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Summary

The Ganga basin includes some of the most densmiulgted areas in the world, in a region
characterised by extremely high demographic and@oa growth rates. Although anthropogenic
pressure in this area is increasing, the pollustatus of the Ganga is still poorly studied and
understood. In the light of this, we have carried @ systematic literature review of the sources,
levels and spatiotemporal distribution of organadlygants in surface water and sediment of the
Ganga basin, including for the first time emergogntaminants (ECs). We have identified 61
publications over the past thirty years, with dataa total of 271 organic compounds, including
pesticides, industrial chemicals and by-productsj@al sweeteners, pharmaceuticals and personal
care products (PPCPs).

The most studied organic contaminants are pessicikereas knowledge of industrial compounds
and PPCPs, among which some of the major ECsgidyhiragmentary. Most studies focus on the
main channel of the Ganga, the Yamuna, the Gondithe deltaic region, while most of the
Ganga’s major tributaries, and the entire soutipam of the catchment, have not been investigated.
Hotspots of contamination coincide with major urkagglomerations, including Delhi, Kolkata,
Kanpur, Varanasi and Patnha. Pesticides levels lkiaeeeased at most of the sites over recent
decades, while potentially harmful concentratiohpaychlorinated biphenyls (PCBs), organotin
compounds (OTCs) and some PPCPs have been detectied last ten years. Considering the
limited geographical coverage of sampling and numtie analysed compounds, this review
highlights the need for a more careful selectionlasfations, compounds and environmental
matrices, prioritizing PPCPs and catchment-scalgr,ce-to-sink studies.

" Corresponding author. Email: paolo.tarolli@unipd.it
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1. Introduction

In recent decades, pollution of water bodies hasine a matter of growing concern in the low and
middle income countries. Rapid industrializatior gnopulation growth have increased the release
of industrial and domestic effluents to surface ematjeopardizing aquatic ecosystems and
compromising water qualit§Paul, 2017)

The Ganga basin, one of the most densely popukatess in the world with exceptionally high
population and economic growth rat@ensus Data, 2011)s typical in this respect where the
widespread contamination of water bodies has becarmeowing concern. Sediment and water
carried by the Ganga and its tributaries repreaasrticial resource for agriculture and many other
economic activities, directly or indirectly suppog the livelihood of over 400 million people
(Kumar, 2017)

Despite growing anthropogenic pressure in the ocagcit and severe water quality deterioration
(Dwivedi et al., 2018)the pollution status of the Ganga is still poa@iydied. Recent reviews have
been either general summaries of pollution in tlEnga(Agarwal, 2015; Dwivedi et al., 2013)
only reporting the main sources of contaminatiot mat analysing concentration trendspbroader
studies about the Indian context that do not camdide river basin as an independent hydrological
unit (Agarwal et al., 2015; Balakrishna et al., 2017; &khaborty et al., 2014; Mathew and
Kanmani, 2020; Mohapatra et al., 1995; Philip et,&018)

The main sources of contamination in the Gangainalibutaries are sewage, industrial effluent,
agricultural runoff and religious activitigPwivedi et al., 2018)Several researchers have reviewed
the status of heavy metal residues in water anoneed Paul, 2017; Singh Sankhla et al. 2018
while the total organic carbon and the presenceobforms are regularly monitored by the Indian
authorities for public health reasof@@PCB, 2013)However, less attention has been given to most
classes of organic compounds, both synthesizedtiatelly and formed as by-products of human
activities. Previous reviews generally focused pacffic categories of contaminan(Goel et al.,
2013; Sinha and Loganathan, 2015)

In the light of this, we review in this paper theveonmental status of the Ganga and its tribusarie
in India, with particular reference to the spatmp®mral distribution of organic contaminants at a
basin scale. In addition to pesticides and comnmmlustrial compounds, this study includes a
specific focus on emerging contaminants (ECs) saschntibiotics, nonsteroidal anti-inflammatory
drugs (NSAIDs) and artificial sweeteners (ASWSs),ickhto our knowledge have never been
systematically reviewed in the Ganga basin. Wetif{epollution hotspots as well as knowledge
gaps, in order to guide future research campaigms rmaanagement policies that need to be
implemented in the basin.

2. Study area

The Ganga basin is the largest catchment withidrtlien sub-continentNMCG, 2012) covering

an area of 1.086 milliokm? (CPCB, 2013)79 per cent of which is in located in Indisirza,

2004) The Ganga originates from Gangotri glacier neamGkh (Uttarakhand) where the

Bhagirathi river begins at an elevation of about@® above mean sea level. The combined flow

formed at the confluence between the BhagirathitaedAlaknanda, is known by the name Ganga
2
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(Sinha, 2004)After flowing for over 2525 km through the plaing @ttarakhand, Uttar Pradesh,
Bihar, Jharkhand, and West Bengal, the Ganga digebanto the Bay of Bengal. The Indian
section of the Ganga delta conventionally beginerahe Farakka barrage, close to the border
between India and Bangladesh. Downstream of thegay the final reach of the main channel is
known as Hugli(Jain et al., 2007)Along its course, the Ganga is joined by manyutiries, the
longest of which is the Yamuna, which crosses thgddal Capital Territory (NCT, Delhi).

Water flow in the river system is highly seasona do the Indian Summer Monsoon: about 84 per
cent of the total rainfall occurs in the monsooasses, from June to Septemif@WC and NRSC,
2014)

With its 450 million inhabitants, the Ganga bassnone of the most populous regions on Earth
(Kumar, 2017) According to the2011 Census Dajahe average population density in the Ganga
basin is 520 persons per square kilometre, as cmuga 312 for the rest of India. In the delta
zone, the average population density rises to 808rpeople per square kilometre. Since the mid-
20" century, the population of the eleven Indian statemprising the Ganga basin has grown
considerably from 170 million people in 1951 to Ghillion people in 201XCensus Data, 2011)

In the 2% century, demographic growth has particularly affdcurban areas, where population
increased by 30 per cent between 2001 and 2011.

The Ganga basin is also the primary contributahéoagricultural economies of India, thanks to the
availability of fertile soils across the regigNMCG, 2011) As a consequence, more than 65 per
cent of the basin area is covered with agricultlanatl(CWC and NRSC, 2018esides agriculture,
hundreds of industrial plants are situated in theily comprising thermal power plants, electric
industries, textiles, wood and jute mills, sugalisndistilleries, pulp and paper factories, sytithe
rubber industries, dairies, coal washeries, peitactories, and tanneriédwivedi et al., 2018)
The major industrial centres of the basin, withuaieb 1000 production units are located in Uttar
Pradesh. The biggest industrial cities are conatadrin the area from Kannauj to Varanasi: the
leading economic activities in Kanpur, Allahabad &faranasi are focused on tannery, engineering,
carpets and locomotive sect¢B®wivedi et al., 2018)

Two of the world’s largest industrial cities, Kotkaand Delhi, with 14.0 million and 16.35 million
inhabitants, respectively, are located in the Gdragn(Census Data, 2011)

Figurel.
3. Organisation of the database and selected bibliography

Only articles whose study area fell within the wslted of the Ganga (as defined by India Water
Resources Information Systef@WC and NRSC, 2014)jgure 1) were considered in this review.
Primary data related to river sediment and surfeaer were selected, the latter comprising river,
pond, artificial canal and reservoir water bodiegotal of 61 papers provided primary data on the
occurrence of organic contaminants in surface wated river sediment. Out of these, 28
publications assessed surface water quality, 2imsed and 12 analysed both water and sediment.
Besides the Ganga itself, most of the samplingsaaea located along the Yamuna, the Gomti and
the delta (Hugli reach)figure 2 A-C), coinciding with big urban agglomerations suchDashi,
Kanpur, Allahabad, Varanasi, Patna and Kolkata. fithe period of this review covers the last 33
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years, from 1986 (when the earliest analysed papsrpublished) to 2019. Fifty out of 61 articles

were published after 2000, showing a growing irgene Indian environmental issues in the new
millennium.

