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Managed aquifer recharge (MAR) is part of the palette of solutions to water shortage, water
security, water quality decline, falling water tables, and endangered groundwater-dependent
ecosystems. It can be the most economic, most benign, most resilient, and most socially acceptable
solution, but it has frequently not been implemented due to a lack of awareness, the inadequate
knowledge of aquifers, the immature perception of risk, and incomplete policies for integrated
water management, including linking MAR with demand management. MAR can achieve much
towards solving the myriad local water problems that have collectively been termed “the global water
crisis”. This Special Issue strives to elucidate the effectiveness, benefits, constraints, limitations, and
applicability of MAR, together with its scientific advances, to a wide variety of situations that have
global relevance. This Special Issue was initiated by the International Association of Hydrogeologists
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Abstract: Managed aquifer recharge (MAR) is part of the palette of solutions to water shortage,
water security, water quality decline, falling water tables, and endangered groundwater-dependent
ecosystems. It can be the most economic, most benign, most resilient, and most socially acceptable
solution, but frequently has not been implemented due to lack of awareness, inadequate knowledge
of aquifers, immature perception of risk, and incomplete policies for integrated water management,
including linking MAR with demand management. MAR can achieve much towards solving the
myriad local water problems that have collectively been termed “the global water crisis”. This special
issue strives to elucidate the effectiveness, benefits, constraints, limitations, and applicability of
MAR, together with its scientific advances, to a wide variety of situations that have global relevance.
This special issue was initiated by the International Association of Hydrogeologists Commission on
Managing Aquifer Recharge to capture and extend from selected papers at the 10th International
Symposium on Managed Aquifer Recharge (ISMAR10) held in Madrid, Spain, 20-24 May 2019.

Keywords: groundwater recharge; water quality; water banking; managed aquifer recharge;
water crisis

1. Introduction

The papers in this special issue explain how managed aquifer recharge (MAR) addresses water
resilience challenges across the globe. A key water management objective is increasing the security of
water supplies in droughts and emergencies. Another is improving water quality so that sources of
water are able to supply drinking water or buffer against water quality decline due to ingress of saline
or polluted waters. MAR is also used for ecological restoration of wetlands and stream habitats that
have been impacted by surface water and groundwater extraction. Well-conceived and executed MAR
projects therefore offer water managers the opportunity to realize water resilience benefits.

This collection of papers goes beyond enumerating these benefits in various climatic, geological
and social settings. It also addresses the supportive measures to enhance the ability of MAR to
proceed sustainably and effectively to achieve these benefits. Identifying suitable sites for MAR is
one fundamental prerequisite. In recent years, a systematic way of doing this has been by overlaying
layers of relevant variables within a geographic information system and taking combinations of these
with predetermined weights and criteria for likelihood of success (multi-criteria decision analysis).
Examples and a synthesis of this approach are presented in this special issue. In addition to aquifer
suitability mapping, there is also a need to know where sources of water are available for recharge
and where there are existing or projected demands for recovered water. The composite is known as
opportunity assessment and examples are given. Time series modelling of water availability is also

Water 2020, 12, 1846; doi:10.3390/w 12071846 1 www.mdpi.com/journal/water
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used in one paper to determine when recharge is possible and when recovery is needed to help with
integrating MAR into a national water supply system.

Creating awareness of MAR, especially where it is an underutilised tool in water management, is
an important step to increase its effective deployment and impacts. Hence, overviews of MAR practices
at the national and continental scales help develop understanding of the relevant conditions where
MAR has proven effective. Awareness of the policies and guidelines relating to MAR at the national
and state scales, at which water is commonly managed, also helps water regulators determine the
regulations warranted for effective implementation of MAR. Examples are presented where policies
have had positive and unintended negative impacts on the usefulness of MAR.

Concerns by operators over chronic operational issues, such as clogging, must be addressed to
avoid MAR projects becoming unsustainable and therefore not producing the water resilience intended
over time. The largest cause of failure of MAR systems is that methods to manage clogging have been
insufficient at some sites. Two papers focus on clogging—one in infiltration basins and one in injection
wells. They show how well-constructed investigations and research can provide necessary information
for the long-term successful operation of projects where recycled water is recharged.

Finally, the future of MAR is enhanced through innovation in MAR methods and monitoring.
Several papers reveal highly innovative MAR methods. One paper describes a variety of ways to
harness surface water irrigation canals to recharge aquifers where irrigation can draw from canals and
aquifers. Another paper initiates an exploration of a method to simplify monitoring of microbiota in
aquifers used for bank filtration, which has implications for pathogen removal.

Table 1 maps each paper to water resilience themes and the discussion of this introductory
paper. The thematic categories include water security improvement, water quality improvement and
environmental protection and restoration. Following these are some cross-lapping supportive themes
referenced above: mapping of suitable MAR sites and identifying opportunities; continental-scale
and national overviews of MAR practices and policies; operational issues including management of
clogging; and innovation in MAR methods and monitoring. Table 1 shows the papers in order of
mention. It highlights the section of this introductory paper where each paper is featured and also
includes information on the type of source of water used; type of target aquifer involved; type of
recharge method; end use of recovered water, and represented geographic area.
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2. Synopsis of Contents of This Special Issue

2.1. Water Security Improvement

Most papers reported on water supply security improvements, with three of the papers providing
an assessment of benefits. The broadest range of benefits is reported for a diversity of MAR projects
in Spain. Fernandez et al. [1] explains how additional storage enables adaptation to climate change
by buffering water availability during reduced rainfall and extended droughts. For these cases,
the additional storage has been quantified. In Los Arenales aquifer, Santiuste Basin, this is sufficient
to supply farmers for three years with no rainfall. Another benefit is the quantified reduced energy
demand for the pumping of groundwater, which itself is a step to reduce carbon emissions and mitigate
climate change. Furthermore, the aquifer acts as a reticulation system to deliver water without pumping
to farmers wells. The integration of treated wastewater in several projects enhanced groundwater
recharge and its reliability and further increased storage.

In monsoonal North India, imbalance between supply and demand is an annual and interannual
problem. MAR has been proposed by Alam et al. [2] as a possible solution to both. They conducted the
first systematic, multi-year assessment of the performance of pilot-scale MAR designed to harness
village ponds to replenish alluvial aquifers in an intensively groundwater-irrigated, flood-prone area
of the Indo-Gangetic Plain. In Ramganga Basin, adjacent to an irrigation canal, an unused village pond
in clay soil was equipped with 10 recharge wells, and volumes and levels were measured over each wet
season for three years. Recharge averaged 44,000 m® year~! at a rate of 580 m® day~! (221 mm day?)
during up to 3 months each year, enough to irrigate 8-18 ha dry season crop. This was up to 9 times
the recharge without wells. Significant reductions in recharge rates occurred during each wet season
due to clogging of the annular sand filters surrounding recharge wells and due to hydraulic connection
with the aquifer. Authors conclude that the pilot has a beneficial impact on water security for village
supplies but would need widespread replication to have an observable impact on flooding.

Another multi-year pilot-scale trial, also in India but using gravel filters to filter field runoff before
recharging farmers open dug wells in hard-rock terrain in Rajasthan, was undertaken by Soni et al. [3].
A total of 11 wells were recharged between 1 and 3 years, and depth to water level was monitored
weekly for 5 years for all recharge wells and for two control wells near each. In this case, volumes of
water recharged were too small to produce sufficient additional crop to justify the cost of recharge
infrastructure. This is unlike check dams on streams in the same catchment that have a benefit to cost
ratio greater than 4. Water sampling suggested lowered salinity and fluoride in recharged wells but
increased turbidity and Escherichia coli. An unexpected finding of this study was that no sampled open
dug well met drinking water standards. Hence, wellhead water quality protection measures, including
parapet walls and covers and prevention of direct recharge, were recommended for wells used for
drinking water supplies. Testing of larger-scale field infiltration pits is now planned.

2.2. Water Quality Improvement

Improving the quality of drinking water supplies through bank filtration was the focus of three
papers. Kru¢ et al. [4] studied the fate of 25 pharmaceuticals in the Warta River at a bank filtration site in
Poland. Thirteen compounds were detected in bank filtrate and removal increased with distance from
the stream. Some chemicals were completely removed at distances less than 38 m, while a few known
persistent chemicals were still present but at greatly reduced concentrations for wells up to 250 m
from the river. At the most distant well, only carbamazepine and sulfamethoxazole were detected.
Average removal of most parameters was 70-80% even at less than 100 m distance from the river,
demonstrating the additional value of bank filtration in the drinking water treatment train.

Masse-Dufresne et al. [5] studied the quality of water at a bank filtration site near Montreal,
Canada, where two lakes contributed to the supply, and the mixing ratios were dynamic depending on
relative lake levels and the pumping regime for wells. Salinity contrasts between lakes and seasonal
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differences in iron and manganese concentrations allowed an understanding of how to modify pumping
to improve the quality of water pumped.

In the same area of south east Canada that contains many streams and lakes and a huge number
of municipal water supply wells, Patenaude et al. [6] posed the question “which of these are in fact
induced river bank filtration wells that may require greater protection from potential surface water
pollution?” They used a GIS with multi-criteria decision analysis (MCDA) to categorise the likelihood
of wells inducing infiltration from surface water. Minimum distance of wells from lakes or streams
and type of aquifer were the variables selected for categorising wells. It was found that almost one
million people are supplied from wells within 500 m of either streams or lakes. The method is seen by
authors as a starting point for a risk-based analysis that takes account of water quality, environmental
tracers and contaminants in source waters.

Water quality improvement is also an objective of soil aquifer treatment systems that intermittently
infiltrate recycled water. Valhondo et al. [7] tested the use of several types of organic-rich reactive layers
placed at the bottom of infiltration basins to enhance water quality improvement during soil passage.
Field tests were performed at two sites in Spain. Results showed that the reactive layers in most cases
enhanced the removal of the selected organic chemicals analysed (pharmaceuticals and personal care
products). Candidate mechanisms for removal were proposed but not evaluated, so further research is
needed to discuss persistence and resilience. The reactive layer did not increase the removal of E.coli
(a bacterial pathogen indicator) beyond the 2—4 log;y removals observed in controls.

An aquifer affected by seawater intrusion in Barcelona (Spain) has been preserved by a hydraulic
barrier created by MAR, in a study by Fernandez et al. [1], which demonstrated improved water quality
by mitigating and preventing further water quality deterioration.

2.3. Environmental Protection and Restoration

In a novel case study in the Snake River catchment of Idaho, USA, Van Kirk et al. [8] used
a groundwater model and stream and aquifer water temperature data to assess potential benefits of
MAR to protect a trout fishery. Winter and spring MAR operations 8 km from the river supplement
recharge incidental to irrigation and were calculated to increase streamflow in 2019 by 4-7% during the
driest and warmest time of year by increasing cool groundwater discharge, rather than by reducing
stream losses. This lowered the stream temperature from approximately 19 °C, where trout are under
heat stress, to give cool refuges adjacent to springs at 14 °C, which is optimal for trout. This habitat
improvement is an additional benefit of MAR that also supports agricultural irrigation. Well-developed
water rights and water transaction systems in Idaho and other western states enable MAR. However,
the authors note that there remain legal and administrative hurdles to using MAR for cold-water
fisheries conservation in Idaho, where conservation groups so far are unable to engage directly in
water transactions.

In Spain, wetland restoration has also been achieved through MAR in Castilla y Ledn to restore
water levels and maintain a geochemical equilibrium vital for bacteria, vegetation and refuge for
aquatic birds (Fernandez et al. [1]). Since 1995, a deep recharge well in a karstic aquifer capable of
accepting 1000 L/s has been used in Lliria (Valencia) for flood mitigation while also enhancing irrigation
water security [1]. In Neila, Burgos, Spain, 15-40% of flow in streams is directed via constructed
channels into contour bunds in forested areas to enhance diffuse source recharge while also increasing
forest production [1].

2.4. Mapping of Suitable MAR Sites and Identifying Opportunities

A number of papers made use of geographic information systems (GIS) with multi-criteria decision
analysis (MCDA) to identify suitable locations for MAR operations. Sallwey etal. [9] undertook a review
of such studies and out of this developed two open-source web-based tools, a query tool and a tool to
help standardise weight assignment and criteria. These will help users to make mapping of MAR site
suitability more structured and assist in collaboration among multiple partners. Site suitability focuses
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on the presence of an aquifer capable of storage and recovery of water, as well as information on the
unsaturated zone characteristics to indicate viability of infiltration type methods. Data availability and
quality are important in the mapping process and the tools still depend on the assessor’s expertise in
choosing relevant datasets for each specific study.

Although not discussed in any of the GIS-MCDA papers, modern remote sensing methods,
particularly those that are satellite-based provide a dense raster of data relevant to site selection.
Spatial correlation ranges can be determined using geostatistics to suggest more robust predictors
than possible from sparse point-scale measurements, such as aquifer parameters from pumping tests,
although these are valuable to help ground-truth predicted aquifer suitability. It is hoped that in
future, greater effort will be put into parameter selection for parsimonious and robust mapping of
MAR suitability, and into validation of predictions.

MAR site suitability mapping is a foundational layer in assessing MAR opportunity, where the
proximity of such aquifers to sources of water such as streams, dams and water recycling plants
is also considered. One example is the Island of Gottland, Sweden, where Dahlqvist et al. [10]
determined the role for MAR to contribute to future water supplies. They found that 7.5% of the area
of Gotland was suitable for MAR compared with 3.3% suitable for surface water supplies through
new dams. Although lacking detailed site-specific studies, which they recommend, they claim MAR
to be a viable option. They estimated that the unit cost of MAR was four times that of expansion of
conventional groundwater supplies where this was possible. However, MAR was comparable in unit
cost and yield of expanded surface water supplies and approximately one-quarter of the unit cost of
seawater desalination.

Knapton et al. [11] studied MAR options using a partially calibrated groundwater model for the
Darwin rural area of northern Australia. The unconfined aquifer is characterised as a lateritic aquifer
that refills each wet season and was previously presumed unsuitable for MAR. However, in specific
areas, some wet season storage capacity remains, with potential for up to 1.2 Mm®/year recharge.
A confined part of this aquifer was identified to have up to 5 Mm? storage opportunity for water
banking for Darwin’s water security if a 20 m head increase is acceptable in the aquifer.

Maréchal et al. [12] aim to advance GIS-MCDA mapping approaches by adding an economic
evaluation for siting a MAR facility anywhere on an aquifer. They assess the levelised unit cost of
recharge from an infiltration basin, including capital and operating costs, implementing a GIS-tool in
order to build maps of levelised costs at the aquifer scale. The method was tested in simplified form,
with assumptions declared and dependent sensitivity analysis, for an alluvial aquifer in Southern
France. Authors propose that this approach be integrated into a broader analysis of soil and aquifer
parameters that would influence costs and refine the consequent maps.

GIS-MCDA was also used to map zones suitable for different types of innovative recharge
operations on the North China Plain (as mentioned later by Liu et al. [20]).

A different type of opportunity assessment is not based on mapping, but instead uses time series
analysis of water supply and demand to determine the need for MAR and the extent to which it can
contribute to security of national water supplies. Such an analysis is performed by Lindhe et al. [13]
for the north—south water carrier in Botswana. This combines large shallow dams that only irregularly
fill, well fields that have small and reliable supplies but only low rates of natural replenishment,
and possible future MAR systems of different capabilities. The water supply security model uses
monthly time steps over 23 years to relate supply with demand and simulate the magnitude and
probability of water supply shortages. Implementing large-scale MAR can be shown to improve the
supply reliability from 88% to 95%. The model reveals system properties that constrain the effectiveness
of MAR and suggest how to further improve its benefits for an integrated system.

