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Abstract

:

There is a nationwide need among policy and decision makers and drinking water supply engineers in India to obtain an initial assessment of water quality parameters for the selection and subsequent development of new riverbank filtration (RBF) sites. Consequently, a snapshot screening of organic and inorganic water quality parameters, including major ions, inorganic trace elements, dissolved organic carbon (DOC), and 49 mainly polar organic micropollutants (OMPs) was conducted at 21 different locations across India during the monsoon in June–July 2013 and the dry non-monsoon period in May–June 2014. At most existing RBF sites in Uttarakhand, Jammu, Jharkhand, Andhra Pradesh, and Bihar, surface and RBF water quality was generally good with respect to most inorganic parameters and organic parameters when compared to Indian and World Health Organization drinking water standards. Although the surface water quality of the Yamuna River in and downstream of Delhi was poor, removals of DOC and OMPs of 50% and 13%–99%, respectively, were observed by RBF, thereby rendering it a vital pre-treatment step for drinking water production. The data provided a forecast of the water quality for subsequent investigations, expected environmental and human health risks, and the planning of new RBF systems in India.
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1. Introduction


The substantial discharge of untreated to partially treated industrial and domestic wastewater into surface water (SW) in India, accompanied by the very high turbidity during monsoon, frequently interrupt the production of drinking water by conventional plants. These plants directly abstract surface water and treat it by flocculation, sedimentation, rapid sand filtration, and disinfection. By using wells installed in the banks of flowing rivers, riverbank filtration (RBF) combines the advantage of easy access to large volumes of SW with the benefit of natural filtration during aquifer passage. Field investigations conducted mainly on urban drinking water production systems at various locations across India have confirmed that there is a large potential to use RBF as an alternative or a supplement to directly abstracted SW for drinking water production [1]. The main advantage of using RBF is that it provides an ecosystem service by effectively removing pathogens and turbidity, especially during the monsoon [2]. A significant removal of total coliforms, Escherichia coli (E. coli), turbidity, adenoviruses, and noroviruses by up to 90%–99.99% (≥4 Log10 removal) is attained at RBF sites in northern India [2,3,4,5,6,7]. This is due to the superior surface water quality in Uttarakhand in contrast to the extremely polluted (with domestic sewage and industrial wastewater) stretch of the Yamuna river in the central part of Delhi (downstream of Uttarakhand). Other key water quality benefits of RBF are the removal of dissolved organic carbon (DOC) and organic contaminants, which are often responsible for the color of water. High concentrations of DOC and organic contaminants require high doses of chlorine and thereby create a greater risk for formation of carcinogenic disinfection byproducts, as reported for an RBF site in Mathura by the Yamuna, 150 km downstream of Delhi [8,9]. Furthermore, the use of RBF for rural water supply in the southwest Indian state of Karnataka has demonstrated a removal of total coliforms and E. coli of 1–3 Log10 and 2–4 Log10, respectively [10,11].



However, RBF does not present an absolute barrier to other substances of concern (e.g., ammonium), and some inorganic elements (e.g., arsenic) may even be mobilized, as has been observed in central Delhi. There, infiltrating sewage-contaminated river water is the primary source of the ammonium contamination in the aquifer (35 mg/L), leading to reducing conditions that probably trigger the release of geogenic arsenic (0.146 mg/L) [12]. In light of the growing concern of emerging pollutants in the environment, recent studies on the occurrence of organic micropollutants (OMPs) in SW and their removal by RBF in Delhi [13,14,15,16] and Mathura [15,16], and potentially by RBF in Agra [16], have confirmed that the compounds with the highest relevance at these sites are diuron (37%–91% removal by RBF with respect to source river water concentration), 1H-benzotriazole (77%–98%), acesulfame, theophylline (56%–99%), diclofenac (37%–80%), gabapentin (91%–100%), and paracetamol (46%–50%) [16]. Overall, most studies have concluded that RBF is advantageous as a pretreatment step that improves water quality compared to directly abstracted and conventionally treated SW.



The water quality of only a few RBF sites (e.g., Uttarakhand, Delhi, Mathura, Agra, and rural Karnataka) have been monitored for periods long enough to include seasonal effects (≥1 year). Other than these sites, very limited holistic and systematic water quality information, especially for concentrations of inorganic and organic substances (including OMPs), is available for existing and potential RBF sites in other locations in India. Field visits to some conventional drinking water treatment plants, which directly abstract surface water, have shown that the main quality parameters that are usually and routinely determined are physical field parameters, total hardness and total alkalinity, major anions, and often only the presence or absence of bacteriological coliform indicators. Moreover, bacteriological indicators are only occasionally quantified as counts/100 mL of sample. These limited number of parameters do not cover the entire list of parameters in the Indian drinking water standards [17]. Moreover, despite the advantages of being a sustainable natural process, an element of integrated water resources management, and a component of managed aquifer recharge [18,19], RBF is intentionally used for pretreatment only at some places in India, resulting in a low portion (<0.1%) of drinking water produced therefrom [20].