A total of 261 individual organic compounds anddtBups of compounds (detected as cumulative
concentrations) are reported and these are clagsifito three broad categories: emerging
contaminants (including pharmaceuticals, PCPsgeunaf ASWSs, parabens, phthalate plasticizers,
benzotriazoles, bisphenol A and PFAS), pesticidiesluding organochlorine pesticides (OCPs),

organophosphates (OPhs), pyrethroids, herbicidet fangicides) and industrial compounds

(including polychlorinated biphenyls (PCBs), polgbrinated diphenyl ethers (PBDES), organotin
compounds (OTCs) and polycyclic aromatic hydrocash@AHS)).

4. Emer ging contaminants

According to the definition provided by the Unit&lates Geological Survey (USGS), ECs are
“Any synthetic or naturally occurring chemical onyamicroorganism that is not commonly
monitored in the environment but has the potentiaénter the environment and cause known or
suspected adverse ecological and/or human hedttt€f(USGS, 2016)Many substances used in
daily life, ranging from pharmaceuticals to detertgefall under this descriptiaiPhilip et al. 2018;
Sharma and Kapoor 2014; Stuart et al. 2012)

Within pharmaceuticals, antibiotics are receivimgreasing attention because of their ability to
induce the development of antibiotic resistanceathogenic bacterigKiimmerer, 2009)Besides
antibiotics, NSAIDs (e.g. diclofenac and ibuprofeamd other drugs such as acetaminophen
(paracetamol) and carbamazepine (an anti-epileptitpound), are emerging as possible threats to
aguatic ecosystems. Their effects on biota range fphysiological to behavioural alterations
(Brodin et al., 2014; Klimaszyk and Rzymski, 2018)addition, NSAIDs are known for their
toxicity on avian species, first reported in scayambirds of the Indian sub-contingi@uthbert et

al.,, 2007; Naidoo et al., 2010AIso PCPs, employed as active substances or rgegs@s in
cosmetics, body care products, surfactants, deteygmsect repellents and sunscreen agents have
been widely studied in relation to their detrimérgfects on aquatic biot€Champagne, 2009;
Stuart et al., 2012pnd antimicrobial resistandg&cientific Committee on Emerging and Newly
Identified Health Risks, SCHENIR, 2009).

A major concern raised by the presence of pharni@edsiand personal care products (PPCPS) in
aguatic environments is their ability to interfesgth the endocrine system, altering its normal
functioning (Ebele et al. 2017)A primary example of such compounds, referre@gaendocrine
disruptors(World Health Organization and United Nations Emvimental programme, WHO and
UNEP, 2013) are steroid hormondé&win et al., 2001; Jobling et al., 1998; Lange at, 2001;
Purdom et al., 1994; Tyler et al., 2005%)hose presence in the aquatic environment caelated
both to natural excretion and to synthetic estregamd progestogens used in animal husbandry
(Kuster et al., 2004and for medical purposéBlonteiro and Boxall, 2010)

Besides PPCPs, other compounds have been widetytedpto exhibit endocrine-disrupting
properties, such as bisphenol (kladak et al., 2015; Rezg et al., 2014; Rochesg]3;
Vandenberg et al., 201,2pn essential component of epoxy resfgatadak et al., 2015)and
phthalates, mainly employed as plasticiz&strovi et al., 2001)
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ASWs are one of the most recently recognized ctastdigh-priority ECs among non-PPCPs, as
they are frequently detected in different environtak matrices(Luo et al., 2019) Saccharine,
cyclamate, acesulfame K and sucralose are the shadied compounds. Although their ecotoxicity
is still poorly understoodLuo et al., 2019) they are viewed as ideal indicators of domestic
wastewater contamination in surface and groundwatan et al., 2014)

In this studycompounds have been included in the class of E€sdoan literature definitions, but
also on the basis that they are not yet includegbirine monitoring campaigns in India, and that
first recordings of these chemicals in the Gangarbare very recent in comparison with pesticides
and industrial compounds (IGsbles 1-6 and$S4-9).

Figure2.

4.1 L ocation of sample points

Only 13 papers evaluate ECs, but the majority einthanalysed simultaneously different sub-
categories, including PPCPs, with the prevalendaarfides, antibiotics and NSAIDs.

The sample points for PPCPs are all concentratetiermain channel of the river system (i.e.,
especially around the cities of Kanpur, Allahabddranasi and Patna, located in the middle reach
of the Ganga basin, and in the Hugli and deltagpore figure 2 A, table 1-2). Besides the main
channel, papers mainly focused on the NCT in thenfaa sub-catchment. In additidBharma et

al. (2019) also monitored the rivers Alaknanda and Bhagiraththe Himalayan reach. The
remaining publications focused on the cities altimg Gomti river(Nag et al., 2018)in Ujjain
(Madhya PradesHPDiwan et al., 2018and Udaipur (Rajastha@Villiams et al., 2019)

However, the distribution pattern for surface watampling differs considerably from sediment
sampling areas: papers reporting on water pollutvene focused on big urban agglomerates such
as Delhi(Mutiyar et al., 2018; Mutiyar and Mittal, 2012, 28a) Kanpur, Allahabad, Varanasi,
Patna(Sharma et al., 2019nd Lucknow(Nag et al., 2018)In the case of sediment, addressed
only by Nag et al. (2018), Diwan et al. (201&nd Chakraborty et al. (2019sample points were
located along the Gomti river, in the city of Upaand the Hugli area.

Some of the PCPs have been evaluated by only quer,pand in restricted reaches of the basin:
synthetic detergents (anionic surfactants) in sedinsamples collected in Kolkata distr{@hose

et al., 2009) musk fragrances and parabens in sediment alengulgli(Chakraborty et al., 2019)
With regard to non-PPCP compounds, the presené&Ws has been reported only Bharma et

al. (2019) in the main channel and the Himalayan rivers, waer benzotriazole and
methylbenzotriazole have been reportedMilfiams et al. (2019hear Udaipur.

The distribution of bis (2- ethylhexyl) adipate §tiaizers has been studied Gyakraborty et al.
(2019) along the Hugli, while phthalates have been asdessesediment both in the Gomti
(Srivastava et al., 201nd the Hugli(Chakraborty et al., 2019)Bisphenol A has been studied
both byChakraborty et al. (2019 the Hugliand byWilliams et al. (2019)n surface water near
Udaipur. Levels of PFAS has been evaluated by thapersYeung et al. (20099ndSharma et al.
(2016a) focused on water samples from cities and townstémt along the main channel, the
Alaknanda, the Bhagirathi and the confluence betw@anga and Yamung&orsolini et al. (2012)
studied sediment contamination in the Hugli rived adjacent Sundarban wetlands.
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4.2 Occurrenceof ECs

The maximum concentrations of PPCPs in water etddba wide range from less than one to
thousands of ng/L, while sediment concentrationsedabetween less than one and hundreds of
ug/kg.

With regard to pharmaceuticals, the compound witb highest water concentration was the
antibiotic ampicillin (maximum recorded value, MR¥7,100 ng/L, DelhiMutiyar and Mittal,
2014b). For the NSAIDs ibuprofen had the highest valiMBRV: 2302 ng/L, DelhiMutiyar et al.,
2018), and in the hormone group, the highest conceotraeported was for androsterone (MRV:
1557 ng/L, UdaipufWilliams et al., 2019) The PCP with the highest concentration in water was
triclosan (MRV: 9650 ng/L, Gomti rivgiNag et al., 2018) The only reported value for surfactants
was a cumulative concentration comprising all thethwlene-blue-active substances: not
surprisingly, it was higher than any single compbamong PPCPs (MR\.425 mg/L (425,000
ng/L), Kolkata(Ghose et al., 2009)

Only six antibiotics, three NSAIDs, carbamazepmeisk ketone, four parabens and triclosan have
been assessed in river sedimetdble 2 and S5). The highest recorded concentration for
pharmaceuticals was 519g/kg dry weight (d.w.) (carbamazepine), followed the NSAID
ibuprofen (MRV: 340ug/kg d.w., Hugli river(Chakraborty et al., 201%)the MRV for antibiotics
was 9.74ug/kg d.w. (Ujjain,(Diwan et al., 2018) The highest PCP value was recorded for methyl
paraben (MRV: 4231g/kg d.w.,(Chakraborty et al., 2019) whereas triclosan and musk ketone
showed much lower concentrations (MRVs: 84 angd@&g d.w. respectively(Chakraborty et al.,
2019).