2.5. Continental-Scale and National Overviews of MAR Practices and Policies

Awareness of existing, relevant MAR practices alerts water managers to the possibilities and is
reassuring to those contemplating undertaking a MAR project. This special issue contains a summary
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of MAR practice in the African continent and at the national level in Brazil and Mexico for both
practice and policies. These cover a wealth of experience that is, to date, underreported in international
literature. A decade of experience in Australia with MAR guidelines for health and environment
protection is also reported. These accounts each have unique and highly advanced elements that will
be of interest not only to these geographic areas but also globally.

Ebrahim et al. [14] review and synthesize MAR experience in Africa from 52 reported cases in
9 countries, dating back to the 1960s and covering all main types of MAR. Cases were classified under
13 characteristics including objective of the MAR, hydrogeology and climate. It was found that MAR
occurred most commonly in areas of high interannual variability in water availability. The most
common objective for projects is to secure and augment water supply and balance variability in supply
and demand, in both urban and rural areas. Results revealed a wide diversity of applications including
reservoir releases (Morocco), surface spreading/infiltration (Algeria, Tunisia, Egypt, South Africa
and Nigeria), riverbank filtration (Egypt), in-channel modifications (Kenya, Tunisia and Ethiopia)
and recharge wells (South Africa). Africa also contains several of the world’s most sophisticated
MAR projects, including aquifer injection of highly treated recycled water into crystalline rock to
secure city drinking water supplies (Windhoek in Namibia) and recycling of stormwater and treated
sewage via infiltration basins for town water supplies (Atlantis in South Africa). In total, the estimated
annual recharge volume is 158 Mm?/year or 0.4% of the continent’s annual groundwater extraction.
Advancing MAR in Africa requires fostering awareness of existing MAR projects, mapping suitability
of aquifers for MAR (as performed in South Africa) and informing account of MAR in water allocation
and water quality protection policies.

A study of national advance in the practice and governance of MAR in Brazil is reported by
Shubo et al. [15]. Community level and government-level programs have been implemented at many
sites to address dry season and drought supplies. The Barraginhas Project alone has seen construction
of more than 500,000 infiltration ponds in north east Brazil up to 2013. Another Brazilian MAR design,
Caixa Seca (or ‘dry box’) is widely used to recharge road runoff and would also have international
application. More than 90 in-channel modifications for MAR have been recorded. Urban drainage
public policies have stimulated urban aquifer recharge initiatives mostly aimed to reduce runoff
peak flows. Concerning MAR policies, Brazil has been progressive at the federal level since 2001,
when the Water Resources National Council Resolution n° 15 encouraged municipalities to adopt MAR.
By 2008, its Resolution n° 92 made prior authorization and mandatory monitoring a condition of aquifer
recharge. At the subnational level, regulations in all states mention MAR (‘artificial recharge’) and two,
Pernambuco and Ceara, give incentives and prescriptions for community- and company-established
MAR projects. The authors also note where improvements could be made in the reporting, monitoring,
and systematic appraisal of opportunities and water quality risk management aspects.

Cruz-Ayala and Megdal [16] reviewed the occurrence and legal framework for MAR in Mexico.
They found seven documented operational projects, five pilot projects and five research activities since
the 1950s involving natural waters, recycled water and stormwater. Their combined recharge restores
depleted aquifers, reduces land subsidence, increases water availability and mitigates floods. There are
also very significant opportunities to expand MAR. Regulations are discussed that involve at least three
levels of governance from national to basin and user level. There are also Mexican National Standards
(NOMs) that create a specific regulatory framework for water allocation and water quality standards
that MAR projects must fulfill. These specify the information needed to obtain a permit. Some gaps
in regulations are identified, such as on entitlements to recover recharged water, that, if addressed,
would help to motivate new MAR projects to address critical needs.

Dillon et al. [17] reviewed the consequences of the Australian MAR guidelines for health and
environment protection after 10 years of implementation. They found that, in those states where
MAR is progressing, the guidelines are welcomed as giving certainty and objectivity to approvals and
fitting broader risk management approaches to water quality. In the other states, there has been no
progress, although the need for MAR is just as great. Only minor adjustments are suggested to the
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guidelines, such as taking specific account of temperature change as a hazard in geothermal settings,
referencing advances in environmental genomics, and accounting more explicitly for cumulative
impacts of multiple MAR projects. In the entry level section of the guidelines, more explicit water
entitlement arrangements for sourcing water, recharging aquifers, recovering from aquifers and end
uses are suggested for basins where groundwater management policies need to be strengthened to be
effective in securing MAR entitlements. Its relevance for application in other countries depends on
capabilities to monitor, sample and analyse water quality. If such capabilities are scant, other forms of
guideline are more appropriate, and India’s is given as an example.

2.6. Operational Issues Including Management of Clogging

Two papers focus on operational procedures to manage clogging in MAR projects utilising
recycled water. The first of these describes changes to tilling operations in intermittent infiltration
basins (soil aquifer treatment) at the Dan Region Reclamation Project (Shafdan) near Tel Aviv, Israel
(Negev et al. [18]). After 20 years of stable operation, infiltration rates declined over a 3 year period
due to changing water quality, reduction in drying periods, and seasonal effects. Tillage changes
introduced in a replicated full-scale trial increased recharge capacity up to 95% for deep ploughing and
15% for chisel knife cultivator treatments, both with improved tractor power and depth control systems.
Measurements included infiltration rates and soil compaction depths. Minimising compaction by
allowing complete drainage before tillage is important for sustaining higher infiltration rates.

Stuyfzand and Osma [19] evaluated clogging at a pilot-scale recycled water aquifer storage and
recovery (ASR) well in a confined siliclastic aquifer near Melbourne Australia. They recorded head build
up during an injection and recovery trial, analysed water quality and purged solids, and developed
some novel tests to predict clogging by suspended particles and biofouling. These revealed that
additional water treatment would be needed and reduced rates of injection, requiring more wells to
achieve the injection volume target.

2.7. Innovation in MAR Methods and Monitoring

Two novel recharge systems called a “well-canal combination mode” and an “open
channel-underground perforated pipe-shaft-water saving irrigation system” as practiced in the
Yellow River irrigation district on the north China Plan are described by Liu et al. [20]. These are
among the described numerous types of agricultural MAR practiced since the 1970s in the North China
Plain. Adaptive measures to compensate for diversion of more Yellow River water to cities, to sustain
conjunctive use during irrigation efficiency improvement, and to prevent clogging by fine sediment
are described. Further, a GIS system using a multi-criteria decision analysis (MCDA) was developed to
identify zones for sustainable development of MAR projects in the Yellow River Irrigation District of
Shandong Province. Mapping revealed highest opportunities for MAR systems in the western part
of Liaocheng City irrigation area, where deeper water table and greater sand thickness gave more
storage potential.

Non-conventional methods for recharge enhancement are proposed by Narantsogt and
Mohrlok [21] to secure the depleting water supply for Ulaanbaatar, the capital city of Mongolia.
They modelled several configurations for ice storage and melting in the dry season, when groundwater
levels are low and there is no river flow in this cold semi-arid area. Combining these with recharge
releases from a dam is predicted to meet the ongoing water needs for the city.

Advances in monitoring methods are important to the efficient operation of MAR and protection
of public health and the environment. Microbially-mediated processes in porous media are important
for the removal of viruses, bacteria, and protozoa that are pathogenic to humans. Measuring bacterial
biomass concentration and enzymatic activity is an innovative way of improving understanding
of these processes. Adomat et al. [22] did this using flow cytometry and two precise enzymatic
detection methods to monitor dynamic fluctuations in bacterial biomass at three riverbank filtration
sites. They also performed online flow cytometry in an ultrafiltration pilot plant. The method showed
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promise as a rapid, easy and sensitive future alternative to traditional labour-intensive methods for
assessing the microbial quality of RBF water, but this is still an early stage of development. Findings of
bacterial regrowth on membranes reinforce the value of river bank filtration as a pretreatment for
ultrafiltration for drinking water supplies.

3. Summary

The water security improvement is, perhaps, the biggest target and advantage of MAR, understood
as an integrated water resources management (IWRM) technique. Examples from more than ten
countries demonstrate MAR as a climate change adaptation mechanism (no regret technique) towards
securing long-term groundwater availability. It also facilitates the transmission of water throughout
an aquifer to users” wells; a reduction in pumping energy costs due to higher groundwater levels;
and, in karst areas, can assist flood mitigation by infiltrating water to the aquifer, thereby increasing
the concentration time of the storm and reducing erosion.

Another major motivation to conduct MAR is the fact that the water quality of the source
water generally improves during subsurface passage. Bank filtration for drinking water production
is discussed in several papers in this special issue. These cover aspects from studies of passive
removal of organic chemicals, modifying mixing of waters by adjusting pumping rates, and efforts
to differentiate unintentional bank filtration from other groundwater supplies for managing water
quality risk. Several studies mentioned MAR in the form of hydraulic barriers to prevent saltwater
intrusion, and one used reactive organic-rich layers placed at the bottom of intermittent infiltration
basins to accelerate degradation of constituents of recycled water.

To date, less in the spotlight are the benefits of MAR for environmental protection and restoration.
Examples herein show that MAR may increase streamflow by increased groundwater discharge
to adjacent rivers, hence decreasing water temperatures in summer to benefit a trout fishery.
Moreover, wetland restoration can be achieved by increasing water levels following MAR, as shown
for cases in Spain.

Mapping of aquifer suitability for MAR has used geographic information systems (GIS) with
multi-criteria decision analysis (MCDA) in several areas and web-based tools are emerging aiming
to simplify the process. Overlaying aquifer suitability maps with maps of water demand and water
sources has allowed MAR opportunity maps to be produced. A pioneering attempt to extend these to
levelised cost mapping for MAR has been included. Modelling of the historical operation of a national
water grid with and without MAR has helped to define how to integrate MAR with the existing
infrastructure for maximum benefit.

The enormous diversity of experience in MAR globally means that many different countries have
undertaken initiatives to advance aspects of MAR. Two examples are Brazil’s 500,000 Barraginhas
(infiltration ponds) and the injection of highly treated recycled water into crystalline rock in Namibia
for supplying drinking water. Countries with emerging and growing economies see real opportunities
for making precious water supplies resilient and are moving ahead to do so at a faster pace than some
countries with more established economies. A number of countries, including Mexico, Brazil and
Australia, have for some time recognised the need for MAR regulations to protect aquifers. In Australia,
regulations have assured sustainable operations and assisted uptake of MAR. There remain some
challenges. An example is in Mexico, where existing water allocation policies give no incentive for
investing in MAR to increase water supply.

Clogging, the most frequently encountered threat to successful MAR, has been addressed by
a range of methods to maintain the infiltration rates and to improve water quality. In this special
issue, field studies of infiltration basins and injection wells have been combined with innovative
measurement methods and solutions to trial or recommend strategies. These start with problem
avoidance, by improving the quality of source water, monitoring to detect and reject water with key
parameters exceeded, removing residual drilling fluids and preventing air entrainment. Then small
cycle improvements become the focus, such as improved practices with valves, metering, drying times
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and flow rates. Finally, longer-term maintenance and remedial measures such as changing the method
of purging of injection wells or tillage in infiltration basins are tested and adopted.

Innovations in MAR methods and monitoring are continuously developed and implemented, and
a number of very diverse approaches are presented herein. These include non-conventional methods
for recharge enhancement, such as melting of ice storage and underground ice dams in semi-arid
cold Mongolia, innovative MAR types for agricultural irrigation in the “open channel-underground
perforated pipe-shaft-water saving irrigation system” developed for the North China plain, and new
methods to monitor dynamic fluctuations in bacterial biomass at riverbank filtration sites applied
in Europe.

The analyses in this special issue strongly indicate that MAR innovations will continue, as will the
sharing of results, as exemplified by the following 22 papers. With increased project diversity, and
changing climate leading to tighter constraints on availability of surface water and increased needs for
recovery of stored water, MAR operations will themselves need to become increasingly resilient and
efficient. Good monitoring of demonstration projects to improve process understanding, and good site
selection, as illustrated in this special issue, will be foundational for achieving reliable MAR systems
that produce resilient water supplies.
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Abstract: In this article, the authors will support Managed Aquifer Recharge (MAR) as a tool to
combat Climate Change (CC) adverse impacts on the basis of real sites, indicators, and specific
cases located Spain. MAR has been used in Spain in combination with other measures of Integrated
Water Resources Management (IWRM) to mitigate and adapt to Climate Change (CC) challenges.
The main effects of CC are that the rising of the average atmospheric temperature together with
the decreasing average annual precipitation rate cause extreme weather and induce sea level rise.
These pattern results in a series of negative impacts reflected in an increase of certain events or
parameters, such as evaporation, evapotranspiration, water demand, fire risk, run-off, floods, droughts,
and saltwater intrusion; and a decrease of others such as availability of water resources, the wetland
area, and the hydro-electrical power production. Solutions include underground storage, lowering the
temperature, increasing soil humidity, reclaimed water infiltration, punctual and directed infiltration,
self-purification and naturalization, off-river storage, wetland restoration and/or establishment,
flow water distribution by gravity, power saving, eventual recharge of extreme flows, multi-annual
management and positive barrier wells against saline water intrusion. The main advantages and
disadvantages for each MAR solution have been addressed. As success must be measured, some
indicators have been designed or adopted and calculated to quantify the actual effect of these solutions
and their evolution. They have been expressed in the form of volumes, lengths, areas, percentages,
grades, euros, CO;, emissions, and years. Therefore, MAR in Spain demonstrably supports its
usefulness in battling CC adverse impacts in a broad variety of environments and circumstances.
This situation is comparable to other countries where MAR improvements have also been assessed.

Keywords: Managed Aquifer Recharge; MAR; climate change; water management; IWRM; adaptation
measures; indicators; Spain

1. Introduction

In a world of arising concern for the effects of Climate Change (CC), the search for practical
solutions to mitigate undesirable consequences implies a global change of mentality in the management
of water resources. Beyond overexploitation of water bodies, it is mandatory to build models that
take into account the current effects of CC, especially in those countries with arid or a semiarid
climate, such as the Mediterranean area, where the annual rain scarcity overlaps with punctual
extreme precipitations. These accepted phenomena are indeed heightened according to the prevailing
CC models.

The main manifestations of CC shown in this paper on which the Managed Aquifer Recharge
(MAR) techniques can incise are an increase in the average temperature, a decrease in the annual
precipitation, recurrent extreme weather and a rise in the sea level [1].
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The key problems and impacts of CC whose figures are globally rising are the evaporation rate,
water demand, fire risk, and run-off. On the other hand, decreasing figures are found, at least, in the
water supply, wetland surface and hydro-electric energy production [2].

Managed Aquifer Recharge (MAR) can provide with a large array of technical solutions to
mitigate those adverse CC effects by not only managing groundwater, but also showing an integrated
vision of water resources and their associated wetlands, following the EU Water Framework Directive
approach (2000/60/CE) [3]. This concept has been put into practice all over the world, facing different
CC challenges, from building extreme run-off reservoir systems to fighting sea level intrusion.
The monitoring of these devices shows a bunch of indicators of successful recharge and simultaneous
local CC mitigation effects.

Some out-of-Spain models to assess the potential impact of future climate conditions on
groundwater quantity and quality have been performed, e.g., in the Central Huai Luang Basin
of Thailand. There, four different cases were developed to study the spreading saline groundwater
and saline soils in this basin as a consequence of MAR activities, concluding that for all future
climate conditions, the depths of the groundwater water table not only will increase, but also the
salinity distribution areas will follow this trend by about 8.08% and 56.92% in the deep and shallow
groundwater systems, respectively [4].