In order to effectively implement RBF by starting with a suitable site for an exploratory well and to subsequently make an informed decision to expand it into a full-scale RBF system, knowledge of site-specific geohydraulic and water quality parameters is essential. Therefore, the objective of this article was to obtain an initial assessment of water quality parameters for the selection and subsequent development of new riverbank filtration sites in India. Post-treatment options have been discussed for sites where inorganic parameters exceed the Indian Standard or WHO guideline value for drinking water [17,21]. Mostly urban, but also some rural sites located in countrywide diverse hydroclimatic conditions, were investigated. The design parameters of these RBF systems and a summary of their hydrogeological settings were presented in a previous publication [22] and are thus not repeated here. Present post-treatment conducted and future post-treatment requirements at these sites supplement this information.




2. Materials and Methods


2.1. General Sampling Strategy


A random snapshot screening of water quality parameters (as specified subsequently), including instant physical field parameters, major ions, inorganic elements, DOC, and 49 mainly polar OMPs (those of environmental relevance in Europe) was conducted at a total of 21 different locations across India during the monsoon in June–July 2013 and the dry non-monsoon period in May–June 2014 (Figure 1). In 2013, 49 samples from 17 locations were collected (Figure 1, green circles/squares). In 2014, 75 samples from 11 locations were taken (Figure 1, red circles/squares). Out of the 21 locations sampled, 7 locations were sampled both during wet (monsoon, 2013) and dry (non-monsoon, 2014) seasons (Figure 1, orange circles).



A “random snapshot screening” means that in each case a single (random) sample was taken, but not a composite sample over a certain time period, from different sites or water depths, which were screened for a set of different parameters and different single compounds (targeted screening for higher numbers of OMPs). The sampling locations were selected using a four-stage methodology derived for the investigation of potential and existing RBF sites, for which no or only limited data exist in the public domain [20]. Accordingly, the sampling locations were selected within the first stage “initial site assessment” and with the support of the National Institute of Hydrology in Roorkee and its regional centers across India (see “Acknowledgements”). This included site visits and a visual assessment, interaction with the local water supply and research organizations, the subsequent documentation of verbal and onsite archived information, and finally the random snapshot water quality sampling. Sampling from rural areas was conducted to take into account potential non-point pollution of SW [23], especially as a result of monsoon runoff.



In earlier field investigations [20], no health-relevant organic trace compounds were detected using non-target screening analysis with gas chromatography–mass spectrometry (GC/MS) of Ganga River water in Haridwar in 2005. Consequently, a mobile solid-phase extraction (SPE) unit was developed to enrich the sample onsite for subsequent analyses in the laboratory. The mobile SPE unit was developed in order to mitigate the effects of long transport times of the samples to the laboratory, which usually occur between sampling and subsequent laboratory enrichment and analysis in India. Furthermore, enrichment of the sample is very important because of the low concentrations of OMPs found in the environment [24]. Thus, while volumes of up to 500 mL per sample suffice for the enrichment of OMPs from moderately to highly polluted waters, nearly 1 L is required per sample for waters expected to have a low pollution. Additionally, the (air) transport of such large-volume samples to distant laboratories is extremely limited. Depending on the group of parameters sampled for (inorganic chemical parameters, DOC, and OMPs), around 130 samples in total were collected from SW bodies, RBF wells, and in some case ambient groundwater (GW) from sites in the states of Uttarakhand, Uttar Pradesh, Bihar, Jharkhand, Andhra Pradesh, Madhya Pradesh, Gujarat, and the cities of Jammu and Delhi during both sampling campaigns in 2013 and 2014.




2.2. Sampling and Analysis of Water for Inorganic Chemical Parameters and DOC


The temperature, pH, dissolved oxygen, and electrical conductivity (EC) of the water samples were determined onsite using a WTW multi 3430 instrument (Wissenschaftlich-Technische Werkstätten GmbH (WTW), Weilheim, Germany). Two 100-mL water samples were collected from each source of water at the sampling location, for DOC and for ions (including inorganic trace elements). All samples were filtered with a 0.45-µm Whatman syringe filter. Subsequently, the samples for the determination of DOC were conserved with nitric acid. The analyses for anions and trace metals were conducted using inductively coupled plasma optical emission spectrometry (ICP-OES, Spektrometer Optima 4300 DV, PerkinElmer) in a radial viewing configuration in the Division of General and Inorganic Chemistry at the Faculty of Agriculture, Environment & Chemistry in the University of Applied Sciences Dresden. DOC analyses were conducted by the Institute for Water Chemistry (IWC) at the TU Dresden.



A spectrum of 18 inorganic (trace) elements, including trace metals and radionuclides, were determined, which comprised iron (Fe), manganese (Mn), strontium (Sr), barium (Ba), zinc (Zn), silicon (Si), chromium (Cr), cobalt (Co), nickel (Ni), copper (Cu), aluminum (Al), selenium (Se), lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), silver (Ag), and nickel (Ni). The objective was to determine if the concentrations of these elements exceeded the guideline value [17,21] or if the concentrations were unusually high, thereby indicating a possible contamination.