The highest concentration of non-PPCPs in waterfaasd for caffeine (maximum recorded value,
MRYV: 37,476 ng/L, UdaipufWilliams et al., 2019) and the highest sediment concentration was
detected for di-(2-ethylhexyl) phthalate (MRV: 40§/kg d.w.), in the Hugli rive(Chakraborty et

al., 2019). ASW maximum water concentrations were extreniely compared to other PPCPs
sub-categories: the highest recorded value was8A._, found in Patna for saccharif&arma et

al., 2019) In the case of PFAS, the highest water conceotratias found for perfluorobutane
sulfonate (PFBS) (MRV: 10.19 ng/lGangasagafSharma et al., 2015) whereas the MRV for
sediment was 14.0%9/kg d.w. (PFOA, Sundarban wetlaf@orsolini et al., 2012)

With regard to the spatial distribution, PPCPs ys®d by more than one paper, in different areas of
the basin, are characterised by a wide range @dhidity in river water. Concentrations in the main
channel and in headwater rivers are generally beléowng/L, and often close to their limit of
detection (usually 0.1-5 ng/L). Water concentratitend to be considerably higher downstream of
Delhi and in Udaipur: this pattern is evident fomgpounds such as acetaminophen, carbamazepine,
ciprofloxacin, DEET, diclofenac (not detected in Ile but very high in Udaipur),
hydrochlorothiazide, ibuprofen, naproxen and suéfdmaxazole. The latter exhibited higher water
concentrations also in Ujjain, and triclosan altimg Gomti.Figure 3 shows the variations in levels
of carbamazepine and sulfamethoxazole in the Gaadected to be representative of ECs.
Although the main Ganga channel was characterigddvb concentrations (often below 10 ng/L),
Sharma et al. (2019ecorded that the analysed PPCPs were genergltehin middle and lower
reaches compared to the Himalayan reach, most Igotidwnstream of major cities such as
Kanpur, Varanasi, and Patna. This pattern, alsdeetiin compounds such as carbamazepine,
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hydrochlorothiazide, sulfamethoxazole and dietHydmide (DEET figure S1), is likely to result
from local releases of sewage and industrial waatieny which are the main sources of ECs in
water bodies. Pollution loads do not increase althveg main channel (lower concentrations are
recorded between Farakka and Gangasagar), andehmsviour is likely to arise from natural
attenuation processé€darain, 2014) This has been observed on a smaller scale bdtreiGomti
(Nag et al., 2018and the KshipréDiwan et al., 2018)where point sources predominate.

Similarly to what recorded b$harma et al. (2019pr PPCPs, als¥eung et al. (2009ndSharma

et al. (2016)reported an increase in water concentration of PBAS0 the middle reach. The
exception to this pattern is shown by caffeine, sehooncentrations in the Himalayan reach of the
Ganga were comparable to those detected in theleraehd lower reaches of the basin (hundreds of
ng/L). As a whole, its concentrations are generhigher than other ECs, due to the very large-
scale consumption of this compound, which is commofiood and beveragedutiyar et al.,
2018)

As far as sediment concentrations are concernedetihh ECs for which more than one article was
found showed comparable concentrations both aloagsomti(Nag et al., 2018; Srivastava et al.,
2010) and the Hugli(Chakraborty et al., 2019)phthalates maximum concentrations were in the
order of 300 ng/L, while triclosan maximum valuasged between 50 and 80 ng/L.

Figure3.
5. Pesticides

Pesticides represent the most studied class ohimrgantaminants in the Ganga basin. They are a
direct consequence of so called “Green Revolutiaiich resulted the widespread adoption of new
technologies and pesticides in agriculture in t9é0k.

The use of pesticides in modern agriculture hastdedorldwide nonpoint pollution in aqueous
environments, affecting water bodies used for dnigkwater (Schulz, 2004; Zhang and Zhang,
2011) and nontarget organisngBarranger et al., 2014; Ma et al., 2006; Ogbeideat, 2015;
Stachowski-Haberkorn et al.,, 2013However, pesticides can also originate from urban
environments: in particular, household agents uUsedctontrol of vector-borne diseases such as
malaria or Leishmanias{§inha and Loganathan, 2015)

In India, whose pesticide consumption accountgusir3.75 per cent of worldwide use, 80 per cent
is represented by insecticides, 15 per cent byitidds and 2 per cent by fungicidésgarwal et

al., 2015)

Although growing environmental and human healtksiisave led to worldwide bans of numerous
pesticides(UNEP, 2018) they remain a matter of concern due to their hoghsistence and
ubiquitous presence in ecosystems and the envinonme

A prominent example of this is represented by OGPslass of insecticides and acaricides that
include 9 of the first 12 contaminants listed ie tGtockholm Convention on Persistent Organic
Pollutants(UNEP, 2018) Like all Persistent Organic Pollutants (POPs),P8Guch as DDT and
lindane are characterised by high hydrophobicipgghilicity and persistence in the environment,
(Zitko, 2003)and tend to bioaccumulate in the fatty tissudsiatfa, especially at high trophic levels
(Ntow et al., 2008)However, the use of DDT is still permitted in smmegions of the world,

7
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including India, for applications against mosqu#c® control malaria. Similarly, lindane-(
hexachlorocyclohexane, HCH isomer) can be empldgethe control of body parasites (head lice
and scabiesjlUNEP, 2018)

OPhs are another class of insecticides and acesi@dtentially harmful for a wide variety of non-
target speciegGoel et al., 2013and responsible for frequent cases of human pmgan India
(Jokanovi, 2018)

5.1 L ocation of sample points

As a result of their wide use in the Ganga basinesthe Green Revolution, pesticides are the most
studied class of organic contaminants, with 33 papeviewed in this studygbles 3-4 and S6-7).

The most frequently reported pesticides were O@Rgh have been documented along the entire
course of the main channel and the upper reaches #ie 1970€Bakre et al., 1990)Study areas
for pesticides are not homogeneously distributetthénGanga basin; the majority are focused on the
northern-central section of the basin, along thenrohannel, around cities such as Kanpur, Unnao,
Allahabad, Varanasi and Patna, and in the Himalagach of the Ganga (Alaknanda, Bhagirathi
and differentstreams). The Gomti sub-catchmenthiDahd the surrounding districts of Uttar
Pradesh along the Yamuna, and the Hugli and Suadaxietlands have also been investigated. To
the best of our knowledge, south-bank rivers othan the Yamuna have not been assessed for
pesticidesfigure 2 B).

OCPs belonging to the DDT, endosulfan and HCH greungain isomers and related metabolites)
and cyclodiene insecticides (aldrin, dieldrin, emgdhave been extensively analysed in water and
sediment along the entire course of the main cHaane the rivers of the Himalayan region
(Ahmad et al., 1996; Mutiyar and Mittal, 2013; N&yat al., 1995; Raghuvanshi et al., 2014;
Rehana et al., 1996, 1995; Sankararamakrishnanl.et2805; Sarkar et al., 2003; Semwal and
Akolkar, 2006; Senthilkumar et al., 1999; Singlalet2012) Studies on the Yamuna and its canals,
however, were focused on the area around D@parwal et al., 1986; Aleem and Malik, 2005;
Kumar et al., 2011; B. Kumar et al.,, 2012b; Nair at, 1991; Pandey et al.,, 201Bnd the
surrounding agricultural regions of Haryana, inahgdWestern Yamuna, Agra and Gurgaon canals
(Kaushik et al., 2008)0Only one paper has investigated the presenceedD@Ps in the upper reach
of Yamuna(Semwal and Akolkar, 20Q8)Vater and sediment of the Hugli and Sundarbatavwes
have been addressed by five pap&fdttacharya et al., 2003; Ghose et al., 2009; £&lia et al.,
2005; Mondal et al., 2018; Sarkar et al., 2008)e latter also sampling pond watdr).addition,

two studies assessed the presence of OCPs in aradesediment along the Gonfialik et al.,
2009; Trivedi et al., 2016)

Bakre et al. (1990)nvestigated the presence of HCH, Heptachlor atdfirh in the waters of
Mahala reservoir, near Jaipidua et al. (1996jocused on the distribution of DDT and HCH in 22
ponds in the district of Shahjahanpur, Uttar Prag@aia et al. (1998)detected DDT and HCH
compounds in Bhimtal, Sattal, Khurpatal, Naukudliand Nainital lakes (Nainital Himalayan
region); Singh et al. (2007pddressed HCB and several compounds belonging t®, ITH,
endosulfan, heptachlor, chlordane and cyclodiemeigg in streams, ponds and canals between
Kanpur and Lucknow;Bishnu et al. (2009ktudied the presence of heptachlor, dicofol and
endosulfan in waterbodies adjacent to the tea gardé Dooars and Hill regions, West Bengal,
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Singh Bhadouria et al. (2012pcused on compounds belonging to DDT, HCH, enifasyu
heptachlor, chlordane and cyclodiene group, inib#ands outside and inside Keoladeo National
Park, RajastharRao and Wani (2015hvestigated the presence of DDT, HCH, HCB, endasul
heptachlor, and cyclodiene pesticides in Tighreemesr, near Gwalior (Madhya Pradesh). In
addition, Jit et al. (2011) assessed the presence of HCH isomers in the &hadi Reetha rivers,
and in drains surrounding a lindane factory locateducknow district. The major contaminants in
terms of records and spatial abundance of sampigspwere aldrin among the cyclodiene group,
p,p’-DDT among the DDT group;-HCH among the HCH group, and bath and -endosulfan
among the endosulfan group.