On the Spanish Mediterranean coast—an area with severe salinization over the last 40 years due
to intensive exploitation of groundwater—piezometric levels and chloride concentrations have been
monitored. Dry periods and their associated increases in pumping caused the advance of seawater
intrusion. The sharp reduction in groundwater withdrawals over the last decade has pushed the saline
wedge backwards, although the ongoing extraction and the climate conditions mean that this retreat is
quite slow, and could be enhanced by means of MAR applications [5].

On the Southern Italian Mediterraneas coast, over four models were tested to foresee saline water
intrusion threatening fresh groundwater resources. Among all the processes taken in consideration
for the simulations, authors remarked the importance of a detailed statigraphic reconstruction and
geomorphological settings. The results of the validated model indicated the strong link between
surface water bodies (specially affected by CC impacts) and the coastal aquifer, with a slight salinization
increase for the horizon 2050 [6].

In a recent study performed by the International Association of Hydrogeologists (IAH) considering
inputs from a vast variety of countries with special focus on Brazil and South Africa, authors
claimed the excellent groundwater drought resilience and how it provided a ‘natural solution” for
the deployment in CC adaptation, by means of ‘strategic rethinking’, conjunctive use, and quality
protection. These actions should be applied on storage availability, supply productivity, natural quality
and pollution vulnerability. They advised that though uncertainty remains over the long-term effects
of CC on groundwater recharge, a higher impact on shallow aquifers is still expected. Nevertheless,
they also remarked the necessity for more studies to be undertaken due to the current lack of definitive
data [7].

2. Materials and Methods

The main objective of this paper was to collect figures and examples that could illustrate that
MAR, as well as in combination with other techniques, could successfully contest the effects of CC by
adaptation and even mitigation strategies.

The methodological approach used below pairs the problems and solutions together. Main CC
impacts and risks were going to be matched with the available MAR techniques that could be used
to mitigate them. Effects, impacts and corresponding MAR solutions were organized in 3 different
columns in Figure 1.
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Figure 1. Relationships between the main manifestations of climate change (CC) and their main problems
and impacts, and the technological solutions that can be implemented as adaptation measures.

3. Results

Results will be explained in the following pages, where some indicators will be proposed to

measure the quantitative impact on CC mitigation as related to other usual techniques.

Examples of initiatives to combat climate change have been organised into four groups, as shown

in Figure 1:

1. Examples of technological solutions to palliate rising temperatures (Section 3.1).

2. Examples of technological solutions to palliate decreasing annual precipitation rates (Section 3.2).
3. Examples of technological solutions to manage extreme phenomena (Section 3.3).

4. Examples of technological solutions to reduce the rising of the sea level and saline water intrusion

(Section 3.4).

Spanish examples are located for every group (Figure 2).
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Figure 2. Map of Spain containing the Managed Aquifer Recharge (MAR) sites to fight CC adverse
impacts studied and exposed. Numbers in the map follow in brackets after the header of the
corresponding example in the next paragraphs.

3.1. Examples of Technological Solutions to Palliate Rising Temperatures

The International Panel for Climate Change (IPCC) in the 5th Assessment Report (2014) declared
that the global temperature will rise more than 1.5 °C during the 21st century in all the possible scenarios
and probably 2 °C in two of the highest emission sceneries [8]. Evaporation, evapo-transpiration and
water demand are expected to follow this trend, but MAR has its own means to counteract those effects.

The indicators for each of the following examples have been gathered in Table 1.

Table 1. Selected Spanish MAR sites and indicators to track their relationship with CC adverse impacts.

MAR SITE (*) CCIMPACT INDICATOR/S
Capability to recharge peak flows:
Guadiana Canal, Castilla-La Mancha PALLIATE RISING Intermittent underground water storage.
1) TEMPERATURE Total recharge in 48 supplementary
hm?/year

Lower surface temperature according to

Parc Bit Majorca Island (2) Palliate rising temperature thermographic photographs
. . P . - Increase in soil humidity during
Gomezserracin, Castilla y Le6n (3) Palliate rising temperature MAR cycles
- - 3 ;
Alcazarén, Castilla y Leon (4) Strateg{c‘water storage/Palliate Increases of 0.4 hm per year recharging
rising temperature reclaimed water

Capability to recharge peak flows:
Increases up to 5 hm® per year by
recharging potable water excess

Strategic water storage/Palliate

CYII Madrid (5) rising temperature

Strategic reserve for drought periods
+/=12-53% in water physical and
chemical parameters

PALLIATE DECREASING

Santiuste, Castilla y Le6n (6) PRECIPITATION RATES
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Table 1. Cont.

CC IMPACT

INDICATOR/S

MAR SITE (*)

5% recharge volume dedicated to alkaline
lake restoration

Santiuste, Castilla y Ledn (6)

Wetlands Restoration

Transport length without pumpage:

El Carracillo, Castilla y Ledn (7)

Gravity flow water distribution

Energy efficiency through

40.7 km of pipes and channels by gravity.
Supplied irrigated area: 3500 ha
Saving in terms of kW-h is between

12 and 36% thanks to water level rise

El Carracillo, Castilla y Leon (7)

Managed Aquifer Recharge

Reduce precipitation peak thank to a high

Arnachos, Valencia (8)

MANAGE EXTREME CC
PHENOMENA

recharge capacity borehole (up to 1000 L/s)

Forest is capable of retaining and
channelling 15%-40% of the volume of

Neila, Castilla y Leon (9)

Forested watersheds

surface runoff

2.62 hm?®/year stored out of Voltoya River

Santiuste, Castilla y Ledn (5)

Multiannual management by
means of Off-river storage

would allow groundwater extractions for
irrigation during 3 years with no rain
Evolution of seawater intrusion by
iso-chlorides lines evolution

El Prat de Llobregat, Catalufia (10)

REDUCE SEA LEVEL RISE AND

SALINE WATER INTRUSION

(*) The positions of these MAR sites have been exposed in the Figure 2.

3.1.1. Underground Water Storage. Canal del Guadiana, Castilla-La Mancha (1 in Figure 2)

The high temperatures over 40 °C in August, that can be found in the historic record of the
Castilla-La Mancha Region [9], and the shallow streams multiply the evaporation rate in summer.
A net of wells close to the canal of Guadiana was built by the Guadiana River Water Authority (CHG)
in Castilla-La Mancha (Figure 3), for rural development and mitigation of the overexploitation of the
groundwater body (known as aquifer #23). This MAR system can increase the total storage volume by

means of intentional recharge in about 48 supplementary hm? per year [10].
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Figure 3. General sketch of the MAR system of wells near Canal del Guadiana for irrigation and
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3.1.2. Temperature Reduction. Parc Bit, Palma de Mallorca, I. Balears (2)

The Sustainable Drainage Urban Systems (SDUS) consisted in a group of building items that
was integrated into the urban architecture [11], with the goal to increase the city water permeability
by means of rising run-off infiltration into the aquifers under the town surface. At the same time,
they could also combat Urban Heat Island (UHI) through the development of water stores and green
areas within the city landscape.

A good example of this practice can be found in Parc Bit (Palma de Mallorca, Figure 4), where the
vegetated roofs, fed by rain collection, were able to reduce the air temperature in the range of 1.5 to
6 °C. Thermographs were able to establish a clear and quick difference displayed in the pattern of
colours when areas with or without a canopy were compared [12]. A square meter of green cover
could evaporate more than half a litre of water per day.

—y

01/07/09 12:05:24 e=0:90

Figure 4. Sustainable drainage urban systems (SUDS) to reduce the urban heat island (UHI). Model and
development of green roof on the Parc Bit building, Palma de Mallorca, Spain. Example of thermography
to track the UHI evolution.

3.1.3. Increase in Soil Humidity. Gomezserracin, Castilla y Ledn (3)

Los Arenales aquifer in Gomezserracin provided an example of increased soil moisture and a rise
in the phreatic surface brought about by underground storage through a system of canals and streams
(Figure 5). Artificial recharge operations, initiated in 2003, resulted in an average rise in the phreatic
surface of more than 2 m, even though it was a passive system since it did not require any electrical
power to work. This additional storage in the unsaturated zone increased soil moisture by 15%-20%
according to datasets obtained from the MARSOL ZNS-3 station [9-17], equipped with a set of sensors
which captured measures in both, the saturated and the unsaturated zones. Humidity evolution
has been the main assessed indicator after taking into account the natural precipitation. The costs,
appart from the initial investment, were due to cleaning and maintenance, with an average of about
30,000 €/year, contributed by the irrigators” association.
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Figure 5. Infiltration ponds in the Los Arenales aquifer: Gomezserracin, soil humidity evolution from the
so called MARSOL ZNS-3 station datasets (02/11/2014-30/06/2016) and natural precipitation evolution [9].

3.1.4. Reclaimed Water Infiltration. Alcazarén, Castilla y Ledn (4)

The recharge system (Figure 6) began operating in 2012, with an estimated annual recharge
of 0.6 hm? for the whole working period, with scarce variations, thus the main indicator remained
constant [14-23]. In the case of Alcazarén, the recharge water came from an advanced secondary
treatment at Pedrajas de San Esteban Waste Water Treatment Plant (WWTP). It was convenient to
perform post-treatment actions on the treated water (filter beds, geofabrics, reactive filters, and tests
with disinfectants or Disinfection By Products (DBP), thus that its quality was more appropriate to
make MAR without causing damage to either the environment or the consumers’ health. These waters
were subsequently used for irrigation and agro-industry supply.
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Figure 6. Alcazarén Area and its MAR components, Valladolid (Spain). Photos of some key points
(a) Pedrajas waste water treatment plant (WWTP); (b). Connecting junction of water from WWTP,
Pirén River abstraction and urban run-off channel; (c). Run-off canal from Pedrajas Village to the
connection point; (d) General scheme.

3.1.5. Punctual Infiltration. Canal de Isabel II, Madrid (5)

Canal de Isabel II or CYII is the public enterprise in charge of water purification, supply and
wastewater management in Madrid. This company has built a system of deep injection in
a semi-confined aquifer in the aquifer under the city. Punctual recharge takes advantage of low
surface need and high capability to recharge peak flows.

This MAR device was mainly used during drought alerts for potable water supply,
increasing resources in the city of Madrid with up to 5 hm? per year [11]. Thus, the indicator
remained about this figure along that time period.

3.2. Examples of Technological Solutions to Palliate Decreasing Annual Precipitation Rates

The impact of CC over the last decades has been connected to changes on a large scale in the
hydrological cycle. Changes in the precipitation pattern were subjected to a significant variability in
space and time. During the 20th century, precipitation had risen in inland areas and northern latitudes,
while it had fallen between 10° S and 30° N from the 70s [16].

3.2.1. Self-Purification by Natural Biofilters and Nature Based Solutions. Santiuste, Castilla y Leon (6)

The Wastewater Treatment Plant (WWTP) of Santiuste pours the treated water into four lagooning
purifications ponds, and then in the East MAR canal, with two different stretches: The first section
works as a natural filter and as a MAR canal, and occupies more than one kilometre in length; while the
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second has a scarce filtering section, and extends for 1.5 km up to the mouth of the Sanchén artificial
wetlands complex. Natural vegetation is respected in this stretch, as it acts as a biofilter, until it
reaches the Sanchon spillway or is sent to the wetlands for post-processing actions. After the third (2b)
artificial wetlands (AW), water returns to the East MAR canal with improved quality. Sunlight and
plant growth play a crucial role in the purifying processes of the resulting water, combining one part
from the Voltoya River and another from the treatment plant. Indicators assess the evolution of the
main parameters, e.g., nitrate concentration was reduced by almost 30%, turbidity by 34%, and copper
ions by more than 60% [9].

3.2.2. Wetlands Restoration. Santiuste, Castilla y Le6n (6)

La Iglesia Lagoon is an alkaline wetland (salt-lake with basic salts of very high pH), which was
rehabilitated by means of a solution specifically designed to take advantage of MAR facilities in the
area. The recovery of the mineralization fundamental to maintain the characteristics of this type of
water bodies, which was thus unique, was achieved through the interaction between the recharge
water interacting with the biological and saline sediments deposited in the beach of the lagoon.
This allowed the maintenance of a colony of endemic bacteria and the protection of vegetation of high
ecological value. It was also an important refuge for aquatic birds. Finally MAR contributed in the
preservation of minerals and biominerals considered “rare”, thanks to about 5% of the total MAR
volume being diverted to La Iglesia Wetland from the Santiuste West MAR Canal [17-22] by gravity
(passive system). The amount of water used for environmental purposes has been adopted as the
indicator for wetlands restoration.

3.2.3. Gravity Flow Water Distribution. El Carracillo, Castilla y Leén (7)

A “passive” MAR system is one that does not require electrical energy to operate. They generally
function by gravity. Once the behaviour of the aquifer is known, it is possible to infiltrate the recharge
water concentrated in a given area, relying on water resources being reused simply by gravity and
the quality improvement by naturalization thanks to the aquifer. This technique makes it possible
to reduce pipe layouts, with its consequent environmental benefits and cost savings. An example
is the MAR artificial recharge at the head of the Carracillo, with distribution of the recharge waters
from the storage area throughout the irrigable area, where most of the wells in the region are scattered.
The volume of recharge water in the headwaters (East) is naturally directed through the aquifer to the
discharge into the Pirén River and its tributary Malucas (West), and can be intercepted throughout the
circuit by the irrigation and agro-industry wells, thus avoiding the laying of pipes.

The gravity distribution system (Figure 7) covers up to 40.7 km in length between canals and
pipes from the dam to the final discharge area, serving an area of 3500 ha irrigated within 7586 ha of
agricultural area [14]. Consequently, the adopted indicator is the length of the network divided by the
number of irrigated hectares.

The system represents an important energy saving, which can be added to the savings involved
in pumping water from shallower groundwater levels.
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Figure 7. El Carracillo Area and its MAR sites. Devices, junctions, and functions, Segovia (Spain).

3.2.4. Energy Efficiency Increase through Managed Aquifer Recharge (El Carracillo, Castilla y Ledn)

The recharge in El Carracillo contributes to the rise of the water table. Monitoring of the pumping
costs of 314 extraction wells, with an average pumping of 9957 m? per well per annum, and the rise

in the average phreatic level from 6.30 m to 4.00 m since 2003 to 2015 represented a rise of +2.30 m
(Figure 8).

6.30 m

AH=+2.30 m

(a) (b)

Figure 8. Mock-up with the rise in water level resulting from artificial recharge operations in El
Carracillo aquifer. Groundwater levels before (a) and after MAR operations (b).

The next task was to calculate how much a rise in water level of 2.30 m represented in energy terms.
The saving for the irrigators’ community, over a calculation of about 0.16 kW-h/m3 as an average for
water extractions, was between 12% and 36% depending on the area, the equivalent of 3000 €/annum
as a maximum. This situation is very beneficial for irrigation and for shallow water ecosystems [9].

The volume of CO, emitted annually in the El Carracillo irrigation community had fallen by
10,780 kg, which was proportional to the rise in the phreatic surface, without taking into account
upgrading, energy efficiency initiatives, etc.

The indicator adopted was either the cost savings or the reduction of emissions thanks to
groundwater level rise caused by MAR actions.
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3.3. Examples of Technological Solutions to Manage Extreme Phenomena

Extreme situations characterised by an abundance of water, such as floods, “cold drop” events,
etc., GIAE [12] can be used, to a certain extent, for MAR. For this purpose, it was necessary to create
a system to detain the fast-flowing water and channel it towards recharge devices.