2.3. Water Sampling and Analyses of Organic Micropollutants


The enrichment of OMPs was conducted onsite by the mobile SPE unit from 0.5 L–1 L filtered water samples with an enrichment factor of 1000 [25]. One-hundred and twenty-four water samples were collected and enriched in total (in 2013 and 2014). Cartridges (OASIS, Waters, Milford, MA, USA) were used for the enrichment. Subsequently, a target screening analysis using RP-HPLC (Agilent, 1100, Santa Clara, CA, USA) and ESI-MS/MS (QTRAP®, Q3200, Sciex, Framingham, MA, USA) was conducted for 49 polar organic compounds (pharmaceuticals, pesticides and transformation products, antibiotics, medical contrast media, corrosion inhibitors, and stimulants such as caffeine that are not micropollutants). The analyses for the OMPs were conducted by the IWC [26].





3. Results and Discussion


3.1. Inorganic Chemical Parameters


The concentrations of major ions and 18 other inorganic elements in surface water analyzed at most RBF locations in Uttarakhand, Jharkhand, Andhra Pradesh, and Bihar did not exceed the Indian drinking water guideline values [17] and thus the surface water quality is generally suitable for RBF in terms of these parameters (Table 1). However, the extremely high salinity of Yamuna river (R.) water (EC 1665–1700 µS/cm) and adjacent GW (EC 1455–3400 µS/cm) between Delhi and Agra gives the drinking water derived from the waterworks a brackish taste.



The concentrations of mainly Fe, Mn, and As exceeded the Indian drinking water guideline requirement (acceptable limit, [17]) only in some source waters and occasionally in drinking water, and in some cases the permissible limit in the absence of an alternate source (Table 2). Mn is naturally occurring in many surface water and groundwater sources, particularly in anaerobic or low oxidation conditions [21]. This explains its comparatively high concentration, especially in the Yamuna R. in Delhi, because of the very high input of wastewater (industrial and domestic) and correspondingly very low dissolved oxygen concentrations of 0.1–0.3 mg/L in river and groundwater (hand pumps). The Indian standard for drinking water [17] requires an acceptable limit of 0.1 mg/L and a permissible limit in the absence of an alternate source of 0.3 mg/L for Mn. Mn can be removed by chlorination followed by filtration [21], as is practiced in Jharkhand, where the bank filtrate subsequently undergoes post-treatment comprising aeration, flocculation, rapid sand filtration, and disinfection. Similarly, the water from a radial collector well (RCW) supplying raw water for drinking to the township of the oil refinery in Mathura also undergoes similar conventional post-treatment [8,9].



Arsenic exceeded the required acceptable limit of 10 µg/L for drinking water [17,21] in groundwater (hand pumps) near the Yamuna riverbank in central Delhi and Mathura (Table 2). The As concentrations of 44–66 µg/L found in the water from hand pumps in central Delhi (Table 2) were consistent in magnitude to concentrations of 27–56 µg/L that were determined by Lorenzen et al. [27] for shallow depths (6–13 m below ground level) in the same area.



In the RBF RCW constructed within the riverbed in Mathura, the acceptable limit was exceeded only during the non-monsoon 2014 (32 µg/L), but not in monsoon 2013. However, the concentration was a <50 µg/L limit in the absence of an alternate source [17]. This indicates a decrease in concentration by mixing with a greater portion of bank filtrate abstracted on account of a higher hydraulic head in monsoon. This is a positive effect of RBF, as was also observed for the Palla RBF site in Delhi where As was found to be <10 µg/L due to a high portion of bank filtrate abstracted from the high-capacity vertical well field [27]. In contrast, ambient groundwater in different areas in Delhi was found to have high As concentrations (range 17–100 µg/L, mean 40 µg/L), as determined by Lalwani et al. [28]. For all other sites, the arsenic concentration was a <10 µg/L detectable limit.



Aluminum was found above the detectable limit of 10 µg/L mainly in surface waters, and substantially exceeded (up to 278 µg/L) the acceptable required drinking water guideline value of 30 µg/L [17] only in one drinking water sample from the water treatment plant in Bhopal that conventionally treats surface water (from Bhopal Upper Lake) using aluminum-based coagulants (Table 2). While the Indian Drinking Water Standard permissible limit [17] in the absence of an alternate source is 200 µg/L, the WHO guideline [21] advocates a practicable concentration of ≤100 µg/L for large water treatment facilities using aluminum-based coagulation processes. Otherwise, Al concentrations ≥30 µg/L were mainly found in the sampled rivers of Andhra Pradesh in monsoon 2013 (Table 2). The detectable naturally occurring Al in surface water in Andhra Pradesh was attributed to the surface runoff from the substantial bauxite deposits found in the Eastern Ghats (hills) through which these rivers flow. Al concentrations were below the detectable limit of 10 µg/L in most other samples from RBF and groundwater production wells and in drinking water.