OPhs have only been detected around villages dre$ docated along the main channel, in the
upper-middle reach, namely Kachla, Narora, Fatéhgeannauj and KanpyRehana et al., 1996,
1995; Sankararamakrishnan et al., 2005) addition, the presence of OPhs has been iigatst

in the Hugli river and the surrounding pondsNgndal et al. (2018)and in the Yamuna bfleem
and Malik (2005)andKumar et al. (2011)who exclusively focused on NCT.

Herbicides, such as alachlor, atrazine and butachéwve been studied in sediment, river and pond
water from four sites along the HugMondal et al., 2018)in drains discharging into the Yamuna
in Delhi (Kumar et al., 2011)and along the Gomti, in the area of Luckn@wivedi et al., 2016)
2,4-dichlorophenoxyacetic acid (2,4-D) has beereaetl along the main channel in the upper-
middle reacl{Rehana et al., 1996, 199&8hd NCT along the Yamur{aleem and Malik, 2005)

Both fungicides and pyrethroids have been detectdyd in the Hugli and in ponds of the deltaic
region(Mondal et al., 2018)as well as in streams, ponds and canals betwaepuf and Lucknow
(Bishnu et al., 2009)

5.2 Occurrence of pesticides

Pesticides showed the greatest variability botivater and sediment, with values ranging from less
than one ng/L to mg/L and from less than one toghads ofig/kg d.w. (1g/kg), respectively.

For OCPs, the compounds with the highest concémtraterea-HCH for water (MRV: 0.29 mg/L
(290000 ng/L) at Lucknoviit et al., 2011) andy-HCH for sediment (MRV: 754Qg/kg d.w. at
Bharatpur(Singh Bhadouria et al., 201)2)

Among OPhs, the highest water concentration wasddar malathion (MRV: 2610 ng/L, Kanpur
(Sankararamakrishnan et al., 2005whereas the MRV for sediment was 458,0¢kg d.w.
(methyl parathion, Bhagalp@®ingh et al., 2012)

The only available paper on pyrethroi{Bishnu et al., 2009jound concentrations below the
detection limit. Similarly, the only analysed funigie (metalaxyl), was below the detection limit in
sediment and 83 ng/L in water (final reach of theglH(Mondal et al., 20189)

Herbicides with the highest concentration were thita in water (MRV: 0.135 mg/L (135000
ng/L), Lucknow (Trivedi et al., 2016) and pendimethalin in sediment (MRV: 53.4i§/kg d.w.,
Delhi (Kumar et al., 2012)

In terms of spatial distribution, the Himalayantdets exhibited low concentrations of pesticides
compared to the main Ganga channel, and from sangken from artificial canals (e.g. Western
Yamuna, Agra and Gurgaon canals). This is partibuthe case for OCPs, such as DDT and HCH.
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However, no upstream-downstream trend was detdotdtle Ganga and contamination levels
appear to be influenced by local pollution soureesl attenuate quite rapidly downstream as
consequence of dilution or adsorption by river cteirsedimen{Narain, 2014)

High concentrations were found in the proximity oy urban agglomerates such as Delhi,
Allahabad, Varanasi and Lucknow. It has been regottat cities located along the Ganga and its
tributaries have contributed to OCP pollution mgithrough the release of insecticides in
wastewater during vector-control campaighsvedi et al., 2016)

However, the main Ganga channel is characterisetbywgr concentrations compared to canals,
ponds and lakes, as recordedJiggh et al. (2007andJit et al. (2011)n the plain between Kanpur
and Lucknow. This pattern, evident in water, isslesticeable in sediment, probably due to the
more limited availability of papers, which prevertsy detailed spatial assessment. In addition,
spatial comparisons would require accurate knovdeafgthe organic carbon content of the matrix,
that can be highly variable in different locations. fact, as POPs tend to be associated with
organic-rich particles, sediment concentration galare influenced by organic carbon content
(Binelli et al., 2007)

An overall decrease in pesticide concentratiorvidemnt in surface water, as previously reported by
(Dwivedi et al., 2018)The declining trend over the 40-year timeframeha $tudies was evident
especially for persistent pesticides, whose band lanitations have positively affected the
environmental status of the Ganga. However, na ¢tfead was shown for sediment. This might be
due to multiple reasons, including the fewer nundfgrvapers that have studied sediment pollution
and the different pollution dynamics in terms ofssifoad and flow rate in the two matrices.
Focusing on the two most studied and detected gudss, DDT and HCH (isomers and
metabolites), these showed similar spatial and ¢eatpconcentration trends. This reflects the
comparable use and history of the two compoundghénregion with both extensively used in
agriculture since the Green Revolution, but alspleged for sanitation purposes after restrictions
introduced in the 1990% adav et al., 2015However, there is a decrease in concentratiot®bf
pesticides after 201@igure 4 and 5).

Figure4.

Figureb.
6. Industrial compounds

This category of environmental contaminants inctuderariety of compounds synthesized or used
in chemical plants and other manufacturing processe released as industrial by-products. For
some of them, such as OTCs, pollution results ftbendisposal and breakdown of manufactured
products. Unlike ECs, these contaminants have beghed in the Ganga Basin since the 1990s, or
even the 1980s in the case of PAHs. These compamedsell-known for their detrimental health
and environmental effects and have already beanategl by international and Indian authorities.
PAHs and PCBs are now periodically monitored inidné&nd have acceptable limits of
contamination defined by the Indian drinking wadeslity standards (Bureau of Indian Standards
(BIS, 2012). Furthermore, in 2015 India complied with theeimational Convention on the Control
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of Harmful Anti-fouling Systems on Ships (AF8hternational Marine Organisation, IMO, 2018)
Most of these chemicals are included in the cldsB@Ps listed in the Stockholm Convention,
ratified by India in 200@UNEP, 2018) Among them are PBDEs, specifically tetra-, pertaxa-,
hepta- and decabromodiphenyl ether, belonging ® dlass of brominated flame retardants
(Rahman et al., 2001)

PCBs are officially recognized as PORENEP, 2018) Employed in many industrial applications
(e.g. transformers, capacitors, paints and printirig) (Erickson and Kaley, 2011PCBs are
released into the environment through leaks ossfiend spills during the transport of products
containing then{S. Kumar et al., 2012)

Despite not being listed in the Stockholm Convemtimany analogies can be found between PAHs
and POPs, as they share lipid solubility and pensce in the environmer(Abdel-Shafy and
Mansour, 2016) PAHs may result from a series of combustion pgees, including pyrolysis of
wood to produce charcoal and carbon black, poweerggion from fossil fuels, incineration of
waste, vehicular emissiof§lalik et al., 2011) PAHs are well-known mutagens and teratogens and
human carcinogen@®bdel-Shafy and Mansour, 2016)

Another common link between different classes & iKCtheir ability to act as endocrine disruptors.
One of the most studied examples of endocrine plignu in wildlife is imposex induced in
gastropods by OTO#Matthiessen, 2013; Sousa et al., 20I@)e most notorious of these chemicals
is tributyltin TBT, a biocide used in antifoulingaipts, which can negatively affect non-target
aquatic organism@Bangkedphol et al., 2009; Garg et al., 2011; Gdtjal., 2007) Also PCBs have
been reported as endocrine disrup{&@isarma and Kapoor, 2014)

6.1 L ocation of sample points

Among the analysed studies, 20 papers assessewvitBsnost (10 publications) reporting PAHs
(tables 5-6 and S8-9). As with ECs and pesticides, the geographicdtitigion of sample points
for ICs is uneven, with most studies focused onntlaén channel of the Ganga, in the cities of the
upper and middle reaches (e.g. Kanpur, Allahabadanasi and Patna). Besides the Ganga, studies
were concentrated along the Gomti, in Delhi andnisarby districts of Haryana and Uttar Pradesh.
The largest concentration of sample points is Eatah the Hugli reach and the deltaic region
(figure 2 C), but there is no available data for south-bamn&rs other than the Yamuna.