3.3.1. Infiltration of Extreme Flows. Lliria, Valencia (8)

Since 1995, the Basic Civil Protection Guidelines for flood risk included safety procedures for
preventing and limiting potential damage arising from this risk. An outstanding example was
“Arnachos”, a 300 m deep borehole drilled in Losa del Obispo (Valencia) with an extremely high
recharge capacity. This was located just a few metres from the irrigation pond of the Tarragé Irrigation
Community (Figure 9). It enabled the extraction of a signification fraction of clean water from the
irrigation pond in times of heavy rain. Therefore, this recharge system acted as a safety system,
reducing the water excess during floods with zero electricity consumption.

'I‘lﬁiim
i

Figure 9. Deep borehole “Arnachos” at Balsa del Campo, Valencia (UTM 685,744/4,391,256) located in
the margin of an irrigation pond and used as both, a safety and recharge element. Photos courtesy of
J.M. Montes and FEGA.

In 2014, it was used twice to reduce the peak-flow in a flood and to recharge the karstified aquifer
with an infiltration rate of almost 1000 L/s for a period of 14 h (0.0504 hm?), a significant amount of
water that otherwise would have worsened the devastation caused by the flooding.

3.3.2. Forested watersheds. Neila, Castilla y Le6n (9)

Many examples can be given of mechanical soil preparation for the purpose of increasing the
infiltration rate: Channelling of river water to forests conditioned to store the water for a period and
facilitate infiltration, as well as forests “organised” to receive “ordered” runoff and facilitate infiltration
(Figure 10), etc. According to the DINAMAR project, the main share of artificial recharge in Spain
comes from these kinds of devices and is estimated to be 200 hm?® per year.
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(@) (b)

Figure 10. Mechanical initiatives to minimise runoff, facilitate recharge, and subsequent plantation (a)
and infrastructure to channel and level excess runoff water (b) Neila (Castilla y Leon).

An example of this sort was found in Neila, Burgos, where a canal had been constructed to channel
water from a road towards a forest adequately prepared for this purpose. This forest was capable of
retaining and channelling 15%—40% of the volume of surface runoff [10-18], therefore the indicator
adopted is: Percentage of trapped water out of the total runoff.

3.3.3. Multi-Annual Management. Santiuste Basin (CyL) (6)

On certain occasions, conditioned by the potential storage volume of the receiving medium,
multi-annual management actions may be performed on the recharge waters. This situation is possible
either in areas of high volume available and any demand, or in areas of low potential storage volume
and low demand.

In previous sections, situations of inter-annual water management have been described,
including nodes of return to aquifers in topological schemes and strategic storage as a preventive
measure of adaptation to hypothetical future adverse situations. In this same context, it is worth
mentioning the multi-year management of reserves. This is a basic water management technique that
considers water as a mining resource, renewable in years of favourable weather conditions, for use in
years of prolonged drought.

For example, in the Los Arenales aquifer, Santiuste Basin (Figure 11), the storage of water during
several winter periods, in addition to that previously existing when the aquifer was provisionally
declared overexploited, could cushion short-term drought situations with almost no repercussions
for farmers, as the system was passive too. According to data from the DINAMAR R&D project,
the economic activity of the region could be maintained for a period of three years with zero rainfall
during all this time, thanks to the reserves stored in the different underground basins that the
aquifer presents [10-17].
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Figure 11. Managed underground water storage for use at annual intervals. Santiuste Basin. MAR
devices and functions [15].

3.4. Examples of Technological Solutions to Reduce Sea Level Rise

Positive Hydraulic Barrier. El Prat de Llobregat, Barcelona (10)

One of the most emblematic examples of a water barrier against sea water intrusion is located in
the surroundings of Barcelona city’s airport. It is a system of recharging wells injecting water from
El Prat WWTP, a positive hydraulic barrier (Figure 12). According to the mathematical models the
recovery of the preoperational state previous to the sea intrusion should take around 30 years [20].
The main disadvantage was the huge electricity consumption, thus the activity was eventually stopped
during the global economic crisis affecting Spain from 2008.
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Figure 12. Intrusion barrier in the Llobregat River delta. Hydraulic barrier at Llobregat River delta.
Iso-chlorides evolution graphic model for 2035 horizon: Evolution of seawater intrusion without (a)
and with (b) operative recharges.

Specific Spanish MAR sites and proposal/examples of indicators to monitor and track their
relationship with CC adverse impacts are exposed in Table 1.
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4. Discussion

Analysing one by one some of the MAR solutions with a direct connection to CC impacts,
some outcomes are obtained, according to the different groups established for disaggregated studies.
These groups are underground water storage, temperature reduction, soil humidity increase, reclaimed
water Infiltration, punctual infiltration, self-purification, off-river storage, restoration of key elements,
ground-water distribution by gravity, savings/Lower emissions, infiltration of a part of extreme flows,

forested watersheds techniques, multiannual management and intrusion barrier wells.
Table 2 summarizes the main pros and cons for MAR solutions regarding CC adverse impacts.

Table 2. Advantages and disadvantages of MAR technical solutions as mitigation measures of CC

negative effects.

MAR SOLUTIONS

ADVANTAGES

DISADVANTAGES

Underground water storage

Water recharge can help to restore wetlands
associated with overexploited aquifers,
especially when winter extraordinary flows
are used as a recharging source.

Run-off abstraction can change recharge
into negative impact, considering
downstream ecosystems

Temperature reduction

Broad array of possibilities in SDUS, from
parking lots to roofs, from rain storage to
high evaporation systems

Risk of accidental pollution through run off
on contaminated areas

Soil humidity increase

Maintenance of micro-flora and fauna in the
soil, increase in fertility, low infiltration with
small investment and good purification

High soil humidity can facilitate flooding by
water table rising or freezing in cold
climates. Balance between unsaturated and
saturated areas should be searched

Reclaimed water infiltration

Decreasing offer of primary sources (rain
and run-off) and increasing offer of
secondary ones (WWTP, desalination, storm
reservoirs). Chance to change a split into
a resource

Reclaimed water involves unbalance
between recharging water quality and
receptor aquifer quality, clogging during
infiltration and legal limits to recharge (EIA)
or to use (authorization)

Punctual infiltration

High potential to manage peak flows in
constrained areas with filtering systems and
possibility of deep recharge as a safety
measure in open aquifers

Decantation processes can get clogged.
Forced refill can reduce the availability of
extreme flows from unexpected storms

Self-purification

Possibility of design according to
characteristics of the spillage parameters,
combining depth or development of
vegetation that allow the development of
physical, chemical and biological
phenomena depending on draft, type of
background, speed of flow, entry of light.
Manageable characteristics also to
accommodate different types of habitats

The mixture with poor quality waters can
affect the infiltrating capacity of the aquifer
by either clogging the unsaturated zone or

compromising the possibilities and
authorizations to use the final mixture.

The development of certain vegetation can

favour a greater infiltration through the
roots or, on the contrary, encourage surface
clogging by the formation of bacterial
biofilms

Restoration

Slow infiltration into areas where sufficient
surface is available for infiltration ponds
allows temporary wetlands permanence

requiring only a fraction of the total
rechargeable volume and, at the same time,
fulfils relevant ecosystem functions as
a refuge for wild fauna and flora

The establishment of free water sheets may
limit the use of reclaimed water due to
possible health risks

Gravity flow water distribution

The greater the knowledge of the aquifer is,
the greater is the established systems that
take advantage of the hydraulic
characteristics of the terrain

Detailed hydrology and geotechnics
knowledge play a fundamental role in order
to take advantage of the potential
distribution of water along the aquifer by
simple gravity. Precise studies are essential

Savings/Lower emissions

In this context, new lines of action are being
considered to improve energy efficiency,
such as the replacement of diesel engines by
electric motors, the use of alternative
energies to reduce pumping costs, such as
solar panels, wind energy, and greater use
of biomass

The improvement of the economic
conditions allowing energy consumption
can become a dangerous stimulus for the
excessive increase in agricultural demand,

thus, it is necessary to establish regulations
for general resources management
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Table 2. Cont.

MAR SOLUTIONS

ADVANTAGES

DISADVANTAGES

Infiltration of a part of extreme
flows

High capacity to manage overfloods and
peak flows in reduced spaces with the
application of measures that decrease solid
load. Ability to redirect flows to deep
aquifers to avoid flooding in certain sectors
of unconfined aquifers

Overfloods must be previously laminated to
be partially infiltrated. The enhanced
infiltration in the aquifer might reduce the
soil capacity to absorb extreme precipitation
by infiltration

Forested watersheds

Watersheds erosion control and promotion
of forest hydrological restoration thanks to
detention/retention devices to form soil and
reduce slope. Development of deep soil
botanical species with greater terrain
stability (the retention of solids allows to
increase the useful life of dams)

Water retention in the heading of the basin
reduces downstream runoff, enhances soil
formation and has a direct effect on
associated wetlands

Multiannual management

Underground reserves do not require
certain precautionary measures such as
winter water releases, but might need to
divert certain volumes to deep aquifers for
exploitation in emergencies

Multi-year management implies a very
good organization of uses with a great
cohesive spirit among stakeholders. Despite
their advantages over dams, they also
require precautions against water table
excessive rises

Intrusion barrier wells

Acceptable use of low-quality sources (high
NaCl or NOj3 concentration) carefully
combined for MAR

Collateral effects of pollutants in the
recharged volumes on the aquifer’s
potential storage

Advantages and disadvantages should be considered before selecting the best fitted or
a combination of techniques.

Regarding results, Figure 13 summarizes the relationship between CC current impacts and MAR
solutions with their specific site mention and the assessed indicators of positive achievements against
CC. Trends and evolutions of the different indicators are explained in each one of the references, but the
figures exposed represent an accurate approach for the present MAR-CC binomial.

CC ISSUES MAR SOLUTHINS SPANISH W

I
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Figure 13. Relations between CC impacts and MAR solutions with their site locations and indicators of
positive achievements.
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These results have been compared with the referenced international parallel cases. All the studied
demo-sites reflect a homogeneous evolution:

Most of the published articles pay special attention to modelling and saline water intrusion and
groundwater salinity evolution, though they have scarce data and results about indicators to monitor
most of the identified impacts.

Those sites affected by saline water intrusion and salinity increase do not show the groundwater
resilience that the other MAR pilots expose, where indicators are showing a better reaction regarding
water storage, soils humidity and extreme water related events response.

Monitoring water quality is being a pendant issue, as there are more indicators facing quantity
constraints than quality issues.

Reclaimed water infiltration is a first-row topic under permanent revision. In the future and for
the studied sites, this kind of MAR will not be an option but a priority.

Dykes play a key role regarding runoff capture and floods, extending the concentration time and
enlarging the volume peak, therefore reducing the flood’s devastation capacity.

Wetlands are under permanent support. Most of the studied cases invest about 5% of available
water for environmental purposes. A general regeneration is achieved to a certain extent in both,
water availability and biodiversity.

5. Conclusions

Climate change effects and their associated impacts have been related to 10 successful MAR sites
in Spain through a series of indicators (Figure 13), that let us assess the efficacy and efficiency of the
MAR technique as a multifunctional technique that can simultaneously achieve several purposes.

The list of climate change effects in Spain has been accompanied by several fruitful cases of
MAR. This success is economically sustainable as most of them are passive systems (do not require
electricity to work). The data associated with these monitored cases have enabled the establishment of
status indicators, whilst demonstrating the proficiency of MAR to face frontally CC adverse impacts,
not only within the context of the case-studies in Mediterranean areas (Figure 13), but also in parallel
circumstances all around the world.

The exposed examples affirm that management schemes featuring intentional aquifer recharge
constitute an important set of climate change adaptation measures, while providing guarantees with
respect to future water supply. These examples are aligned with other international cases consulted
in the references, where despite isolated actions, the response to CC appears to be collegiated [24].
Some of the exposed technical solutions also serve to palliate the adverse effects of CC as mitigation
measures. According to indicators, some progress is achieved in replenished aquifers where pumping
costs save electricity due to a higher water level with an attached CO, emission reduction. The attention
paid on water and anergy efficiency is also a general asset found in the whole MAR cases under study.

The exposed examples and their comparable potential may have a high practical value for MAR
constructions, specially adapted to combat CC in Mediterranean countries [25] where droughts have
dramatic effects.
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Abbreviations

The following abbreviations are used in this manuscript:

AW Artificial Wetlands

MAR Managed Aquifer Recharge

CcC Climate Change

NBS Nature Based Solutions

SUDS Sustainable Drainage Urban Systems

UHI Urban Heat Island

WWTP Waste Water Treatment Plant

MSCA Marie Sklodowska Curie Action
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Abstract: The managed aquifer recharge (MAR) of excess monsoonal runoff to mitigate downstream
flooding and enhance groundwater storage has received limited attention across the Indo-Gangetic
Plain of the Indian subcontinent. Here, we assess the performance of a pilot MAR trial carried
out in the Ramganga basin in India. The pilot consisted of a battery of 10 recharge wells, each 24
to 30 m deep, installed in a formerly unused village pond situated adjacent to an irrigation canal
that provided river water during the monsoon season. Over three years of pilot testing, volumes
ranging from 26,000 to 62,000 m® were recharged each year over durations ranging from 62 to 85 days.
These volumes are equivalent to 1.3-3.6% of the total recharge in the village, and would be sufficient
to irrigate 8 to 18 hectares of rabi season crop. High inter-year variation in performance was observed,
with yearly average recharge rates ranging from 430 to 775 m?3 day_1 (164-295 mm day"l) and
overall average recharge rates of 580 m® day~! (221 mm day~!). High intra-year variation was also
observed, with recharge rates at the end of recharge period reducing by 72%, 88% and 96% in 2016,
2017 and 2018 respectively, relative to the initial recharge rates. The observed inter- and intra-year
variability is due to the groundwater levels that strongly influence gravity recharge heads and lateral
groundwater flows, as well as the source water quality, which leads to clogging. The increase in
groundwater levels in response to MAR was found to be limited due to the high specific yield
and transmissivity of the alluvial aquifer, and, in all but one year, was difficult to distinguish from
the overall groundwater level rise due to a range of confounding factors. The results from this
study provide the first systematic, multi-year assessment of the performance of pilot-scale MAR
harnessing village ponds in the intensively groundwater irrigated, flood prone, alluvial aquifers of
the Indo-Gangetic Plain.

Keywords: managed aquifer recharge; Underground Transfer of Floods for Irrigation; droughts;
floods; groundwater depletion

1. Introduction

The inter- and intra-annual variability of water availability, manifesting in extreme flood
and drought events, presents a considerable challenge to ensuring water security globally [1,2].
This variation in water availability, separated by time and space, co-exists in most river basins
globally [2]. The impact of water variability is magnified in the agriculture sector due to its strong
dependence on climate. This is exemplified by the fact that of the total loss of USD 80 billion in crop and
livestock production in 67 countries between 2003 and 2013, due to 140 medium-to-large-scale disasters
(including non-water related events), 83% was caused by flood or drought [3]. With climate change
increasing rainfall variability and inducing more and severe extreme weather events, the predictability
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of water availability will further reduce in coming years [4,5], prompting the need for urgent attention
to adaptation.

Groundwater, with its high buffering capacity due to relatively large storage [6], presents a
potential opportunity to resolve the temporal and spatial imbalances in water supply and availability.
The extensive use of groundwater, in many places leading to overexploitation [7], also creates additional
depleted storage. This additional storage capacity could be used, similarly to dams, to capture excess
monsoonal runoff in the wet season, making it available during dry periods, and thus mitigating both
flood and drought hazards [8].