At all sites sampled in Figure 1, barium (0.04–0.49 mg/L), cadmium (<1 µg/L), chromium (<2 µg/L), copper (<15 µg/L), nickel (<4 µg/L), and selenium (<40 µg/L) were below the WHO guideline limits [21] of 1.3 mg/L, 3 µg/L, 50 µg/L (provisional), 2 mg/L, 70 µg/L, and 40 µg/L (provisional), respectively, in all samples. In all samples, cobalt was <2 µg/L (detection limit), and zinc ranged from <4 µg/L up to 0.71 mg/L. As there are no guideline limits for cobalt and zinc in drinking water, these two parameters, as well as Ba, Cd, Cr, Cu, Ni, and Se, are not of concern to human health at the sampled sites.




3.2. Dissolved Organic Carbon


Of all the surface waters sampled, it was found that the stretch of the Yamuna River starting in central Delhi (ITO Bridge) up to ~200 km downstream in Agra, had the highest DOC concentration of around 12 mg/L (Figure 2). In Figure 2, it can be observed that the DOC concentrations in the Yamuna River at Delhi and Mathura were significantly lower during the monsoon in 2013 compared to the non-monsoon in 2014. The annual monsoon thus had a positive effect on highly polluted surface waters (e.g., in Delhi and Mathura) in terms of lowering the DOC concentration by dilution. On the other hand, for surface waters already having a relatively low ambient or background DOC concentration, such as that observed in Uttarakhand (Haridwar and Nainital in Figure 2) and Jharkhand (Daltonganj in Figure 2 and Dhanbad in Figure 3), it may even increase during monsoon, probably due to surface runoff.



In Figure 2, the DOC concentration was observed to be slightly lower in the bank filtration wells in Haridwar and Nainital, which have a caisson and vertical well design, respectively, when compared to surface water concentrations. At these locations, the travel time of the bank filtrate was longer (weeks to months) compared to Daltonganj (Figure 2). In Daltonganj, the travel time was only in the range of minutes to hours on account of the radial collector wells being installed within the riverbed at a shallow depth (1–6 m, [22]), and consequently no significant removal of DOC was observed. As the RBF well in Mathura also has a radial collector design, albeit with longer travel time (1.5–3 days, [8]) compared to Daltonganj, the DOC concentration in well water was similar to the river water during monsoon. Nevertheless, the advantage of RBF in Mathura is visible in Figure 2 during non-monsoon conditions, when nearly 50% DOC removal occurred.



The DOC concentration in directly abstracted surface water and drinking water derived thereof by conventional treatment in non-monsoon (2014) was compared for the cities of Agra, Bhopal, and Dhanbad (Figure 3). It was observed that at least for highly polluted surface waters with a high DOC concentration (e.g., Yamuna River in Agra), the removal of DOC by conventional treatment systems (which do not use activated carbon) was lower than that observed for RBF systems with similar source water quality, such as by the RBF wells in Delhi and Mathura upstream of Agra (in Figure 2).



The DOC concentration in surface water at the RBF sites of Haridwar (Ganga River and Upper Ganga Canal), Srinagar (Alaknanda River), and Nainital (Nainital Lake) in Uttarakhand, and in the Asan River that flows past the industrial area in Dehradun city, was relatively low at 1.1–2.4 mg/L, with only a minor difference between the non-monsoon and monsoon seasons. In the corresponding RBF wells, the DOC concentrations were 0.4–2.3 mg/L and generally lower than the respective surface water, except for one RBF well in Haridwar and Srinagar that had slightly higher DOC concentrations (compared to their surface water sources) of 2.5 and 2.7 mg/L, respectively. The higher DOC concentration in the RBF well in Haridwar could be attributed to human activities, such as washing and bathing, that take place at the well.



At the RBF sites of Daltonganj (North Koel R.), Gumla (Nagpheri R.), Ray Bazaar (Saphi Nadi R.), and Japla (Son R.) in Jharkhand, the surface water and water from the RBF wells contained DOC in the range of 0.9–3 mg/L and mostly 0.5–1.7 mg/L, respectively, with higher DOC observed in monsoon (Figure 2, location Daltonganj). The water from two wells showed exceptionally higher DOC of 2.7 and 3 mg/L. However, while these RBF sites are generally affected by low surface water pollution on account of them being located mostly in the upstream areas of the towns, and the impact of anthropogenic activities (agricultural and industrial activities) is low, the observed DOC removal was generally low due to the very short travel time of the bank filtrate to the wells [22].



In the river water sampled in coastal Andhra Pradesh (Figure 1, locations 17, 18, and 27), DOC in monsoon (June 2013) was 3–4.6 mg/L. In the RBF well water in Annakapalli (Figure 1, location 17), DOC was 3 mg/L. The RBF well in Annakapalli is similar in design to that in Daltonganj (Figure 1, location 20, [22]), and thus was expected to have short travel times of bank filtrate in the range of hours. Therefore, a large removal of DOC was not expected.