The distribution of study areas of PAHs in surfaager considerably differs from sediment. The
former include a greater number of papers analygiagsomti and the Himalayan rivers, whereas
in the case of sediment, more attention was giveiné¢ central area of the main channel and the
deltaic region, but with no data on the Himalayaach of the Ganga. PAHs have mainly been
assessed in sediment from the Hugli river and f8umdarbar{Binelli et al., 2008; Guzzella et al.,
2005; Zuloaga et al., 2013)n water and sediment along the Gomti, in then®wf Neemsar,
Bharatpur, Lucknow, Barabanki, Sultanpur and Jauiiidlalik et al., 2011, 2004; Tripathi et al.,
2009) and in eight cities and towns located along tha&kAanda, the Bhagirathi, and the main
channel (Uttarkashi, Devprayag, Narora, Kachaldeltgarh, Kannauj, Kanpur, Varanasi, Patna,
Farakka), as well as in the delta island of Ganggmsand the Gangotri glacigkhmad et al., 1996;
Sharma et al., 2018)Only one paper assessed the presence of PAHkeinyamuna river,
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specifically in sediment upstream and downstreamaedili (Agarwal et al., 2006)while one paper
addressed the presence of PAHs in core samples irmkéainital and Bhimtal Lakes, located in the
Himalayan region of the bas{@houdhary and Routh, 2010)

Spatial patterns of other IC categories in surfaeger and sediment are similar, although many
water studies were concentrated in Dehli and udraas located along the main channel, whereas
most of the papers addressing sediment were foomsetie Hugli river and its estuary. PBDEs
have only been investigated in sediment of theadeiegion, in KolkatgKwan et al., 2013and the
Sundarban wetland®inelli et al., 2007) PCBs have been studied in sediment of ten citres
towns located in the upper, middle and lower reaabiethe main channel (Haridwar, Kanpur,
Allahabad, Buxar, Patna, Mokama, Sultanganj, Kadmaig Rajmahal, Farakkgyenthilkumar et
al., 1999) as well as in Delhi, Sundarban and the lower H{&jhelli et al., 2009; B. Kumar et al.,
2012a) PCBs in river water have been investigated ofdp@the Yamuna in NCTB. Kumar et
al., 2012b) and in irrigation canals, lakes ponds and draintghe region surrounding Dell{5.
Kumar et al., 2012)The distribution of OTCs has also been investigatedater and sediment of
the Kolkata harbour, the lower Hugli and Sundarbantizar-Ladislao et al., 2011; Garg et al.,
2011) and in water along the main channel and threeomtibutaries (Loni, Pandu and Ganda
Nala), in the Kanpur-Unnao regig¢Ansari et al., 1998)

6.2 Occurrenceof ICs

The concentrations of industrial chemicals botisemga water and sediment exhibit a wide range
of variability, from less than one to hundreds gflnand from less than one to hundredsigfkg,
respectively. PAHs concentrations in some instameesh up to thousands of ng/L ang/kg
respectively with the highest concentrations ofnnaphthylene in water (MRV: 65850 ng/L,
Lucknow (Malik et al., 2004) and benzo[a]anthracene in sediment (MRV: 588&g d.w., Dehli
(Agarwal et al., 2009)

The highest concentration of PBDEs in sediment vea®rded for PBDE-47 (maximum value:
8.832ug/kg d.w., SundarbafBinelli et al., 2007), but no measurements were made in water .

For PCBs, compounds with the highest concentratvere PCB-18 in water (MRV: 314 ngl/L,
Delhi (S. Kumar et al., 2012and PCB-44 in sediment (MRV: 14.1g/kg d.w., Delhi(S. Kumar

et al., 2012). The highest water concentration of OTCs in wates veeorded for dibutyltin (DBT,
MRYV: 104 ng Sn/L, KolkatdGarg et al., 2011) with the highest sediment concentration for TBT
(MRV: 442 ng Sn/g d.w., Kolkat@Garg et al., 2011)

With regard to the spatial distribution of ICs, ¢lear trend could be detected along the main Ganga
channel, althougiBinelli et al. (2009)detected higher concentrations of PCBs in sedimathin

the delta region (up to 26.84/kg d.w.), compared to those found ten yearsezaalong the main
channel (ranging from 0.9 to 9/kg d.w.,(Senthilkumar et al., 1999)This was attributed to
local point sources of pollution in the delta argsirom urban sewag®inelli et al. 2009).

Sediment concentrations of OTCs detectedshyg et al. (2011)n Kolkata harbour were also one
order of magnitude higher than those detected md&tpan and the lower Hugli reathntizar-
Ladislao et al., 2011 )esulting from more limited water exchange in tlagbour and direct sources
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of antifouling paints. In surface water, concemndrag appeared to be higher in Kolkata harbour
(Garg et al., 2011jhan the Kanpur-Unnao regi¢Ansari et al., 1998and shows that despite the
gradual decrease in organotin-based paints, congiomn levels were high until recently.
Moreover, Kolkata is a contamination hotspot of EB[Kwan et al., 2013)

For PAHSs in the Hugli reach, concentrations remblig Zuloaga et al. (2013)vere systematically
higher than those found byuzzella et al. (2005%hat were below detection limits at most sites.
This increasing trend is attributed to the presesfdecal point inputs from industrial sources and
other combustion process@giloaga et al., 2013)All the studies on the Gomti, howevé¥jalik et

al., 2011, 2004; Tripathi et al., 2008@ported comparable although highly variable catregions,

with sediment-associated total PAHs ranging fromuftkg d.w. to more than 3000g/kg d.w.
Surprisingly high concentrations of total PAHs waetetected by in the Himalayan region of
Nainital lakes, attributed to frequent forest firmsd the use of coal and wood for heating and
cooking purposefChoudhary and Routh, 2010)his would appear to be a recent phenomenon as
publications in the mid-1990s recorded very low PédticentrationfAhmad et al., 1996)

7. Health and environmental risks of organic contaminants in the Ganga
compar ed with other river systemsin India and worldwide

7.1 Emerging contaminants

Sharma et al. (2019)yeported maximum concentrations of many PPCPs. thg NSAIDs
diclofenac, ibuprofen, naproxen) lower than thamenfl in Kaveri, Vellar and Tamiraparani rivers
in peninsular India (Shanmugam et al., 2014), wlaidh similar or even lower than those detected
by Mutiyar et al. (2018)in NCT and byWilliams et al. (2019)in Udaipur (Ahar river).
Concentrations of ciprofloxacin in the Ganga wepeta six orders of magnitude lower than those
found in the Isakavagu-Nakkavagu rivers in Hydedaffack et al., 2009) Similarly, values of
triclosan reported from southern India, in the Tiamparani, Kaveri and Vellar rive(®amaswamy

et al., 2011) were higher than those found in the Ganga, botpewable to those found INag et

al. (2018)in the Gomti. Reference values are reportetlihe S1.

At present it is not possible to determine the iohpaf these concentration levels on ecosystem
health because of the lack of official regulatiagrgaidelines for ECs. Nevertheless, ecological risk
assessments performed Bharma et al. (2019 nd Mutiyar et al. (2018)demonstrated that the
detected values of PPCPs along the main Ganga ehand in Delhi posed no significant human
health concern, although there was a moderatefoislaquatic organisms (algae abdphnia
magng associated with some of the PPCPs. Neither th& detected PPCPs (i.e. acetaminophen,
carbamazepine, ibuprofen, ketoprofen, sulfamethaeazand DEET) nor caffeine, whose
concentrations were the highest recorded among ERseeded the predicted no-effect
concentrations (PNECS) for invertebrates and fishraarized bySharma et al. (2013ndMutiyar

et al. (2018) However, caffeine, sulfamethoxazole and triclosareeded the PNECs calculated for
algae (15, 27 and 1.4 ng/L, respectively).