One novel way of operationalizing this concept is “Underground Transfer of Floods for Irrigation
(UTED)” [8,9]. UTFlis a form of managed aquifer recharge (MAR) that involves the targeted recharge of
excess monsoonal runoff that potentially poses a flood risk downstream, in aquifers at the basin scale
through the strategic establishment of groundwater recharge infrastructure to mitigate flooding and
enhance groundwater storage [8,10]. Enhanced groundwater storage increases water availability so
that the water can be used during the dry season for domestic, livestock or irrigation use, or, if retained,
can support dry season inflows, enhancing ecosystem services [11].

Efforts to test UTFI started in the Ganges river basin, with its high population density, cropping
intensity, recurring floods and droughts due to the concentrated monsoon season [11,12] along with
extensive aquifer systems (underlain by highly productive alluvial aquifers of the Indo-Gangetic Plain)
used intensively for irrigation [13]. These characteristics present both the favorable conditions and
challenges UTFI aims to solve. A GIS-based multi-criteria analysis revealed high suitability across the
Ganges basin [9].

However, to successfully implement UTFI at the basin scale requires thoughtful planning and
staged testing and development to minimize the potential environmental, social and financial risks [8].
Though there are some MAR pilot studies in porous alluvial aquifers of the Indo-Gangetic Plain [14-16],
they lack the long term comprehensive and systematic approaches required to assess how UTFI would
perform if upscaled. This is unlike the case in hard rock settings in India where experience is much
more extensive [17-19]. Therefore, the piloting and testing of UTFI was carried out to generate the
body of knowledge necessary to establish the scope for wider implementation across similar settings.
This paper presents the learnings gained from piloting in hydraulic- and hydrological-related aspects.
Detailed information on site selection and setting up the pilot is covered in [8], and these are briefly
covered here. A broader perspective on the findings from the piloting can be gained from related
studies on water quality, and environmental and socio-institutional aspects [20,21].

2. Study Area

Pilot testing was carried out in Jiwai Jadid village, located in Rampur district, Uttar Pradesh,
India (Figure 1). The climate of the area is sub-humid and characterized by hot, humid summers
and cold winters. The average annual rainfall of Rampur district is 933 mm, and about 85% of the
rainfall is received during the south-western monsoon between June and September. Agriculture is
the primary means of livelihood in the district, with about 60% of the working population reliant
on agriculture. This is reflected in the land use of the district, where 81% of the 2357 km? area is
under cropping [22,23]. The major cropping pattern of the district is paddy and wheat, grown in two
major seasons known as the kharif (coinciding with the monsoon season: June to November) and rabi
(November to March), respectively.
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Jiwai Jadid village

VL Rampur district

0 5 10 20 30 40
0 235 470 940 1,410 1,880 - —
—— Kilometer:

Figure 1. The location of the Underground Transfer of Floods for Irrigation (UTFI) pilot study area in
Jiwai Jadid village, Rampur District, Uttar Pradesh, India.

Concentrated rainfall during the monsoon months leads to excess water/floods, followed by
limited water availability during the non-monsoon season. High flows in the Ramganga river and its
tributaries (e.g., the Kosi and Pilakhar rivers) during the monsoon season makes flooding a recurrent
and major problem in Rampur and the surrounding districts. Major flooding experienced in Rampur
in 1973 affected almost 238,165 people across 561 villages and impacted a total crop area of 144,836 ha.
In recent years, floods have been reported in 2010, 2013 and 2015, affecting 15, 18 and 207 villages,
respectively [24-26].

Rampur district is intensively irrigated (~99.8% of the cropped area), with groundwater being the
main source of irrigation (~97%) [27]. Around 80,000 shallow tube wells equipped with diesel-powered
centrifugal pumps account for most of the groundwater pumped. Intensive groundwater irrigation
in the district is made possible by the highly productive Indo-Gangetic Plain alluvial aquifers that
underlie much of northern India, as well as several neighboring countries [13]. There are four aquifer
groups present in the area down to 440 metres below ground level (mbgl). The first aquifer group is
unconfined and extends down to depth of 60 to 90 mbgl [28], and is utilized mostly for irrigation.

Average groundwater table depths in Rampur district range from 4-8 m during the monsoon and
8-12 m in the non-monsoon months [28]. However, as a result of the intensive demand for groundwater
year-round, groundwater overexploitation is a risk, with groundwater tables falling across the district.
The number of ‘dark” administrative blocks, a Government of India term representing a high level of
overexploitation of groundwater resources, has increased from only one block in 2003 to four blocks in
2013 (out of a total of six blocks in the district) [29].

Intra seasonal water availability, variability, recurrent floods and high irrigation demand with
intensive groundwater irrigation, leading to groundwater overexploitation in the region, provides the
challenging conditions well-suited to piloting UTFI.

3. Pilot Trial Design

The UTFI pilot features 10 gravity-fed recharge wells of 150 mm diameter (PVC pipe) installed in
the village pond (Figure 2). Recharge wells were drilled to depths of 24-30 m with gravel packing,
and the lowest 18 m of pipe was screened. The village pond was used to install UTFI infrastructure,
as land availability is a serious constraint owing to high population density and intensive year-round
cultivation in the region. The pond (75 X 35 m) was dewatered and excavated to a depth of 2.5 m,

3

creating a maximum storage capacity of 5250 m°. To ensure a common reference point for the
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measurement of the water table in the piezometers and the pond, the top of the recharge well RW1
(Figure 2), which was 2.1 m above the base of the pond, was selected. With the bottom of the pond at
2.1 mbgl and the lowest pond level that allowed water to enter recharge wells at 1.1 mbgl, the height of
dead storage in the pond was 1.0 m. Water, after the pond water level was above dead storage, entered
the wells only through a pea-gravel-filled chamber, to filter out suspended silts. Nine piezometers
were installed with P1, P2, P3, P6 and P7 positioned along a transect in the direction of groundwater
flow from north to south, whilst P4 and P5 (deep (D) and shallow (S) pairs for each) were positional
along a shorter north-south transect.
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[ —
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Figure 2. (A): The location of the UTFI pond and the installed piezometers at the pilot site (P1 to P7 =
piezometers); (B): The completed UTFI pilot site; (C): A simplified vertical cross section of the UTFI
pond; (D): A schematic of the pond showing the locations of recharge wells within the pond (RW1 to
RW10 = recharge wells).

The source water (i.e., excess rain water/flood water) is brought to the site through a canal (Left
Pilakhar canal) that is situated next to the pond. This canal carries water from the Pilakhar river
and provides water for irrigation during the summer and winter seasons, though the crops in the
pilot village were not irrigated by canal water. However, during the monsoon season, the canal
flow was more than the irrigation demand, and excess water flowed downstream to the river/canal.
A de-siltation chamber (2 X 2 X 1.5 m) was also built at the intake of the pond (Figure 2).

Operation and Maintenance

Pilot operations during the trial period were handled with the support of an appointed village
representative, who was provided training on the protocols. Recharge was done only during the
monsoon season when the water level in the canal was above a pre-defined level of 0.6 m. The water
from the canal was initially pumped into the pond over an embankment using a diesel-operated
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pump for 15 min, and thereafter, it flowed naturally under gravity (siphon flow) due to the water

level difference.

Maintenance of the UTFI system to enhance the recharge rates included three main types

of activities:

a. Recharge well cleaning: recharge wells were cleaned using a compressor to remove silt deposited
inside the recharge wells and fine particles that had blocked the slots of the recharge well.

b.  Recharge well filter cleaning: pea-gravels in the recharge filters packed in brick structures were
cleaned by removing and washing by hand.

c. Desilting pond bottom: silt deposited at the pond bottom was scraped off, and the embankments
and side slopes were restabilized.

4. Methods

4.1. Monitoring and Data Collection

Table 1 gives an overview of the different parameters measured, methodologies applied and
frequencies of observations in accordance with a monitoring protocol prepared to guide the monitoring
of the physical dimensions of the pilot system.

Table 1. The monitored parameters, methods of measurement and frequencies.

Parameter

Measurement Method

Frequency

Groundwater levels

Nine piezometers were installed
(Figure 2). All groundwater levels of
piezometers are given relative to the

reference point, RW1 (in mbgl).

Measured weekly using a portable
water level meter during recharge
operations, and every 2 weeks during
non-recharge periods

UTFI pond infiltration rate

(A) Single ring infiltration test up to 8 h
was conducted at the bottom of pond at
four locations after pond
cleaning/development
(B) Days taken for pond dead storage to
dry out after stopping
recharge operations

(A) 6 h test at 4 locations at 45 cm depth
on the 11 and 18 September, 2015
(B) At the end of the recharge operations
each year

Rainfall

Rain gauge at Krishi Vigyan Kendra
(KVK), Rampur city, situated
approximately 20 km from the pilot site

Daily from 24 June 2016

Canal water levels

Measuring scale was marked in canal
wall near road bridge

Daily basis during the recharge
operation and at 15 day intervals during
non-recharge periods

UTFI pond storage volume

Relationship between depth of water in
pond and volume of water in pond
was developed

After pond development

UTFI Pond water
level measurement

Measuring scale was marked at
recharge well (RW1 in Figure 2) to
record pond water level. All depths are
relative to the RW1 reference point.

Pond water level was recorded on a
daily basis during the
recharge operations

Source water silt content

Water samples analyzed for total solid
solids (TSS);
Mass of silt accumulated at pond
bottom after recharge seasons (tonnes)

Monthly;
After recharge season of 2016 and 2017

Socio-economic survey

Socio-economic survey of 120 farmers
within a 1 km radius of the UTFI site

At the start of the pilot trial in 2016

4.2. Groundwater Recharge from the UTFI Pond

Groundwater recharge from the UTFI pond (Vyrrr), consisting of recharge from 10 gravity recharge

wells and infiltration from the pond bottom, was estimated from the observed decrease in volume
of water stored in the pond over a period of time (Equation (1)). To estimate the change in volume,
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a specific depth-storage relationship representing the volume of water relative to the corresponding
water depth in the pond was developed based on the geometry of the structure. Groundwater recharge
tests were conducted over durations of about 12 h at approximately 10 day intervals during the

recharge periods.
AVyp

Vurri@) = —tn 1)

where Vi 7py(g) = the recharge rate of UTFI pond (m®h') at day d from the start of the recharge period;
AV, is the change in the volume of water in the pond (m®) between the start (t;) and end (t;,1) of the
monitoring period based on the depth-storage function, and f; — t;1 = the duration of the test period
(hours). The evaporation rate (6-9 mm day~! during the recharge period, or 3-4.5 mm day~! during
the recharge test) was assumed to be negligible in the calculation.

The total recharge for the whole season was then calculated by summing up the recharges between
the two tests at days d and d + i (Equation (2)). The recharge rates at the start and end of the trial were
taken to be equal to the first and last measured recharge rates, respectively.

5 (Rutrry + Rurrr(aiy) % 24
Vurrr = Z ( 7

)% ((d+1i) - (d)) 2

i=1

where Vy7p; is the volume of water recharge (m?), 1 is the total number of recharge tests conducted,
and Ryrrig) and Ryrry4+i) are the recharge rates on days d and d + 7 respectively.

The average recharge rate (Ryrgy) for the UTFI pond for the whole recharge season in m? day_1 is
calculated by dividing the total recharge by the number of recharge days.

4.3. Groundwater Level Response to UTFI Recharge

Groundwater level changes during the recharge periods in response to UTFI recharge was
analyzed from monitored groundwater levels in the piezometers and relative mound formation, which
is the difference in groundwater levels at distance d from a reference piezometer caused by UTFI
recharge. Relative mound height provides a key measure of the hydraulic impact of UTFI recharge, on
the assumption that other factors impacting groundwater levels will influence all of the piezometers
uniformly. Groundwater level comparisons before and after UTFI were not possible as this required
historical data in the village that were lacking, as monitoring only started with the commencement of
the pilot.

Concentrated recharge over the small pilot area would lead to the formation of a relative mound,
and, as time progressed and groundwater spreaded horizontally, the relative mound would flatten and
eventually dissipate after recharge operations ceased [30,31]. The relative mound (Equation (3)) at
distance r from the UTFI pond and days d after recharge started (Hmound(r,d)) Was estimated against
the groundwater level of the referenced piezometer (GWLrerq)). The selection of the specific reference
piezometer, which is expected to be unaffected (or the least affected) by recharge operations, was based
on the groundwater level observations covered in the results section.

Hmound(rd) = GWL(q) = GWL(ref,q) 3)

where Hpound(r,d) is the mound height at distance r from the pond at day d from the start of recharge
period, and GWL;q) and GWL et q) are the groundwater levels at distance r and at the reference
piezometer at day d after the start of the recharge period.

The Hantush Analytical Solution

The Hantush analytical solution [31] was used to model mound formation in order to study
the impact of UTFI recharge alone on relative mound formation, thus distinguishing it from other
potentially confounding factors (such as rainfall, groundwater pumping, recharge from canal and
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river and regional groundwater flow) and to substantiate the field observations from Equation (3).
The Hantush solution gives the growth and decay of groundwater mounds beneath rectangular
or circular infiltration basins [31] and has been used in numerous studies to provide insights into
mounding behavior [32,33]. In this analysis, the ten recharge wells are approximated as a uniform
recharge source over the rectangular area of the pond.

To apply the Hantush solution, a spreadsheet solution of the equation was used [34]. To simulate
mounding with decreasing recharge rates, mound height was estimated at 5 day intervals (up to
80 days) from the start of recharge operations, and the corresponding 5 day average recharge rates were
calculated (based on Equation (2)) and given as input. Aquifer characteristics (a hydraulic conductivity
of 20 m day~! and a specific yield of 0.1) were assumed to be uniform over the study area [35].

4.4. Groundwater Bbalance at the Village Scale

The magnitude of UTFI recharge (Vyrpr) relative to the total groundwater recharge over the village
area (Figure 2) is estimated to draw inferences on how additional recharge from UTFI pond contributes
to overall groundwater recharge. The selection of the village boundary as the scale for analysis is
largely for demonstrative purposes. It was deemed an appropriate scale as UTFI is designed as a
village-level intervention, and its zone of influence is expected to be largely within village boundaries.

Village total recharge (m?) (Vvillage) is calculated using the water table fluctuation method [36]
(Equation (4)). Post-monsoon recharge is considered negligible as more than 90% of the rainfall in all
3 years took place during the monsoon season [35]. In Equation (4), Viillage is made up of recharge
from the UTFI pond (Vyrg), as well as recharge from canal seepage and other village ponds. Also,
storage change due to any net inflow across village boundaries is accounted for.

Vz:illage = AGWs + VAponsoon = AH X Sy X Avilluge + VAuonsoon 4)

where AGWs(m®) = the change in village groundwater storage, AH(m) = the rise in water level in
the monsoon season (estimated in any year from the average rise in all piezometers from the start of
rainfall period to the end of September), Ayjjiage (m?) = the area for the computation of recharge (village
area), Sy = specific yield, and VAons00n (m?) = net groundwater abstraction in the monsoon season
(taken to be equal to net abstraction for paddy in the kharif season).

Groundwater abstraction for irrigation was estimated based on the proportion of area irrigated
with groundwater (based on information derived from the socio-economic survey), combined with
the irrigation requirements of paddy as taken from [37]. Net abstraction was estimated from gross
groundwater irrigation abstraction following groundwater resource estimation guidelines [35], which
recommend that for groundwater depths of less than 10 metres, a return flow of 45% should be taken
for paddy.