In monsoon 2013 at other locations in India, the DOC in surface water in Gaya (Falgu R.), Patna (Ganga R.), Koelwar (Son R.), and Ahmedabad (Sabarmati R.) was 1.9–2.3 mg/L and 3.2–3.8 mg/L upstream and downstream, respectively, of the Tawi R. in Jammu, with lower concentrations of 0.9–1.5 mg/L in the RBF and groundwater abstraction wells. In these towns, the RBF systems are also located in the upstream areas, and consequently a lower anthropogenic impact is noticeable.



However, two different RBF site examples to those discussed previously are in Daltonganj and Gaya, where the RBF wells have been inappropriately sited within the riverbed and downstream of the towns such that they are directly impacted by wastewater discharged locally or upstream. Consequently, not only was the DOC concentration in the surface water higher, but due to the discharge and accumulation of domestic wastewater directly at and around the wells, which can also be potentially contaminated by flood water, the DOC concentration in the abstracted well water was nearly 4 mg/L.




3.3. Organic Micropollutants


Out of 49 mainly polar OMPs screened, only 22 could be detected (Table 3). Although not regarded an OMP, caffeine was detected in nearly all surface water samples and in many groundwater, RBF well water, and treated water samples in concentrations ranging from <10 ng/L up to 400 ng/L (ubiquitous presence, hence not in Table 3). The occurrence of these 22 OMPs and caffeine is summarized in Table A1. Overall, 26 OMPs were not detected (Table A2).



Similar to the highest DOC concentrations found in the Yamuna R. water between Delhi and Agra, the highest occurrence and also nearly the highest concentrations of OMPs comprising pharmaceutical, medical contrast media, personal care product, corrosion inhibitor, insecticide, and herbicide compounds were also found along this stretch in the river water and also partly in the RBF RCW in Mathura and handpumps located near the river (groundwater, Table 3). The removal efficiency of OMPs by RBF can be demonstrated by taking the Mathura RBF site as an example, where the Yamuna R. had comparably (to Delhi and Agra) high concentrations of OMPs (Figure 4).



In Figure 4, it is observed that the concentrations of some OMPs in the RBF well water were 13%–99% lower than river water (RCW design, fast travel time), whereas others were not present in well water or else detectable in very low concentrations that were not quantifiable. Although this observation was made from the interpretation of a limited number of samples (Figure 4) in this study (collected once during non-monsoon 2014), similar ranges for removal of OMPs by RBF were observed for the same locations in a subsequent study (September 2015 to June 2018) [16]. The higher concentrations of atrazine, diuron, iopromide, sulfadiazine, and tolyltriazole in RBF water (and diuron after reverse osmosis) in Mathura compared to river water could be attributed to the possible effect of high concentrations of these substances in landside groundwater [16]. Thus, in general, dilution effects (groundwater, monsoon) cannot yet be ruled out. Among the herbicides, atrazine was found in the Yamuna R. water at all the sampled locations, with the highest concentration of 153 ng/L being found in Delhi (Table 3). Although atrazine was found in Mathura and Agra, its concentration in the Yamuna R. water was very low and could not be quantified.



Cotinine, diuron, paracetamol, triclosan, theophylline, and sulfamethoxazole were present or only detectable in very low concentrations (but not quantifiable) in the surface water in Haridwar (Figure 4), Srinagar, and Nainital (Table 3) in Uttarakhand. Of these OMPs, only sulfamethoxazole was detectable in nearly all RBF water samples, albeit in unquantifiable amounts (<10 ng/L), and triclosan was present in Haridwar (29 ng/L) and in Srinagar (38 ng/L, only one out of three samples). No other OMPs were detectable in the RBF wells at these sites.



In the state of Jharkhand at the RBF site of the town of Japla, surrounded by predominantly rural and agricultural areas, atrazine was found in surface water, bank filtrate (RCW), and subsequently conventionally treated water with a concentration of 13–14 ng/L, indicating no removal, most likely also on account of the very short travel time of the bank filtrate due to the shallow RCW design of the wells. However, in the more industrialized and densely populated coal mining city of Dhanbad, a wide range of pharmaceutical compounds (paracetamol, sulfamethoxazole, phenazone, diclofenac, theophylline, tolyltriazole, and carbamazepine), contrast media (iohexol), and the herbicide diuron were found in concentrations ranging from 10 to 126 ng/L in the adjacent Damodar R. (Table 3). The Damodar R. receives wastewater from the industrial cities of Dhanbad and Bokaro. In the conventionally treated drinking water derived by direct abstraction from the Damodar, sulfamethoxazole and iohexol were found in unquantifiable amounts (<10 ng/L). Tolyltriazole was found in drinking water (67 ng/L) slightly below the concentration in surface water (88–102 ng/L, Table 3). This indicates on one hand not much removal by conventional treatment, but on the other hand also indicates a natural removal of the other compounds within the river water by degradation and/or dilution and low effect of mixing with landside groundwater.