According toMutiyar et al. (2018)antibiotic residues detected in Delhi were cotreions shown

to cause acute toxicity; in particular, maximum @emirations of ciprofloxacin (1190 ng/L)
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approached those causing growth inhibition to algéeremains to be seen whether these
compounds exhibit synergic effects in case of enpoo multiple active substances. Besides acute
toxicity, antibiotics pose the risk of antimicrobiasistance, which has been extensively reconded i
bacterial isolates recovered from Indian surfacéerga including the Gomti, the Yamuna and the
Kshipra rivers (Diwan et al., 2018; Philip et al., 2018)in the case of triclosan, all the
concentrations reported Nag et al. (2018)despite posing no risk for human health, excedded
Canadian Federal Environmental Quality Guideline@&, 0.47ug/L, table S3), a reference value
expressing the likelihood of direct adverse effestsaquatic life. For PFAS, accordingYeung et
al. (2009)river water concentrations from India appeareddddwer than those reported for other
Asian countries. In India, higher concentrationsP6fOS and PFOA were found in the Cooum
River in Chennai and in Sri Lankéable S1). Sediment concentrations of PFOS recorded in the
Hugli estuary were low, being below the detectiamitl in all the sampling stations. PFOA
concentrations are however comparable to thosededan river estuaries of the Bohai Bay, China,
and one-two orders of magnitude higher than theserded in VietnanfLam et al., 2017)PFOA
and PFOS were below the WHO drinking water guidsi(4 and 0.4g/L respectivelytable S3),
and PFOS was below the Canadian FEQG (6/8, table S3). With reference to other classes of
ECs, the sediment concentration of phthalates aedlyn the Gomti were lower in comparison to
the values recorded in China and Taiwan (especii(2-ethylhexyl) phthalatéSrivastava et al.,
2010), while water concentrations of benzotriazole &mgphenol A were comparable to those
found in other Asian countries (hundreds of n@/lliams et al., 2019) Bisphenol A was below
the Canadian FEQG (3 &/L, table S3).

7.2 Pesticides

Despite multiple restrictions of pesticide yggarwal et al., 2015yery high levels of pesticides
are still detected in the Ganga badondal et al. (2018)eported residues of-, - ands-HCH
and p,p’-DDT exceeding the EC limit in drinking wa{0.10ug/L for single pesticidetable S3) in
56.2 and 100 per cent of samples collected in mxeger samples of the delta region, while only 6.2
and 12.5 per cent of samples were above the EQ fonithe 16 detected pesticides (DDT and
metabolites, HCH isomers, endosulfan isomers, nhgdingthion, monocrotophos, phorate,
buthaclor). Concentrations exceeding EC drinkingewdéimits have also been reported along the
Ganga, in Allahaba@Raghuvanshi et al., 2014nd the Hugl(Mondal et al., 2018)In the case of
pond water collected in the delta region, the H@itliwas exceeded in 25 per cent of methyl
parathion, 31.2 per cent of chlorpyrifos and 6.2qent of phorate and atrazine samgMsndal et
al., 2018) Even higher water levels af-HCH, a-endosulfan, dicofol, heptachlor, p,p’-DDE
(dichlorodiphenyldichloroethylene), alachlor anddminlor were found byTrivedi et al., 2016)n

the Gomti river. Concentrations afHCH, aldrin and endosulfan found lfMutiyar and Mittal,
2013)in Uttar Pradesh and Bihar exceeded the Indiarkihgnwater quality standardsable S3).
Based on the assessment conducte(Mmnndal et al., 2018)persistent OC pesticides such as HCH
isomers, DDT isomers and metabolites and endosu#féilh pose a potential risk to freshwater
aguatic animals and invertebrates.
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7.3 Industrial compounds

Malik et al. (2011)found that total PAH concentrations in water aedisient of the Gomti are
higher than in other Asian rivers such as the Gag-pn Taiwan, the Yellow River and the
Qiantang in China. However, the levels of PAHsha Gomti appeared to be considerably lower
than that reported in the Jinsha river of Chi@aoudhary and Routh (2010)xho assessed the
impact of PAH pollution in sediment, found that drene, acenaphthylene and total PAH
concentrationsexceeded the toxicological endpoints for aquaten&a even in the Himalayan
districts of Nainital and Bhimtal. SimilarlZuloaga et al (2013)who analysed the distribution of
PAHSs in the sediment of Sundarban wetlands, reggtssible biological impact associated with
the recorded levels of pollutants. PBDEs sedimemicentrations, especially those recorded in
Kolkata, are comparable to the PBDE levels foundtirer Asian area@inelli et al., 2007)

Maximum sediment concentrations of PCBs recorde®&undarban and Delhi were higher than
those detected in the west coast of Sri Lafik@endran et al., 2005nd in the southern part of the
Bay of BengalGuruge and Tanabe, 20QWhereas water concentrations were comparableotet
found in coastal waters of Daya Bay, Ch{@aou et al., 2001)OTC concentrations reported in the
Ganga basin were generally lower than those of cbestal areas of Thailand and India (in
particular TBT) and in the sediment of the Zuatuasy, located on the west coast of In&arg
and Bhosle, 2005; Harino et al., 200&arg et al. (2011)however, observed that concentrations
of TBT compounds in water at all the sampling site&olkata were higher than those known to
induce imposex in gastropods (< 10 ng/L). Referasataes are reported table S2.

Total PCB water values recorded in the Ganga basime above both the Indian Drinking Water
Guidelines and the US EPA Water Quality Criteriad®@/ 0.5 and 0.14g/L for acute and chronic
toxic effects on biota)téble S3). PCB levels in sediment were all below the Cana@adiment
Quality Guideline (CSQG) for the protection of aticidife (34.1ug/kg for total PCBstable S3).
Concentrations of OTCs and TBT in water were albty the US WQC for both acute and chronic
toxic effects on biota (0.46 and 0.07®/L, respectively,table S3). But at many sites TBT
exceeded the European Environmental Quality Stalsd@QS), both the Annual Average (AA,
0.0002 pg/L) and the Maximum Allowable Concentration (MAO,0015 ug/L), representing
concentrations considered to protect the livingiramment against chronic and acute toxicity,
respectively table S3). TBT concentration in sediment was higher thanupper guideline of the
Australian Sediment Quality Guideline Values forTB/0 ng Sn/g, corresponding to around 29

ng/kg).
Table 1.

Table 2.

Table 3.

Table 4.
Tableb5.
Table6.
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8. Resear ch gaps and basin-scale implications

The review of 61 papers addressing surface watgrsadiment pollution revealed the presence of
numerous knowledge gaps, the identification of Whis essential for guiding future research
campaigns and risk assessments.

One of the most critical research gaps is the tddbasin-scale assessmems.studies of this kind
have been published either for ECs or ICs, whetleadirst catchment review of pesticides was
undertaken in 2018Mutiyar and Mittal, 2013) All earlier publications monitored either specifi
tributaries or the main channel, occasionally idolg canals or minor rivers. Given the size of the
catchment and significant hydrologic, demograpmd @&nvironmental variability in the region,
only basin-scale studies will allow an understagdof the impact of tributaries on pollution
patterns.

Further research is required also to understand/dni@bility of concentrations according to the
season (dry, winter and monsoon season) and tbeifig regime. While only 13 papeitsifles S4-

9) provided an analysis of the seasonal variabdityconcentrations according to the river flow,
studies of this kind would help the risk assessnbgntentifying the time frames in which higher
concentrations are detected.

In the case of ECs, the gaps are exacerbated Wintilted number of available studies, with only
three publications focused on the cities alongGla@aga main chann¢Eharma et al., 2019, 2016;
Yeung et al., 2009nd three on the NCT in the Yamuna sub-catchnidutiyar et al., 2018;
Mutiyar and Mittal, 2014a, 2012Wwhere the high population density is likely tansttute a direct
source of PPCP contamination from domestic effigkithough PPCPs and PFAS concentrations
in the main channel were generally below 10 ng/hg aften close to detection limits, the
widespread use of these compounds in densely pepukreas, and their detection at higher
concentrations in other regions of IndRhilip et al., 2018)justify the necessity of further studies
addressing the topic. Considering a resource-lomisgenario, the most frequently detected
compounds, such as acetaminophen, carbamazepmngofién, ketoprofen, sulfamethoxazole,
DEET and caffeine, should be prioritized. Also hiatiics and antibiotic resistance, representing a
major challenge for human health, should be furitnegstigated.