5. Results

5.1. Groundwater Recharge from UTFI

Table 2 summarizes UTFI recharge, average recharge rates and recharge duration from pilot
testing for each year (2016-2018). On average, the recharge period (i.e., the number of days when the
UTFI system was operated for recharge) was 75 days, recharging 44,415 m® of water at an average
recharge rate of 580 m® day~! (or 221 mm day~! over the ponded area). The total volume recharged
was 5.0-11.8 fold higher than the total storage capacity of the pond. The quantities of water recharged
in 2016, 2017 and 2018 would have been sufficient to irrigate 12.8 ha, 17.7 ha and 7.5 ha of crop land
(rabi wheat with an irrigation requirement of ~350 mm), respectively.
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Table 2. UTFI recharge volumes (Vyrrr) and recharge rates (Ryrgy) for 2016, 2017 and 2018.

Year Start Date-End Date Number of Recharge Days ? Vurrer (m®)  Ryrpr (m® day—1) (mm day—1) b
2016 15 July-7 October 85 45,070 537 (204)
2017 17 July-5 October 78 61,969 775 (295)
2018 6 August—6 October 62 26,207 430 (164)
Average - 75 44,415 580 (221)

@ During monsoon season after the recharge period started, despite dry periods, the pond had water above dead
storage height, so recharge continued. ® Recharge rate in mm day~" = ((Recharge rate m* day~")/(pond area m?))
X 1000.

There is a high inter- and intra-year variation in the UTFI recharge and recharge rates, with the
highest recharge (average) observed in 2017 and the lowest in 2018. The lowest recharge in 2018 was
due to both the low recharge rates observed and the relatively shorter recharge period, with recharge
lasting for only 62 days, in comparison to 85 and 78 days in 2016 and 2017, respectively. The short
recharge season in 2018 was due to the delayed onset of the monsoon, which shortened the duration of
recharge operations.

In all years, recharge rates started high and gradually declined during the recharging period
(Figure 5). Starting recharge rates in 2016, 2017 and 2018 were 996, 2499, 1978 m? day~! respectively,
which by the end of recharge period (when water storage in the pond was effectively dead storage)
decreased to 274, 289 and 85 m°> day‘l, i.e., there were reductions of 72.4%, 88.4% and 95.7%, respectively,
from the starting conditions.

5.2. Groundwater Levels and the Response to UTFI Recharge

Figure 3 shows the monitored groundwater levels (relative to the reference point) for the
piezometers and in recharge wells (RW1 and RW10), together with the pond water levels and daily
rainfall over three years. The shallowest depth is observed in recharge wells with the highest depth in
P6 and P7, which is as per the groundwater flow direction in the village. However, as all recharge
wells (including RW1 and RW10) were used for recharge during recharge periods, they quickly filled
and mainly indicated water levels in the pond (Figure 3). Thus, groundwater levels directly beneath
the pond (beyond the recharge wells) could not be ascertained during recharge periods, and thus RW1
and RW10 were not used further in the analysis.

The pond water level during the entire recharge season remained above the minimum threshold
level for recharge (dashed line in Figure 5), but shows some variation, with water highest during
mid-season, which was also reflected in recharge well readings. As pond water levels are influenced
by rainfall, the rate of siphoning from canal and also recharge rates, the precise reason for the variation
remains unclear. The last readings of the pond level after each recharge period in Figure 5 show the
times when the pond dried out. The pond water level readings indicate that for two discrete events,
in September 2016 and August 2018, the water level rose above the recharge well heights, and thus
potentially allowed unfiltered pond water to bypass the pea gravel filter and enter at the top of recharge
well casings through small openings that serve to purge entrapped air. Though this happened for short
time periods during high intensity rainfall events, it warrants building some margin of safety into
recharge well heights in the future.

Despite extensive groundwater abstraction for the supplemental irrigation of paddy that takes
place in the village, groundwater levels show a consistent rise in all piezometers during the monsoon
season in all three years, coinciding with and then falling gradually over the non-monsoon season.
Average groundwater level buildup in piezometers (AH) during the monsoon seasons in 2016, 2017
and 2018 was 2.74 m, 2.75 m and 3.95 m, respectively indicating high total recharge.

For the years 2016 and 2017, the average groundwater levels were lowest just before the start
of the monsoon on 15 June and 24 June, at 6.45 mbgl and 6.51 mbgl, respectively. Meanwhile, in
2018, groundwater levels kept receding until 7 July, reaching 6.87 m due to the delayed onset of the
monsoon rains (rains starting in mid-July, versus the last week of June when monsoon is expected).
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However, despite this delay, 2018 was characterized by both high rainfall and high intensity rainfall
events compared to 2016 and 2017 (Table 3), leading to substantially higher groundwater level buildup,
with observed average groundwater levels reaching up to 2.22 mbgl. On the other hand, the highest
groundwater levels in 2016 and 2017 were 3.25 and 3.67 mbgl, respectively.
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Figure 3. Observed groundwater levels (depth below ground level in mbgl) for piezometers and
recharge wells (RW1 and RW10) with pond water levels over the period from January 2016 to November
2018. The grey shaded areas represent the periods of UTFI recharge operations. The dashed line shows
the minimum pond level for which well recharge takes place.

Table 3. Rainfall and rainy days for 2016, 2017 and 2018.

Parameter Time Period 2016 2017 2018
Rainfall (mm) Annual 857 905 1812
Monsoon (28 June-22 September) 857 874 1708
Recharge period 737 472 992
Rainy days Annual 23 22 27
Monsoon (28 June-22 September) 23 20 22
Recharge period 14 8 12

The Hantush Analytical Solution

The relative mound height was calculated (Figure 3) in order to distinguish the groundwater
level response due to UTFI recharge from that due to other factors (e.g., other recharge mechanisms
and pumping). By taking the mounding relative to a reference well, and not the absolute mounding,
(Equation (3)), background differences in the groundwater levels of the piezometers were accounted
for. Also, as the groundwater levels monitored in recharge wells were not representative of the
groundwater conditions beneath the pond during the recharge season (as discussed above), the closest
piezometers P1 and P5 were used instead for the analysis. Piezometer P6 was chosen as a reference
well for this purpose. P7, the piezometer furthest from the pond, was not used for reference purposes,
as closer inspection of water levels showed that it is more sensitive to rainfall events and subject to
abrupt changes, likely due to water ponding in the local area.

Analysis showed that the observed relative mound height was subject to noise (high fluctuations)
in the years 2016 and 2018 due to a range of confounding factors (e.g., rainfall recharge, pumping and
canal recharge). Only in the year 2017 was a distinct signature resembling the expected theoretical
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relative mound, as modelled by the Hantush model, clearly visible (Figure 4). A more distinct—though
still small and with noise—signature in 2017 with respect to the signatures in 2016 and 2018 could
be attributed to low rainfall during the UTFI recharge operations (Table 3) when groundwater levels
naturally increased (Figure 3), limiting rainfall recharge, and the higher recharge rates in 2017 relative
to those in 2016 and 2018 (Table 2). The observed relative mound in 2017 shows the expected dynamics
of mound formation, with relative mound decreasing as the distance from UTFI pond increases (i.e.,
mound P1 > P5), and flattening and becoming insignificant as time progresses, with groundwater
spreading horizontally by the end of the season. High noise in the years 2016 and 2018, and overall low
relative observed and modelled mound values in all years illustrate that the impact of UTFI recharge
alone on groundwater levels was small—due to the high specific yield and transmissivity of the aquifer
in the pilot area—which is difficult to distinguish from fluctuations in groundwater levels due to other
confounding factors.
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Figure 4. Observed and modelled relative mound heights, relative to P6 that was used as the reference
piezometer, for piezometers at P1 (i.e., P1-P6) and P5 (i.e., P5-P6) for the year 2017.

5.3. UTFI Contribution to Recharge

Table 4 gives the estimated groundwater recharge at the village scale and the contribution of
UTFI to overall recharge. Recharge in 2018 is 14% more than in both 2016 and 2017 due to higher
groundwater level buildup. For years 2016, 2017 and 2018, the UTFI contribution to total recharge is
2.6%, 3.6% and 1.3% of the total recharge, respectively. Low values relative to both overall recharge is
a reflection of the limited scale of the pilot relative to the village, the high recharge and the storage
capacity of the groundwater systems in the region. However, the UTFI pond, with only 0.12% of the
village area (indicative of the limited scale of pilot), contributed, on average, to about 2.5% of the
village recharge. This shows that recharge per unit area within the pond is ~21 times higher than that
occurring in other parts of the village.
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Table 4. Annual village and UTFI recharge with recharge components (Equation (4)) for 2016-2018.

(x10% m3)
Year AGWg 2 VA pmonsoon ° Viitlage Vurer UTFI (% of Recharge)
2016 581 1158 1739 45.07 26
2017 583 1158 1741 61.97 3.6
2018 835 1158 1993 26.21 1.3

a AGWs (m®) = AH x Sy X Ayillage With AH for 2016, 2017 and 2018 is 2.74 m, 2.75 and 3.95 m, respectively; Sy = 0.1;

Ayillage = 212 hectares. b Gross irrigation applied for paddy in the kharif season in western Uttar Pradesh is
1100 mm [37]. Considering 45% return flow, net irrigation is 605 mm. Considering a crop area of village of 191.2 ha
and 100% irrigation by GW, VAmonsoon (m3) = (605/1000) x (191.5 x 10000). Irrigation applied is not scaled to rainfall,
as irrigation is influenced by both the distribution of rainfall and farmers” decisions on the sowing date. For this
reason, only the average irrigation applied is used.

5.4. Clogging Effects on Recharge

The clogging of recharge wells due to the presence of silt and clay particles in the infiltration
water has been identified as one of the main challenges for the sustainable operation of managed
aquifer recharge (MAR) schemes [38,39]. High silt content in the source water entering the UTFI pond
reduces recharge rates by clogging recharge wells, reducing the filtering capacity of filters and silting
the bottom (reducing infiltration) as the recharge season progresses.

Analysis and measurement of the particulate matter deposited in recharge wells and filters during
maintenance operations showed the appearance of only physical clogging [40]. Recharge water quality,
measured as total suspended solids (mg/L), in source water showed that the average total suspended
solids (TSS) of source water was in the range of 260-340 mg/L over the three monsoon seasons.
The range is well above the limit of 10 mg/l for which clogging has been found to be moderate-to-severe
in sand and gravel aquifer types [41], and above admissible guideline values for both direct injection
and indirect infiltration recharge (20-60 mg/L in EU countries [42]. However, the relationship between
TSS and recharge performance is site-specific [43] and is not considered in detail here.

In addition to the measurement of the TSS of the source water, the total silt entering and, in
turn, accumulated at the bottom of pond, was estimated using gridded sampling of silt depth on
the pond surface at the end of the 2016 and 2017 recharge seasons [40]. For 2016 and 2017, the total
accumulated silt (Table 5) was estimated to be equivalent to 3.4 mm and 5.8 mm depth of silt at the
pond surface, respectively. The development of a 3-6 mm clogging layer during recharge seasons
increases hydraulic resistance. This results in the much lower infiltration rate observed at the end of
recharge of 14.4-17.0 mm day~! (Table 5) in comparison to the infiltration rate that was observed at the
pond bottom in 2015 after cleaning and deepening (indicator of recharge from the infiltration pond
without clogging), of 106 mm day .

The high silt accumulation was expected as the canal also carries runoff generated by high
monsoon rainfall, which consists of high particulate load [44]. For this reason, for the piloting, it was
decided to start the recharge operation after the first few rainfall events, which were expected to carry
the maximum sediment loads, to ensure these loads were not recharged.

In addition, regular yearly maintenance operations were carried out. In between recharge seasons,
maintenance involving the cleaning of the recharge well and filters, as well as the desilting of the pond
bottom, were carried out to enhance the recharge rates (Table 5).

The starting recharge rate in 2016 of 996 m® day~! was much lower than the initial recharge rate
tested in 2015 of 3150 m3 day~!. As a result, the cleaning of recharge wells and the filter box, and the
de-silting of the pond bottom took place before the 2017 recharge season. In addition to well cleaning,
which removes any clogging, the process also develops a well cavity that also leads to higher recharge
rates. The effect of this was clearly visible with much higher (by more than a factor of two) starting
recharge rates in 2017 relative to in 2016. Prior to the 2018 recharge season, recharge wells were not
cleaned, and only the pond was desilted and the filters were cleaned. Despite overall low average
recharge rates, the starting recharge rate of 1978 m® day~! in 2018 suggests that the effect of recharge
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well cleaning persisted and that the recharge wells hadn’t clogged. Overall, average recharge rates post
maintenance operations in 2017 increased by 44.4%, whereas in 2018, average recharge rates—despite
filter cleaning and pond desiltation—were reduced by 44.5% relative to 2017, and were lower by 19.9%
relative to 2016. The lower recharge rates in 2018, despite starting with high recharge rates similar to
2017, suggest the influence of factors other than clogging alone on recharge rates. Relative recharge
from recharge wells and by infiltration through the basin alone is discussed in Section 6.2.1.

Table 5. A summary of groundwater levels, recharge rates (Rytrr) and maintenance operations over
the recharge season from 2016-2018.

Gravity Avg. water Days End
Recharge Filter Desilting Head for Quality Total Silt Taken for Season
Year  Ryrpr (m® day-1) Well Cleanin: Pond Recharee Entering Accumulated Dead Infiltration
Cleaning 8 Bottom () ag Pond (TSS: ¢ (Tonnes)  Storageto  Rate (mm
m mg/L) b Dry 4 day~1) ¢
Start End Avg.
2016 996 274 537 No No No 4.0 340 122 55 14.4
2017 2499 289 775 yes yes Yes 4.7 260 21.2 48 17.0
2018 1978 85 430 No Yes Yes 3.5 282 - 50 16.2

2 Taken as elevation difference between the surface water level in the pond and the elevation of the water table in
the nearest piezometer (P1). ® Number of readings were limited: monthly in 2016 and 2018; much more in 2017.
¢ Estimated based on silt load accumulated at the pond bottom, determined based on gridded sampling. ¢ Total
number of days taken for the pond to dry out from 1 m of dead storage (no recharge of recharge wells. Indicated by
the last pond water level reading in Figure 5) by infiltration + evaporation. ¢ Estimated from the time taken for dead
storage to dry (dead storage (volume)/days) and subtracting the evaporation rate calculated using ET. = K. x ETg
and taking K. = 1 for open water [45]. Reference evapotranspiration (ETp) is taken as the average of the months of
October and November) and is 3.82 mm day~! [46].

6. Discussion

6.1. Factors Influencing Recharge Rates

For all the years, recharge rates start at their highest values and decrease as the season progresses
(Figure 5). Similar hydrologic trends have been observed at MAR sites with surface runoff containing
high levels of particulate matter [38,47]. These studies tend to suggest that the reduction in recharge
rates over time is a function of two major processes: (i) groundwater levels linked to rainfall and (ii)
clogging linked to recharge water quality.

The increase in recharge rates post maintenance cleaning operations in 2017 shows the impact of
physical clogging on recharge rates (Table 5). A high starting recharge rate in 2018, similar to that in
2017, suggests the cleaning operations post the 2017 recharge season (excluding recharge well cleaning)
maintained similar clogging as in 2017. However, recharge rates in 2018 dropped steeply in line with
the observed steep rise in groundwater levels, whereas in 2016 and 2017, the decline in recharge rates
was gradual, in line with the rising trend in groundwater levels (Figure 5). This points to the influence
of groundwater levels on recharge rates as there was no apparent difference in average source water
TSS (Table 5, Figure 5). However, the limited readings of TSS add some uncertainty to the analysis,
as TSS in source water show high variability associated with rainfall events.