4. Summary and Conclusions


The Yamuna R. water quality between Delhi and Agra was observed to have the highest organic pollution (concentration of DOC and OMPs), and the surface as well as the groundwater was characterized by a high salinity, giving the drinking water derived therefrom a brackish taste. However, the concentrations of some OMPs in the RBF well water were 13%–99%, and DOC was 50% lower than in river water. The removal of DOC and some OMPs by RBF was considerably greater compared to direct surface water abstraction and subsequent conventional treatment (e.g., in Agra).



At most RBF locations in Jharkhand, Andhra Pradesh, Bihar, and Jammu, surface water quality was generally good with respect to all inorganic parameters. The design and location of the radial collector wells (RCWs) in Jharkhand and Andhra Pradesh within the riverbed ensures the year-round abstraction of water, even during the non-monsoon, when very low to negligible surface water flow is observed. However, the travel time of bank filtrate for such riverbed RCW systems is too short, and thus the removal of organics is lower, and breakthroughs of pathogens and turbidity are likely to occur. One advantage at these locations is that the surface water itself has relatively low concentrations of DOC and OMPs. Iron and manganese can also occur in the abstracted water from such systems. Thus, the bank filtrate subsequently undergoes post-treatment comprising aeration, flocculation, rapid sand filtration, and disinfection. In some coastal and peninsular (hard rock) areas of India (Jharkhand, Odisha, Andhra Pradesh, and Tamil Nadu), RBF is the only viable means of obtaining water compared to direct surface water or even groundwater, and in this context, RBF buffers the quantity of water required through bank or bed storage and can thus be considered to be an element of managed aquifer recharge and integrated water resources management.



This is the first country-wide overview of critical water quality parameters for some existing and potential RBF sites in India. Although this study was based on limited data for some locations, the data were well supported by results from recent investigations [16,29]. The data were insufficient to describe the hydrogeochemical and attenuation processes of inorganic parameters and organic substances in detail, but it nevertheless reiterated the fact that where in use, RBF at least serves as an effective pre-treatment step. For RBF sites at extremely polluted surface waters (such as in Delhi, Mathura, and potentially Agra by the Yamuna River), post-treatment should be made mandatory, e.g., by using activated carbon or advanced oxidation, which is less costly and easier to maintain if RBF is used for pre-treatment [16]. Moreover, the study provides a forecast within an initial site assessment of the water quality to be expected for subsequent investigations ranging from long-term monitoring and hydrogeological process description to environmental and human health risk assessments, and eventually the planning of new full-scale RBF systems in India. The water quality knowledge base generated in this study and the spatial distribution of the investigated sites, both with existing RBF systems and those with potential to develop new systems, forms the basis to develop a master plan for RBF water supply in India [30].
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Table A1. Summary of occurrence of organic micropollutants.






Table A1. Summary of occurrence of organic micropollutants.





	OMP
	Number of Samples Wherein Detected
	Source Water





	Iomeprol
	2
	Yamuna R.



	Naproxen
	2
	Delhi groundwater, Keetham Lake Agra



	Simazine
	2
	Yamuna R.



	Chloramphenicol
	3
	Yamuna R.



	Iopromid
	5
	Yamuna R. and RBF wells along Yamuna



	Sulfadiazine
	5
	Yamuna R. and RBF wells along Yamuna



	Ibuprofen
	6
	Scattered locations



	Acetamiprid
	7
	Mainly Yamuna region



	Atrazine
	7
	Yamuna region and Japla (Jharkhand)



	Phenazone
	8
	Yamuna and Damodar river regions



	1H-Benzotriazole
	11
	Mainly Yamuna region



	Paracetamol
	11
	Scattered locations



	Phenobarbital
	11
	Mainly Yamuna region



	Iohexol
	12
	Mainly Yamuna region



	Diuron
	13
	Mainly Yamuna region and Nainital Lake



	Diclofenac
	14
	Yamuna and Damodar river regions



	Sulfamethoxazole
	14
	Scattered locations



	Cotinine
	15
	Mainly Yamuna region, Jharkhand and Nainital



	Tolyltriazole
	15
	Mainly Yamuna region and Jharkhand



	Carbamazepine
	16
	Yamuna and Damodar river regions



	Theophylline
	17
	Scattered locations



	Triclosan
	23
	Scattered locations



	Caffeine
	41
	Ubiquitously present nearly everywhere
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Table A2. List of organic micropollutants not detected in any sample.
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	Ametryne
	Clofibric acid
	Linuron
	Atenolol



	Atrazine-desethyl
	Clothianidine
	Loratadine
	Ciprofloxacin Ditrizoate



	Atrazine-desisopropyl
	Diazepam
	Primidone
	Gabapentin



	Bentazone
	Gemfibrozil
	Propanil
	Metformin



	Carbofuran
	Iopamidol
	Terbutryn
	Metoprolol



	Chlorothiazide
	Isoproturon
	Trimethoprim
	N,N-Dimethylsulfamide Ranitidin
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Figure 1. Locations having riverbank filtration (RBF) wells in India and those sampled in 2013 (monsoon, green circles), 2014 (non-monsoon, red circles), and both in 2013 and 2014 (orange circles), including six locations where it was not conclusively established that the existing wells abstract bank filtrate (squares) (modified from [22]). 






