy metals and

transfers them to the sludge, even if they ever enter this stream accidentally

(2) a retrofitted acrobic sewage treatment system which meets the stringent discharge standards
set by the NGT—the STPs ensure removal of most of the household chemicals including
domestic surfactants

(3) when the treated wastewater travels a distance of 53 km in the closed pipe from STP to
Kolar region taking about 22h, any residual organic compound gets biodegraded,

(4) the treated wastewater undergoes over 1060 days of residence time in contact with an algal
system in an open waterbody (tank/lake/kere) functioning like a polishing pond,

(5) finally, the treated wastewater filters through tens of meters of soil contact before recharging
groundwater. This gives the resident micro-organisms ample time to degrade any biodegradable
compound that has escaped the earlier four stages. Further, the groundwater quality is also
improved by diluting the hard groundwater with soft water (recharge water) as the added treated
wastewater acts as a diluent reducing the ill effects of high fluoride and dissolved solids content

of the deep aquifer groundwater, which was the case before the implementation of this project.
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Extensive IISc studies clearly confirm no adverse effects of indirectly recharged groundwater
on soil, crops, livestock, or public health. The cost—benefit analysis indicates a benefit-to-cost
ratio of ~4.34, demonstrating significant economic retums. The project has led to improved
groundwater levels, revived agriculture, reduced eucalyptus plantations, and reversed
outmigration of youth who have now retumned to farming, floriculture, horticulture, dairy, and
fisheries. Enhanced water availability has also improved sanitation-hygiene practices, and rural

livelihoods. Overall socio-economic status has shown a positive impact.

The K&C Valley initiative is now recognized as a model of circular water economy and
resilience, demonstrating safe and sustainable reuse of treated wastewater for groundwater
recharge. The project is regularty monitored by a national expert committee including Prof.
Shyam R. Asolekar from [IT Bombay, Prof. Makarand Ghangrekar from IIT Kharagpur and
Dr. Sanjeev Goyal from CSIR-NEERI, Delhi. Prof. Makarand Ghangrekar inspected the site
for the whole day and “appreciated that the outcomes of this project are very interesting with
positive impacts on solving one of the main problems of water scarcity. Experts opined that there
is a need to build on this experience and replicate it in other groundwater-scarce areas of
Karnataka and India® The findings of the study are being communicated and published to
international peer-reviewed journals by the IISc research team. Needless to say, this is a World
level exemplar appreciated by one an ali.

Given the above points, the IISc team monitoring this project is of the opinion that the
secondary treatedwater is adequate for the purposes of this project which aims at improving

groundwater levels and quality.
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