Groundwater levels influence the recharge rates as they change the gravity head (i.e., the elevation
difference between the surface water level in the pond and the groundwater level), on which gravity
recharge depends [38,48]. As the groundwater levels rise during the monsoon, the gravity head
decreases, resulting in declining recharge rates over the recharge season (Figure 5). The highest and
lowest recharge rates in the years 2017 and 2018, respectively, are associated with the highest and
lowest average available gravity heads (Table 5). Steep rises in groundwater levels towards the middle
of the 2018 season brought groundwater levels up to ~2 mbgl in the nearest piezometer(P1). This shows
the potential hydraulic connection taking place in between groundwater and the pond base (2.1 mbgl),
which would have reduced the recharge rates [48]. This is reflected in a steep decline in recharge
rates, and recharge rate values reduced to <100 m? day‘1 by the end of recharge season in 2018 in
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comparison to end of season recharge rates of ~300 m® day~! in 2017 and 2016, where groundwater
levels remained deeper than 3 m. The pond water level remained above the minimum threshold level
for recharge (Figure 5). No direct correlation between recharge rates and pond levels could be made
out, which shows that the pond water level, which has a source from the canal, is not the limiting
factor in recharge rates, and that clogging and the groundwater level beneath the pond when this
becomes hydraulically connected to the pond remain the leading factors influencing recharge rates.
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Figure 5. UTFI recharge rates, the groundwater level of P1 (meters below ground level (mbgl)), the
pond water level (mblg) and the TSS of source water UTFI from 2016 to 2018. The dashed line shows
the minimum pond level for which well recharge takes place. Text boxes show the desilting activities.
The grey shaded areas represent the periods of recharge.

UTFI Recharge Variation Implications for Flood Mitigation

The high inter-year variation of recharge rates carries high significance for the dual aims of UTFI
in the region: flood mitigation and enhancing groundwater storage. UTFI recharge is highest in low
rainfall years (61,969 m? in 2017 with rainfall of 905 mm) and lowest in high rainfall years (26,207 m?
in 2018 with rainfall of 1811 mm). This is because high rainfall years lead to high groundwater levels,
thereby decreasing the available gravity head, which reduces UTFI recharge rates. At the same time,
high rainfall intensity years, such as 2018, may also reduce the number of recharge days, which are
already constrained by the monsoon season.

Thus, on one hand, higher recharge in low rainfall years shows that UTFI could play an important
positive role in addressing groundwater storage depletion in dry years when recharge is limited.
However, lower recharge in wet years, which are also the years when more intense flooding is expected
to take place, shows the diminishing returns of UTFI if upscaled specifically for flood mitigation.
This influence of rainfall and groundwater levels is critical and needs to be taken into consideration for
planning purposes when flood mitigation is a central objective.

Several multi-year studies analyzing MAR recharge performance in other parts of India have
observed recharge behaviors quite different to those in this study. Those studies indicate high recharge
in high rainfall years and vice versa [19,49]. Recharge-rainfall relationships in those cases would
appear to be characterized by a different set of limiting factors for recharge. For example, in the case
of check dam recharge reported by [19,49], all of the monitored check dams showed higher recharge
in high rainfall years, as low rainfall years result in less recharge due to low inflow into the dams.
However, study [19] was later extended to include a wetter year [50], where recharge was observed
to be less than for the average year, indicating recharge limited by aquifer capacity. This is similar
to the UTFI pilot case where source water was not a limitation (supplied by a canal at flow rates far
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higher than what could be recharged). Instead, recharge is limited by the available gravity head and
the infrastructure performance.

6.2. Performance of the UTFI Pilot

6.2.1. Comparing Recharge Wells to the Infiltration Pond

The pilot chose to employ sub-surface recharge methods using recharge wells to maximize
recharge rates to overcome land availability constraints, as the region is one of the most densely
populated places in the world [51]. To assess the performance, UTFI system recharge rates (Rytrr) were
compared against infiltration rates observed from the pond bottom alone. Recharge rates from the base
of the pond were estimated in two ways at two different times: first, during 6 h ring infiltration tests
during preliminary recharge testing in 2015, and later on, during recharge operations, by observing the
time taken for the dead storage to empty. Assuming the same decreasing temporal trends in infiltration
from the pond bottom as overall recharge rates, rates from the infiltration ring are comparable with
recharge rates at the start of season. The decline in dead storage (corrected for evaporative losses), can
be compared with the end of season recharge rates.

The average infiltration rate from the pond bottom in 2015 after cleaning and deepening the pond
(an indicator of recharge from the infiltration pond only) was 106 mm day~!. In comparison, the UTFI
system recharge rate at the start of season was 379 mm day~! in 2016, 933 mm day~! in 2017 and
752 mm day‘1 in 2018; these rates were, on average, higher by factors of 3.6, 8.8 and 7.1, respectively.
Similarly, infiltration from the pond bottom at the end of the pilot was 14.4, 17.0 and 16.2 mm day
in 2016, 2017 and 2018, respectively (Table 5). In comparison, end-of-season UTFI recharge rates for
the corresponding years were 104.4, 110.1 and 32.4 mm day~!, which were, on average, higher by
factors of 7.2, 6.5 and 2.0 respectively. These high recharge rates justify the use of sub-surface methods,
without which far lower volumes would have been recharged.

6.2.2. Comparing UTFI to Comparable Studies in the Region

The limited existing studies of MAR using sub-surface methods in the Indo-Gangetic Plains
having similar aquifer characteristics as the study area were reviewed to compare UTFI performance.
In one study in the neighboring state of Haryana, recharge wells were used to recharge canal water
during the rainy season (July-October), with reported average recharge rates from a single well of
794-989 m> day~! in the first year with no typical trend, whereas in the second year, recharge rates
reduced from 1088 m® day ™! at the start to 798 m® day~! by the end of the season [14]. In other studies
from an alluvial area in the state of Punjab, all of which used canal water as the source, reported
recharge rates ranged from 302 to 3784 m? day~! [15], and from 588 to 1766 m® day~! well™! in three
case studies reported by [16]. The Master Plan for MAR in India gave an expected average design
recharge rate from a recharge shaft in alluvial areas of Uttar Pradesh of 1000 m? day~!, running on
about 60 operational days during monsoon [52]; however, no supporting data are provided on how
these estimates were derived.

Large differences in recharge rates among the studies presented above point to the number
of factors influencing recharge rates such as the aquifer characteristics, groundwater levels, source
water, design and methods used to estimate recharge. Contrasts in system design ranged from
pressure injection in Ghaggar, Punjab [15] to a battery of 20 recharge wells installed in 20 trenches in
Patiala [16]. The depth of recharge wells ranged from 26 to 81 m, and groundwater levels were >10-15m,
in comparison to the shallow groundwater levels in the UTFI pilot case (2-7 m). Given the large number
of differences and the general lack of studies in the region that investigated recharge performance
comprehensively over multi-year time periods, along with the limited details on monitoring provided,
any systematic comparisons are difficult.
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6.3. Dependence of Aquifer Type on Groundwater Mounding

Most MAR case studies in India report a visible increase in groundwater levels or longer availability
of water in wells [17,18]. For example, [18] reviewed six case studies, all in hard rock areas, which
reported increases in groundwater levels of up to 4-7 m due to MAR interventions. In contrast, for the
UTFI pilot, modelled and observed mounds are small (~0.4-0.8 m). In addition, the expected mound is
difficult to distinguish from background water level variations.

The low mound formation observed during the pilot relative to high values reported in other
MAR studies in India, most of which come from hard rock areas, reflects the contrast in hydrogeological
characteristics such as porosity, transmissivity and lithology, and the thickness of the aquifer. To analyze
the expected difference due to hydrogeology, the Hantush solution was run with typical hard rock
aquifer (basaltic) characteristics (a hydraulic conductivity (k) of 5 m day~! and a specific yield (Sy) of
0.02) [35] and compared with the UTFI pilot site (Figure 6). The difference in mound height is apparent,
with hard rock aquifers showing a mound height much higher than the pilot (an average of 2.8 m
and 2.1 m in hard rock vs. 0.7 m and 0.5 m in the pilot case) at distances of 0 m (i.e., the center of the
pond) and at 5 m (i.e., P1), respectively for the same recharge volume. In the Hantush model, mound
height was calculated from the center of the rectangular basin in the x-direction with the basin edge
at a distance of 17.5 m (i.e., (35 m)/2). Therefore, a piezometer at a distance of 5 m from the edge of
pond is at a distance of 5 + 17.5 = 22.5 from the center of the rectangular basin. The contrast with the
hard rock aquifers is a reflection of high aquifer transmissivity and specific yield of the alluvial aquifer
in the village. Though this is as expected, it underlies that the same recharge performance would
have had a very different impact on groundwater levels, depending on the hydrogeological conditions.
In alluvial aquifers, as is the case in the UTFI pilot, the storage changes are more subdued and would
require detailed monitoring to discern the change in groundwater levels in response to recharge.

50
|

““““ Pilot-0m
< ——  Piot-5m
------ Hard rock -0 m
o
< 7 — Hardrock-5m

35

Groundwater mound height {m)

0.0

T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 7% 80

Days from start of recharge

Figure 6. Modelled mound heights at the center of pond (0 m) and P1 (5 m) for the pilot (Sy = 0.1 and k
=20 m day~!) and general hard rock aquifers (Sy = 0.02 and k = 5 m day~!) under the observed UTFI
recharge rates of the year 2017.

6.4. Scaling up of UTFI

The scaling up of UTFI to the basin scale requires a sound assessment of the availability of
flows for recharge, the capacity of available groundwater storage to store runoff and the demand for
recharge water. In addition, studies on the costs and benefits are required to ascertain the economic
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rationale for upscaling. Previous research by [11] has shown that the average monsoon runoff in the
Ramganga basin during the monsoon months is 5782 million m3. Recharging 10-50% of these runoff
volumes can reduce flooding (with a 5 year return period) by 5-27%, increase groundwater recharge by
11-56%, and increase groundwater levels, on average, by 1.2-4.6 m with respect to a no-UTFI scenario.
Assessment of the economic benefits (based on increasing crop intensity by using recharge water)
by [53] shows that upscaling would require huge capital investment in infrastructure, but on average
have a benefit to cost ratio of >1.

However, the above study is based on major assumptions [53], nor does it consider the actual
performance of the UTFI system that this pilot study explored. However, one UTFI pilot could not be
considered representative of the entire basin, but can help to identify lessons that are critical when
developing any upscaling strategy. For example, the insights on diminishing UTFI recharge rates
during high rainfall years, due to high recharge leading to hydraulic connection, warrant the need to
look more critically at the available groundwater storage and the variability in recharge rates. The need
for routine operation and maintenance must be clearly accounted for while doing any economic
analysis. In addition, any scaling up would require the consideration of socioeconomic, institutional
and related issues, which are not analyzed in this study, but are touched upon in [20,21].

7. Conclusions

The first UTFI pilot trial in the Indo-Gangetic Plain in India was capable of recharging an average
annual volume of 44,000 m? with the recharge volume over three years varying from 26,000 to 62,000 m?
(i-e.,430 to 775 m3 day~! during the recharge periods). These volumes are 5.0-11.8 times the total storage
capacity of the pond and would be sufficient to irrigate 8-18 hectares of rabi crop. High intra-year
variation, reflected in recharge rate reductions ranging from 72.4% to 95.7% relative to the starting
conditions, was observed. This is linked to the roles of: (a) source water quality (TSS of 260-340 mg/L)
leading to clogging, and (b) groundwater levels influencing gravity heads as the recharge season
progresses, and hydraulic connection further reducing recharge in the wetter year (2018) when recharge
from other sources is high. Annual maintenance activities involving desilting basins, and cleaning
filters and recharge wells appear to be effective in controlling clogging and restoring recharge rates.
Opverall, the UTFI design achieved much higher recharge rates (2-9 times) than what would have been
achieved from village ponds alone through infiltration. The results show that the relative mounding in
nearby wells w.r.t to the reference well at 100 m distance due to UTFI is limited, due to the high specific
yield and transmissivity of the alluvial aquifer, and is influenced by a range of confounding factors
that make the delineation of small mound heights difficult. The results provide the first systematic,
multi-year assessment of the performance of UTFI systems at the individual pond scale in the flood
prone, intensively irrigated, alluvial aquifer regions of the Indo-Gangetic Plain.
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Abstract: A field study evaluated the performance of direct well recharge structures (DWRS) in order
to harvest and filter farm runoff and its discharge into open dug wells to augment groundwater
recharge. This was undertaken between 2016 and 2018 using a total of 11 wells in the Dharta
watershed, situated in a semi-arid hardrock region of Udaipur district, Rajasthan, India. The depth to
water level in each DWRS well was monitored weekly for 1 to 3 years before and after the DWRS was
established, and water samples were taken for water quality analysis (pH, electrical conductivity (EC),
total dissolved solids (TDS), turbidity, fluoride, and Escherichia coli) before and during the monsoon
period. For each DWRS well, two control wells in close proximity were also monitored and sampled.
Five of the DWRS established in 2018 also had flow meters installed in order to measure discharge
from the filter to the well. The volume of water recharged through DWRS into individual wells
during the 2018 monsoon ranged from 2 to 176 m® per well. Although the mean rise in water levels
over the monsoon was higher in DWRS wells than in nearby control wells, the difference was not
significant. Values of pH, EC, TDS, and F decreased in DWRS and control wells as each monsoon
progressed, whereas the turbidity of wells with DWRS increased slightly. There was no significant
difference between DWRS and control wells for pH, EC/TDS, turbidity, or fluoride. The presence
of E. coli in DWRS wells was higher than in control wells, however, E. coli exceeded drinking water
guidelines in all sampled wells. On the basis of this study, it is recommended that rural runoff should
not be admitted to wells that are used for, or close to, wells used for drinking water supplies, even
though salinity and fluoride concentrations may be reduced. For this study, none of the 11 DWRS
wells produced sufficient additional recharge to potentially increase dry season irrigation supplies to
justify expenditure on DWRS. This even applies to the DWRS well adjacent to a small ephemeral
stream that had a significantly larger catchment area than those drawing on farmers’ fields alone. An
important and unexpected finding of this study was that no sampled open dug well met drinking
water standards. This has led to a shift in local priorities to implement well-head water quality
protection measures for wells used for drinking water supplies. It is recommended that parapet walls
be built around the perimeter of such dug wells, as well as having covers be installed.

Keywords: groundwater recharge; water quality; water level monitoring; recharge performance;
rainwater harvesting; India
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1. Introduction

Water scarcity has become a major problem, especially in most of the arid regions of the world. It
ultimately affects food security, natural ecosystems, and plant and human health (Seckler et al., 1999) [1].
Water scarcity arises due to the various anthropogenic factors and one of them is the depletion of
groundwater resource. Farmers in semi-arid parts of India use groundwater to save rainfed crops
from failure and to increase yields. As it is a relatively cheap and easily accessible water resource for
individual farmers, irrespective of their farm size, annual groundwater use often reaches or exceeds
the average annual natural recharge. Depth to watertable in hard rock terrain fluctuates considerably
during the year, and shallow aquifers become depleted where the use of groundwater has increased;
thus, tubewells are drilled to allow pumping from deeper down (in the same or different aquifers),
in some areas rendering marginal quality water (Shah, 2009) [2]. The extensive use of groundwater
resources by farmers all over the country pumping out water in an unregulated manner creates its
own sets of complex management and sustainability issues.