Figure 1. Locations having riverbank filtration (RBF) wells in India and those sampled in 2013 (monsoon, green circles), 2014 (non-monsoon, red circles), and both in 2013 and 2014 (orange circles), including six locations where it was not conclusively established that the existing wells abstract bank filtrate (squares) (modified from [22]).



[image: Water 11 00215 g001]







[image: Water 11 00215 g002 550]





Figure 2. Median dissolved organic carbon (DOC) concentrations in surface water and bank filtration wells at selected sites, except for the RBF wells in Delhi, where no samples were collected in monsoon (2013). Error bars indicate the standard deviation for numbers of samples (nm: Monsoon; nnm: Non-monsoon) ≥ 2. Haridwar: Ganga, nm = 1, nnm = 2; RBF, nm = 9, nnm = 13; Nainital: Naini Lake, nm = 1, nnm = 2; BF, nm = 3, nnm = 6; Delhi: Yamuna, nm = 2, nnm = 2; RBF, nnm = 5; Mathura: Yamuna, nm = 1, nnm = 1; RBF, nm = 1, nnm = 1; Daltonganj: North Koel, nm = 1, nnm = 1; RBF, nm = 2, nnm = 1. 
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Figure 3. Median DOC concentrations in surface water and conventionally treated drinking water derived from direct surface water abstraction at selected sites in non-monsoon 2014. Error bars indicate the standard deviation for number of samples (n) ≥ 2. Agra: Yamuna, n = 3, nCT = 2; Bhopal: Upper Lake, n = 1, nCT = 1; Dhanbad: Damodar, n = 3, nCT = 2. 
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Figure 4. Median concentrations (except for Mathura) of organic micropollutants (OMPs) in surface water, RBF well water (RBF), and conventionally treated (CT) drinking water at selected sites sampled in non-monsoon 2014. Number of samples (n): Delhi: Yamuna, n = 2, nRBF = 5; Mathura: Yamuna, n = 1, nRBF = 1; Agra: Yamuna, n = 3, nCT = 2. 
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Table 1. Field parameters and major ions of source water, RBF well water, and drinking water at various locations sampled in 2013 and 2014 (n = 1 for each source at each location).
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Location (State)

Season

	
Source of Water Sample

	
Name of SW Body

	
TW

	
pH

	
EC

	
DO

	
Ca2+

	
Mg2+

	
Na+

	
K+

	
Cl−

	
NO3−

	
SO42−




	
Treatment

	
°C

	
-

	
µS/cm

	
mg/L






	
Dehradun (UK)

non-mon. 2014

	
SW

	
Song & Asan

	
25.0

	
7.8

	
n.d.

	
n.d.

	
92

	
38

	
3.0

	
1.4

	
3.4

	
4.9

	
301




	
DW

	
SWA

	
26.0

	
7.7

	
n.d.

	
n.d.

	
96

	
40

	
3.4

	
1.5

	
5.2

	
2.7

	
343




	
Jammu (JK)

mon. 2013

	
SW

	
Tawi

	
27.0

	
8.5

	
539

	
n.d.

	
26

	
5.2

	
3.9

	
1.9

	
<5

	
<1

	
<10




	
Potentially RBF from Tawi

	
21.9

	
8.3

	
591

	
4.0

	
25

	
6.7

	
2.7

	
0.8

	
n.d.

	
<5

	
<10




	
Mathura (UP)

non-mon. 2014

	
SW

	
Yamuna

	
30.8

	
7.9

	
1700

	
6.3

	
76

	
34

	
199

	
21

	
280

	
14

	
97




	
RBF

	
Yamuna

	
34.7

	
7.3

	
1455

	
0.1

	
69

	
29

	
161

	
17

	
215

	
4.4

	
69




	
DW (RBF, small RO)

	
38.2

	
6.4

	
150

	
1.1

	
2

	
0.6

	
17

	
1.7

	
15

	
<1

	
<5




	
Agra (UP)

non-mon. 2014

	
SW

	
Yamuna

	
29.6

	
8.8

	
1665

	
18.5

	
77

	
35

	
206

	
21

	
290

	
22

	
92




	
DW

	
SWA

	
30

	
7.5

	
1645

	
0.1

	
73

	
33

	
199

	
20

	
279

	
13

	
97




	
GW (private well)

	
28.5

	
6.8

	
3400

	
3.3

	
121

	
116

	
372

	
5.1

	
661

	
74

	
353




	
Bhopal (MP)

non-mon. 2014

	
SW

	
Bhopal L.

	
29.6

	
8.1

	
337

	
7.1

	
19

	
7.6

	
11

	
2.8

	
0.2

	
n.d.