Another knowledge gap is the lack of studies ontigides other than OCPs and OPhs. While
OCPs, for the most part, can be considered leganoyounds, no publications are available on
carbamates and only one on pyrethroids, that irctudny active substances currently used in India
(Centre for Science and Environment, 2018¢sides insecticides, also herbicides and fudggi
have been poorly investigated.

9. Conclusions

This review demonstrates that data on organic coinnts in the Ganga basin is still fragmentary
and mainly focused on the main channel, the Yamilv@a(Gomti and the delta region.
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The most studied organic contaminants were OCRewied by OPhs and PCBs. With reference to
ECs, the investigation of PPCPs has been partlgulaeglected in sediment, but widely
investigated in the case of ICs and, to a lesseméxpesticides. Although pesticide concentrations
decreased between 1980 and 2019 as a result p€tiestin their use, higher concentrations were
reported for PCBs and OTCs in the last decade. riRlgdaeotspots of contamination have emerged
within and downstream of many of the large urbaeasrsuch as Delhi, Kanpur, Allahabad,
Varanasi, Patna, Kolkata, along the Gomti and enSkindarban Wetlands. In these locations high
levels of all categories of pollutants have begroreed with domestic and industrial effluents as
major contributors to pollution. Even pesticidesiose main source is agriculture , were often
reported in association with urban wastewater,esthe two most studied insecticides, DDT and
HCH, have long been utilised for sanitation purgasethe region.

We recommend that future assessments should m@initvestigating ECs, especially PPCPs. For
pesticides, more focus is required for herbicided earbamate insecticides that hitherto have not
been fully investigated. The seasonal variabilityomyanic contaminants especially in relation to

flooding regime needs also to be studied.

The primary knowledge gap is a catchment-scale staleding of organic contaminant dispersal

and storage, including tributary contributions ahmlvnstream attenuation patterns in the main
Ganga channel. This is urgently needed for effegb@llution control, watershed management and
the protection of human and ecosystem health.
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Captions
Figure 1. Study area and state boundaries within the Indian section of the Ganga basin.

Figure 2. Spatial distribution of the studied districtswithin the Ganga basin.
(A) Emerging contaminants in surface water andreedt. (B) Pesticides in surface water and sedini@)tindustrial
compounds in surface water and sediment.

Figure 3. Maximum water concentrations of two selected ECsin the Ganga basin.
(A) Carbamazepine. (B) Sulfamethoxazole.

Figure 4. Comparison between total DDT water concentrations in the 1990s (1990-1999) and the 2010s (2010-
2019).
Total DDT stands for the sum of both 0,0’ -and p[pDT, DDD and DDE.

Figure 5. Comparison between total HCH water concentrations in the 1990s (1990-1999) and the 2010s (2010-
2019).
Total HCH stands for the sum @f, -, y- and3-HCH.

Table S4. Main findings of papers addressing emerging contaminants in Ganga basin surface water. Related to
table 1.
Abbreviations are listed itable S10.

Table S5. Main findings of papers addressing emerging contaminantsin Ganga basin river sediment. Related to
table 2.
Abbreviations are listed itable S10.

Table S6. Main findings of papersaddressing pesticidesin Ganga basin surface water. Related to table 3.
Abbreviations are listed itable S10.

Table S7. Main findings of papersaddressing pesticidesin Ganga basin river sediment. Related to table 4.
Abbreviations are listed itable S10.

Table S8. Main findings of papersaddressing pesticidesin Ganga basin surface water. Related to table 5.
Abbreviations are listed itable S10.

Table $9. Main findings of papers addressing industrial compounds in Ganga basin river sediment. Related to
table 6.
Abbreviations are listed itable S10.

Table S10. List of acronyms and abbreviationsreported in the tables. Related to tables 1-6 and tables S1-9.

24



Tables

Table 1. Summary table of compounds, study areas and maximum concentrations of emer ging contaminantsin Ganga basin surface water.
Abbreviations are listed irable S10.See alsdable $4.

Maximum

Compounds Study area concentration ng/L References

PFAS (20 compounds) Ganga, Hugli PFHxA 2.29 (Yeung et al., 2009)
Anionic surfactants Hugli and small tributaries (Kolkata) IS:% Cetlgincigic 425,000 (Ghose et al., 2009)
NSAIDs, other pharmaceuticals Yamuna (Delhi area) - - (Mutiyar and Mittal, 2012)
Other compounds (caffeine) Yamuna (Delhi area) Caffeine 808 Mutiyar and Mittal, 2012)
Antibiotics Yamuna (Delhi area) Ampicillin 27,100 (Mutiyar and Mittal, 2014a)
PFAS (21 compounds) Bhagirathi, Alaknanda and Ganga PFBS 10.2 (Shatrak, 2016)
NSAIDs, other pharmaceuticals Yamuna (Delhi area) Ibuprofen 2302 (Mutiyar et al.,, 2018)
Other compounds (caffeine) Yamuna (Delhi area) Caffeine 2640 (Mutiyar et al., 2018)
Antibiotics Kshipra (Ujjain) Sulfamethoxazole 4660 (Diwan et al., 2018)
Biocides (triclosan) Gomti Triclosan 9650 (Nag etal,, 2018)
Antibiotics, NSAIDs, other pharmaceuticals BhadiraAlaknanda and Ganga Ketoprofen 107 (Sharmaé,e2G1.9)
lﬂzﬁjcst;s)p)ellent products, Biocides (DEET, trickbzan, Bhagirathi, Alaknanda and Ganga DEET 22.3 (Sharnah ,£2019)
Artificial sweeteners Bhagirathi, Alaknanda and Ganga Saccharine 85.43 har(fa et al., 2019)
Other compounds (caffeine) Bhagirathi, Alaknanda @anga Caffeine 743 (Sharma et al., 2019)
Antibiotics, NSAIDs, other pharmaceuticals AhariRila Lake and Fateh Sagar Lake (Udaipur) Caffeine 37,476 (Williams et al., 2019)
Hormones Ahar, Pichola Lake and Fateh Sagar Lake (Udaipur) ndrésterone 1557 (Williams et al., 2019)
lﬂzﬁjcst;s)p)ellent products, Biocides (DEET, trickbzan, Ahar, Pichola Lake and Fateh Sagar Lake (Udaipur) EED 388 (Williams et al., 2019)
Other compounds (bisphenol A, benzotriazole, Ahar, Pichola Lake and Fateh Sagar Lake (Udaipur) affethe 37,476 (Williams et al., 2019)

methylbenzotriazole, caffeine)
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Table 2. Summary table of compounds, study areas and maximum concentrations of emer ging contaminantsin Ganga basin river sediment.
Abbreviations are listed itable S10. See alsdable Sb.

Compound Study area &%;ngion po/kg d.w. References

Phtalates Gomti DEHP 324.72 (Srivastava et al., 2010)
PFAS (PFOA, PFOS) Hugli, Sundarban wetland PFOA 14.09 (Corsolinilgtz912)
Antibiotics Kshipra (Ujjain) Ofloxacin 9.74 (Diwan et al., 2018)
Biocides (triclosan) Gomti Triclosan 50.35 (Nag et al., 2018)

NSAIDs, other pharmaceuticals Hugli Carbamazepine 519 (Chakraborty et al., 2019)
agfg?)isr]ét)riclosan), Musk fragrances, Preservative Hugli Methyl paraben 423 (Chakraborty et al., 2019)
Other compounds (bisphenol A, phtalates, DEHA) Hugl DEHP 300 (Chakraborty et al., 2019)
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Table 3. Summary table of compounds, study areas and maximum concentrations of pesticidesin Ganga basin surface water.

Abbreviations are listed itable S10. See alsdable S6.