	
<5




	
DW

	
SWA

	
30.4

	
8.1

	
257

	
7.2

	
22

	
8.2

	
12

	
2.5

	
12

	
<1

	
7.2




	
Daltonganj (JH)

non-mon. 2014

	
SW

	
N. Koel

	
27.7

	
7.6

	
251

	
5.0

	
22

	
6.7

	
17

	
2.2

	
5.3

	
<1

	
6.8




	
RBF

	
N. Koel

	
31.2

	
7.6

	
272

	
5.2

	
22

	
5.9

	
15

	
2.0

	
5.9

	
<1

	
8.0




	
DW

	
RBF-CT

	
30.3

	
7.9

	
255

	
6.9

	
23

	
6.9

	
18

	
2.5

	
7.1

	
<1

	
9.1




	
Japla (JH)

non-mon. 2014

	
SW

	
Son

	
32.8

	
8.6

	
172

	
8.1

	
16

	
5.1

	
9.0

	
2.1

	
5.9

	
<1

	
11




	
RBF

	
Son

	
32.0

	
8.5

	
177

	
7.5

	
17

	
5.2

	
9.7

	
7.2

	
9.5

	
<1

	
13




	
DW

	
RBF-CT

	
30.6

	
8.3

	
193

	
7.0

	
17

	
4.9

	
9.3

	
2.1

	
5.3

	
<1

	
10




	
Ray Bazaar (JH)

non-mon. 2014

	
SW

	
Saphi

	
37.6

	
8.6

	
253

	
8.8

	
23

	
6.9

	
17

	
2.4

	
8.8

	
<1

	
14




	
RBF

	
Saphi

	
26.8

	
7.2

	
313

	
4.4

	
29

	
8.1

	
19

	
3.4

	
11

	
1.2

	
14




	
DW

	
RBF-CT

	
29.2

	
7.9

	
325

	
7.1

	
30

	
7.8

	
19

	
3.8

	
12

	
1.1

	
17




	
Gumla (JH)

non-mon. 2014

	
SW

	
Nagpheri

	
31.0

	
8.2

	
131

	
8.1

	
12

	
3.0

	
9.5

	
1.8

	
5.5

	
<1

	
<5




	
RBF

	
Nagpheri

	
30.5

	
7.5

	
135

	
5.6

	
12

	
3.0

	
9.6

	
2.0

	
5.5

	
<1

	
<5




	
DW

	
RBF-CT

	
30.3

	
7.3

	
141

	
6.9

	
14

	
2.7

	
8.5

	
2.3

	
5.2

	
1.3

	
8.4




	
Dhanbad/ Jamadoba (JH)

non-mon. 2014

	
SW

	
Damodar

	
34.6

	
8.9

	
347

	
11.8

	
27

	
12

	
20

	
6.3

	
15

	
2.1

	
60




	
DW

	
SWA

	
34.6

	
8.1

	
371

	
7.9

	
26

	
13

	
20

	
6.3

	
15

	
3.0

	
61




	
Gaya (B)

mon. 2013

	
SW

	
Falgu

	
36.0

	
9.2

	
185

	
8.1

	
18

	
5.3

	
7.8

	
2.9

	
6.2

	
<1

	
<10




	
RBF

	
Falgu

	
32.0

	
7.9

	
155

	
n.d.

	
62

	
17

	
11

	
1.9

	
<5

	
<1

	
<10




	
Anakapalli (AP)

mon. 2013

	
SW

	
Sarada

	
31.5

	
9.0

	
398

	
12.5

	
20

	
18

	
35

	
4.5

	
35

	
<1

	
17




	
RBF

	
Sarada

	
30.7

	
8.1

	
540

	
7.1

	
25

	
17

	
29

	
5.6

	
33

	
<1

	
17




	
Ahmedabad (GJ)

mon. 2013

	
SW

	
Sabarmati

	
30.1

	
9.2

	
558

	
9.6

	
20

	
8

	
6.5

	
1

	
6.1

	
<1

	
<10




	
DW

	
CT- RBF/DIS

	
29.8

	
9.1

	
611

	
12.7

	
21

	
7.6

	
6.2

	
1

	
6.4

	
< 1

	
<10








Values highlighted in bold font: Values exceeding the permissible limit in the absence of an alternate source [17] or exceptionally high values for electrical conductivity (EC) resulting in a noticeable saline taste. Abbreviations: RBF: Bank filtration well water; DW: Drinking water (after post-treatment/disinfection); GW: Groundwater; SW: Surface water; SWA: Surface water abstraction followed by conventional treatment; RBF-CT: Bank filtration followed by conventional treatment; DIS: Only disinfection by chlorination as post-treatment; RO: Reverse osmosis; states: UP: Uttar Pradesh; UK: Uttarakhand; JH: Jharkhand; B: Bihar; AP: Andhra Pradesh; GJ: Gujarat; seasons: non-mon. 2014: Non-monsoon (May–June 2014); mon. 2013: Monsoon (June–July 2013); n.d.: Not determined. 
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