Maximum

Compound classes Study area concentration ng/L References

OCPs Yamuna (Delhi area) p,p'-DDT 1610 (Agarwal et al., 1986)
OCPs Mahala water reservoir (Jaipur) y-HCH 26,360 (Bakre et al., 1990)

OCPs Yamuna (Delhi area) Dieldrin 100,000 (Nair et al., 1991)

OCPs Ganga (Varanasi) p'-DDT 79,818 (Nayak et al., 1995)
OCPs; Herbicides; OPhs Ganga (Kachla to Kannauj) p-0DT 5330 (Rehana et al., 1995)
OCPs; Herbicides; OPhs Ganga (Narora) a-HCH 1380 (Rehana et al., 1996)
OCPs 22 ponds (Shahjahanpur) B-HCH 10,110 (Dua et al., 1996)

OCPs 7 Himalayan lakes (Nainital region) p,p'-DDT 22,222 (Dua et al., 1998)

OCPs Rivers and streams of the Kumaun Himalayan region otalDDT 9072 (Sarkar et al., 2003)

OCPs; OPhs Ganga (Kanpur) Malathion 2610 (zsc)%gl)(araramakrishnan etal,
OCPs; Herbicides; OPhs Yamuna (Delhi area) Total endosulfan 114 (Aleem and Malik, 2005)
OCPs ngggfgg'n f'ak”a”da' Ganga and niqor rivers of Total DDT 364.81 (Semwal and Akolkar, 2006)
OCPs Streams, ponds and canals between Kanpur and Lwckno 3-HCH 1320 (Singh et al., 2007)

OCPs Yamuna and canals (Delhi and Haryana) p,p'-DDT we3 (Kaushik et al., 2008)
OCPs Gomti B-HCH 301.44 (Malik et al., 2009)

OCPs Hugli and small tributaries (Kolkata) Other HCHiisers 7820 (Ghose et al., 2009)
OCPs; OPhs; Pyrethroids gﬂgiu%v;/:;% anOdies adjacent to the tea garderisanfars Heptachlor 7.6 (Bishnu et al., 2009)
ocPs g;?g?;&‘a‘g( n%‘:\gtha fiver, drains surroundingairel o-HCH 290,000 @itetal, 2011)

OCPs; OPhs Ganga and Jamania river (Bhagalpur) a-endosulfan 739 (Singh et al., 2012)

OCPs Yamuna (Delhi area) p,p'-DDT 239 (B. Kumar et al., 2012b)
OCPs Ganga and tributaries in upper, middle and lowache Total endosulfsn 17.9 (Mutiyar and Mittal, 2p13
OCPs Ganga and Yamuna (Allahabad) y-HCH 24,500 (Raghuvanshi et al., 2014)
OCPs; OPhs Tighra reservoir (Gwalior) Dichlorvos 22.3 (Rao anani, 2015)
OCPs; Herbicides Gomti Buthachlor 135,000 (Trivedi et al., 2016)
OCPs; OPhs; Herbicides; Fungicides Hugli 8-HCH 2940 (Mondal et al., 2018)
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Table 4. Summary table of compounds, study areas and maximum concentrations of pesticidesin Ganga basin river sediment.
Abbreviations are listed itable S10. See alsdable S7.

Maximum

Compound classes Study area concentration po/kg d.w. References

OCPs Yamuna (Delhi area) p,p'-DDT 3060 (Agarwal et al., 1986)

OCPs 22 ponds (Shahjahanpur) o,p'-DDT 908.25 (Dua e1.806)

OCPs Ganga (Narora to Kannauj) Heptachlor epoxide 18 n{Ath et al., 1996)

OCPs Ganga and tributaries in upper, middle and lowache Chlordane+metabolites 49 (Senthilkumar ef.@p9)
OCPs Hugli Endosulfan sulfate 400 (Bhattacharya et al., 2003)
OCPs Hugli, Sundarban wetland p,p'-DDT 1.29 (Guzzellalet2005)

OCPs 522?;{5;2’1?'“%”%’ Ganga and minor rivers of Not detected - (Semwal and Akolkar, 2006)
OCPs Hugli, Sundarban wetland p,p'-DDT 8.48 (Sarkan.e2808)

OCPs Gomti o,p'-DDT 345.66 (Malik et al., 2009)

OCPs Yamuna (Delhi area) Endrin aldehyde 90.87 (Pandey et al., 2011)
OCPs Drains discharging into Yamuna (Delhi area) Chloigyos 286.56 (Kumar et al., 2011)

OCPs; OPhs Ganga and Jamania River (Bhagalpur) p,p'-DDT 3329.3 (Singh et al., 2012)

OCPs Wetlands in Keoladeo National Park y-HCH 7540 (Singh Bhadouria et al., 2012)
OCPs Ganga and Yamuna (Allahabad) y-HCH 19.8 (Raghuvanshi et al., 2014)
OCPs; OPhs; Herbicides; Fungicides Hugli 8-HCH 0.987 (Mondal et al., 2018)
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Table 5. Summary table of compounds, study areas and maximum concentrations of industrial compoundsin Ganga basin surface water.
Abbreviations are listed itable S10. See alsdable S8.

Compound classes

Study area

Maximum
concentration

ng/L

References

OTCs (dimethyltin, monobutyltin, dibutyltin, tribyltin)

Ganga, Pandu, Loni and Ganda Nala riversfi{a-Unnao)

MBT

70.1 (ng Sn/L)

(Ansari et al., 1998

PAHs (16 compounds) Gomti Acenaphthylene 65,850 (Malik et al., 2004)
PAHSs (16 compounds) Gomti Acenaphthylene 82,670 (Malik et al., 2011)
OTCs (monobutyltin, dibutyltin, tributyltin) Kolkatharbor DBT 104 (ng Sn/L) (Garg et al., 2011)
PCBs (28 congeners) Yamuna and canals, lakes, ponds and drains (Delh) a PCB-44 594 (S. Kumar et al., 2012)
PCBs (27 congeners) Yamuna (Delhi area) PCB-18 280 (B. Kumar et al., 2012b)
PAHs (16 compounds) Bhagirathi, Alaknanda and Ganga Pyrene 21.21 (Shetral., 2018)
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Table 6. Summary table of compounds, study areas and maximum concentrations of industrial compoundsin Ganga basin river sediment.
Abbreviations are listed itable S10. See alsdable SO.

Maximum

Compound classes Study area concentration po/kg d.w. References

PAHSs (benzo[a]pyrene, phenantrene) Ganga (Nardfanmauj) Phenantrene 18 (Ahmad et al., 1996)
Total PCBs Ganga and tributaries in upper, middle and lowache Total PCBs 15 (Senthilkumar et al., 1999)
PAHSs (16 compounds) Gomti CBﬁr';ZS‘;[;‘(]eamhrace”eJ' 1569.94 (Malik et al., 2004)

PAHs (19 compounds) Hugli, Sundarban wetland Fluoranthene 214 (Guzatla., 2005)

PCBs (13 congeners); PAHs (19 compounds) Huglidsdran wetland PCB-153 0.54 (Guzzella et al., 2005)
PAHSs (16 compounds) Yamuna (Delhi area) Naphtalene 4610 (Agarwal et al., 2006)
PBDEs (12 congeners) Hugli, Sundarban wetland PBDE-47 8.832 (Binellakt 2007)

Total PAHs (19 compounds) Hugli, Sundarban wetland Total PAHs 4249.71 (Binelli et al., 2008)

PCBs (23 congeners) Hugli, Sundarban wetland PCB-138 6.08 (Binellilet2009)

PAHSs (16 compounds) Hugli, Sundarban wetland Acenaphtylene 1521 (Thipett al., 2009)

Total PAHs (10 compounds) Nainital and Bhimtal Leke Total PAHs 217,000 (Choudhary and Routh, 2010)
PAHs (16 compounds) Gomti Acenaphtylene 2726.4 (Malik et al., 2011)

OTCs Hugli, Sundarban wetland TBT 84.2 (Antizar-Ladis&t@l., 2011)
OTCs Kolkata harbour TBT 442 (ng Sn/g) (Garg et al., 2011)

PCBs (28 congeners) Yamuna (Delhi area) PCB-44 14.17 (B. Kumar et al., 2012b)
PBDESs (22 congeners) Canals in Kolkata PBDE-47 0.615 (Kwan et al., 2013)

PAHs (16 compounds) Hugli, Sundarban wetland Fluoranthene 1839.5 (ddozt al., 2013)
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