According to a report of CGWB (2017) [3], almost the whole of India shows declining
groundwater levels, with the largest declines observed in parts of Rajasthan, Haryana, Punjab,
Gujarat, Telangana, and Maharashtra. Water harvesting and recharge enhancement at micro-watershed
level have been identified as means to benefit farmers at the village level to address water scarcity
(Cavelaars et al., 1994) [4]. However, groundwater levels are declining despite water harvesting
measures to conserve water and enhance aquifer recharge, supported on a large scale by watershed
development programmes. It is therefore crucial to increase our understanding of the capability
and constraints of managed aquifer recharge (MAR) to overcome the threat of groundwater scarcity
in the future (Massuel et al., 2014) [5]. Equally important is the understanding of the potential for
managing or influencing the new patterns of use (Burke and Moench, 2000) [6], patterns that are often
highly dispersed and individualized. To cope with lowering groundwater level, MAR has become
an important complementary measure along with demand management to cope with groundwater
scarcity (Dillon et al. (2012) [7].

The MARVI project, Managing Aquifer Recharge and Sustaining Groundwater Use through
Village-level Intervention (www.marvi.org.in), has demonstrated that it is important to monitor
and manage groundwater at the village level, particularly in hard rock areas of India
(Maheshwari et al., 2014 [8]; Jadeja et al., 2018 [9]). This approach involves the training of village
volunteers and developing a participatory process to assist cooperative management of groundwater.
The methods include groundwater data collection at the village level; a methodology to estimate
groundwater recharge from simple measurements on check dams (Dashora et al., 2018) [10]); and a
smart phone app (MyWell) for collecting and visualising groundwater, rainfall, and check dam data.
This approach supports village level decision-making for groundwater use and management. This has
been field tested and is considered ready for extended out-scaling across India.

In this study area, village groundwater cooperatives are being formed to help achieve sustainable
groundwater supplies. These have informed rabi (winter) crop decision making based on measured
groundwater levels. They can also support maintenance of watershed measures for soil and water
conservation, including maintenance of streambed recharge structures, as well as encouraging uptake
of other options when proven. There is a watershed development program at the state level to increase
groundwater recharge through the construction of check dams.
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2. Why This Study?

Roof-top rainwater harvesting to recharge dug wells has been widely practiced in India with a
varying degree of success (CGWB (2007) [11]; Rainwater Harvesting Association (2020) [12]). However,
the use of harvested runoff from farmers’ fields to recharge dug wells has been practiced mostly on a
trial and error basis (e.g., examples reported in Bali Water Protection Program (2020) [13]), but with
relatively rare monitoring. One exception is the work of Pendke et al. (2017) [14], in a study in
Maharashtra from 2011 to 2015, who reported 64% removal efficiency of silt in the entry pit containing
a preliminary filter rising to 93% removal at the end of the main filter before water is discharged to
an open well. This was at a research site with a catchment area of 1.8 ha where runoff was estimated
using an uncalibrated model. In 2015, the study was expanded to involve 10 recharge wells and two
wells as controls. The size of the catchment areas for these was not reported. In 2015, water table rise
was reported to be significantly larger in recharged wells than control wells. Aside from measurement
of suspended silt at the pilot site, there was no evaluation of water quality that might impact on the
safe use of well water.

The overall aim of this study was to understand the effectiveness of direct well recharge structures
(DWRS) to improve groundwater supplies and quality at the local level. The activity reported in this
paper arose because some farmers, who were at a considerable distance from streams, perceived that
check dams in their catchment were not directly benefiting them as much as farmers whose wells
were closer to those check dams. They sought an alternative way of increasing recharge at their wells.
They were intending to harvest runoff from fields close to their wells, and divert this into their wells.
Researchers from the MARVI team became involved due to well-founded concerns over potential for
groundwater contamination. They evaluated wells proposed for direct recharge by farmers to avoid
wells used for drinking water supplies, insisted on a filtration step and on monitoring the impacts on
levels and quality, and developed a water quality laboratory in the village to enable analyses to be
performed. The results of this investigation were to be reported back to farmers before considering any
possible ongoing operation. Without these precautionary interventions, this approach could not be
considered MAR.

3. Study Area

The study was carried out in the Dharta watershed, which is situated in Bhindar block of Udaipur
district of southern Rajasthan, India. This area lies between 24°30” and 24°37’ N latitude and 73°05’ to
73°15" E longitude. Four adjoining villages were selected within a radius of 4 km, these being Badgaon,
Dharta, Hinta, and Varni, for evaluating the performance of direct well recharge structures (Figure 1).
Topography is often undulating with slope up to 2.7%. The ground elevation of the area is 470 m above
the mean sea level. The average annual rainfall of the area is about 665 mm (Dashora et al. 2018) [10]
and the temperature ranges from 19 to 48 °C in summer and 3 to 29 °C during winter.

The occurrence of groundwater in the watershed is mainly controlled by the topographic and
structural features present in the Proterozoic gneisses and schists underlying the area. Groundwater in
these rocks occurs in the zone of weathering and in fractures, joints, and foliation plains. When schists
are inter-mixed with gneisses, they form a better aquifer (CGWB, 2013) [15]. The depth of dug wells
ranges from 14 to 38 m. The major crops grown in the area are maize, wheat, mustard, cluster bean
(guar), chickpea, and barley. About 25% of the total land area in the watershed is irrigated by dug
wells and tube wells.
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Figure 1. Location map of direct well recharge structures sites in the Dharta watershed and adjacent
control wells.

4. Methodology

The study was carried out during 2016-2018. The steps followed in this study were (i) selecting
the dug wells for implementing DWRS and nearby control wells, (ii) identifying suitable locations for
pits, (iii) building pits and filters to reduce sediment discharge into wells, (iv) installing flow meters,
(v) calculating the cost of construction, (vi) monitoring rainfall, (vii) monitoring groundwater levels,
and (viii) water quality sampling and analysis.
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4.1. Selection of the Dug Wells

With a view to evaluating the performance of direct well recharge at a farm level, a number of
dug wells were selected and marked with the code numbers for identification. In the year of 2016,
a total of 18 wells were selected, out of which 6 wells were selected for direct well recharge and 12
control wells were selected, with 2 separate wells in close proximity to each DWRS well. In 2018, an
additional 15 wells were selected, and out of these, 5 wells were used as DWRS wells and 10 as control
wells, again with 2 controls close to each DWRS well. Only the DWRS wells constructed in 2018 were
fitted with flow meters to estimate the annual recharge volume. Hence, in 2018, there were a total
of 11 DWRS wells and 22 wells as controls (Table 1). All the control wells were in close proximity to
their recharge wells. Further, the wells in Table 1 are identified by whether they have parapet walls,
overhanging trees and rotten plant debris, or whether they are fitted with flow meters for measuring
runoff discharge into the wells. All wells are used for irrigation supplies.

Table 1. Total well depths of direct well recharge structures (DWRS) and control wells.

Total Well Control Total Well Control Total Well
DWRS Well Depth, m Well (1) Depth, m Well (2) Depth, m
He b 19.60 H42 24.50 H5 17.65
H21 28.90 H30P 29.20 H102 25.40
2016 B21 20.50 B222 23.20 B44 20.60
B40 18.45 B41 23.20 B50 27.90
V43 30.45 V442 35.80 V452 33.10
V47 b 27.10 v4ga 28.45 V49 2b 30.10
H22a* 21.20 H30 29.20 H102 25.40
H23 * 18.30 H25 24.30 H26 21.80
2018 D1* 32.10 D112 18.95 D20 19.60
D14 * 31.20 D132 22.80 D15 31.00
V28 ab 19.20 V292 19.10 V30 2b 22.70
Average depth (m) 243 - 25.3 - 25.0

* = DWRS wells established in 2018 were fitted with flow meters. * = well with parapet wall; b = wells without
overhanging trees and rotten plant debris. All wells were infested with birds.

4.2. Identification of Suitable Locations for Pits

It was considered important that the recharge pit (details described below) was located close to
the recharge well to reduce the cost, and it was also located such that the runoff could easily flow
towards the pit. For this, the important consideration was the general slope of the runoff contributing
area. An earthen channel was constructed to guide runoff towards the pit. The catchment area was a
secondary consideration, and subsequently this was identified as constraining the measured benefits.
If the pit filled during a rainfall event, excess flow diverted along natural drainage lines and did not
enter the well.

4.3. Pit and Filter Constructions and Pipe Installations

The pits were dug near the recharge wells with the help of earth moving machinery. The size
of the pits varied slightly due to construction method. The median length, width, and depth of pits
were 1.40, 1.55, and 1.15 m, respectively (Table 2). Once the pit was dug to the required dimensions,
the masonry work was done on the four sides of the pit walls to maintain the stability of the pits.
The bottoms of the pits were cemented, incorporating stones from a local quarry. The pit was divided
into two sections by a brick wall constructed in the middle with a height of about two-thirds of the
pit depth. This division was done to allow extra deposition time of sediments in the pit, as reported
useful by Pendke et al. (2017) [14]. Runoff from pits was discharged from the pit into the recharge
well through one or more 50 mm diameter high-density polyethylene (HDPE) pipes, which were laid
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in a trench to allow gravitational flow and perforated the well perimeter through an aperture just
large enough to contain the pipe(s). The pipe inlets were installed about 0.2-0.3 m above the bottom
of the pit to minimize clogging of the inlets (Figure 2). In some wells, two or even three pipes of
50 mm diameter were used in order to increase the proportion of runoff that entered the pit and well.
After pipe installation, the trench was backfilled and compacted.

Table 2. Design details of DWRS pits.

Vol as mm over

i 3 2
DWRS Code Length, m Width, m Depth, m Volume (m?) Catchment Area (m*) Catchment Area

Hé6 3.35 1.90 1.00 6.40 1131 5.6
H21 0.90 1.35 1.15 1.40 585 24
B21 1.15 1.20 0.70 1.00 2343 0.4
B40 2.30 2.30 1.10 5.80 1155 5.0
V43 1.90 1.90 1.20 4.30 304 143
V47 1.90 1.80 0.85 290 263 11.1
H22* 1.20 1.40 1.10 1.80 3200 0.6
H23* 1.40 1.55 1.20 2.60 662 3.9
D1+ 1.00 1.37 122 1.70 2860 0.6
D14 * 1.34 1.13 122 1.80 11,954 0.2
V28 * 1.40 2.40 1.30 440 2,902,300 0.0
Median 1.40 1.55 1.15 2.60 1155 24

* DWRS well established in 2018.

3 inlet towards well
Pit outlet towards well = each 50 mm dia
through pipe —

Flow meter / %P“ inlet pipe
ng . e~ S |/ Middle brick ,L'--' fmm e mEeer
7 I — = Y,
= T 234 /
/./JLQ{ 3 A :' I /
Filterbed (Gravel+ /
v aggregates+coarse sand) ’ / =
- = 7
Dug well Earthen channel to guide

runoff towards pit

<Fltld runoff towards well

Brick partition

Coarse sand
and gravels

Figure 2. View of DWRS installed in the study: (a) a cross-sectional view of DWRS (not to scale); and
(b) photograph of a sample structure constructed in the study area.
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4.4. Reducing Sediment Discharge into Wells

The runoff carries suspended sediment particles throughout the rainy season, although the
concentration was expected to be highest at the beginning of the monsoon season, when the ground
was parched and there was no vegetation cover. It was considered important to prevent the discharge
of sediments into the DWRS well in order to reduce the likelihood of turbid water clogging the fractures
that allowed natural ingress of groundwater. A simple and cheap roughing filter was devised in which
coarse sand and stone aggregates were placed in the pit on both sides of the dividing wall and covered
with net cloth to help make suspended sediments settle in the pit and allow easy removal of detritus.
Table 2 reports gross volume of pits, not accounting for filter material; hence, the holding capacity for
water was quite small (<6.4 m®) in relation to typical monsoon rainfall events, which could exceed
60 mm in a day.

4.5. Installation of Flow Meters

In the five DWRSs constructed in 2018, a flow meter was installed between the pit and recharge
well to monitor the cumulative volume of water discharged into those wells. Flow meters with 50 mm
diameter were used to measure the total volume of the runoff water discharged in a single pipe. If
there were more than one pipe, it was assumed that other pipes discharged the same volume as the
metered pipe. For additional protection of water meters from clogging due to plant debris in runoff
water, iron wire meshes were placed at the inlet of pipes. A schematic diagram of field settings of
components of the recharge structure are shown in Figure 2a, and a photo of a typical structure (one of
11) is shown in Figure 2b, whereas Figure 3 shows the discharge of runoff into a well after it has passed
through the filter. The dial pad reading of the flow meter was recorded photographically at the time of
installation, and subsequently after every runoff event.

Figure 3. Runoff discharge into well after it was collected in the pit and had passed through the filter.
4.6. Managed Aquifer Recharge Operations

For the DWRSs constructed in 2016, managed aquifer recharge (MAR) commenced in July 2016
and continued through the monsoons of 2017 and 2018, generally over the months of July to October.
For DWRSs constructed in 2018, MAR commenced in July 2018. The systems were shut down at the
end of the 2018 monsoon. DWRS and control well water levels were measured weekly from January
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2013 to December 2018 for the wells of Hinta, Dharta, and Badgaon village, whereas for the Varni
village, monitoring was done from December 2013 to December 2018.

4.7. Calculating the Cost of Construction

The cost of construction of the recharge pits varied on the basis of the location and material used.
Locally available construction material was used, and well owners were engaged throughout the
construction process. All the cost components starting from digging the pit to installing water-meter
and outlet pipes were recorded. The cost of construction and installation depended on access to the site,
distance between pit and recharge well, and construction of runoff collection field channel (wherever
necessary). Only existing wells were used, and thus these are regarded as a sunk cost. The site specific
average estimate of cost for installing a DWRS is given in Table 3, in Indian rupees at 2018 costs.

Table 3. Installation cost of a DWRS structure at field site (for conversion USD 1 = INR 70 in 2018).

Items Quantity Cost, INR Cost, USD

Hiring cost for earth moving 1h 800 11
equipment

Stones 1 trolley load 1300 19
Coarse sand % trolley load 600 9
Cement bag 2 600 9
Bricks for partition 50 250 4
Stone aggregates % trolley load 300 4
Pipes (m) 3 600 9
Builder and labour 1+1 1600 23
Flow meter * 1 4500 64
Total cost without flow meter 6050 86
Total cost with flow meter 10,550 151

* Installed for flow measurement.

4.8. Rainfall Monitoring

Rainfall monitoring was done on a daily basis by farmer volunteers, known as BJs (Bhujul
Jaankaars or “groundwater informed”). Rain gauges were installed in all four villages, and annual
rainfalls were recorded (Figure 4) by BJs. To evaluate the effect of the runoff on the water level
fluctuation of the wells, the rainfall data obtained were used to correlate with the water table level and
the influence of the recharge pit for specific rainfall events.

4.9. Groundwater Level Monitoring

Groundwater level monitoring was done at a weekly interval and commenced a few weeks before
the monsoon, continuing until after the end of the monsoon season when levels had peaked and were
in decline. An ordinary measuring tape with a float at its end was used for monitoring the depth to
water level in each DWRS and control well, below a datum that was marked on the well head with the
well identification number. Readings were taken by the farmer BJs who had been trained to undertake
such measurements and had considerable experience. The water level data obtained during weekly
monitoring were used to plot well hydrographs.
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Figure 4. Annual rainfall in study villages during the study period, 2013-2018.

4.10. Water Quality Monitoring

4.10.1. Sampling

Water samples were taken on five occasions for analysis of pH, EC/TDS, and turbidity—]July 2015,
July 2017, June 2018, August 2018, and October 2018. Samples were analysed for fluoride on three of
these occasions—July 2017, June 2018, and August 2018. Escherichia coli analysis was conducted on the
water samples collected in August, September, and October 2018.

4.10.2. Physical and Chemical Analyses

The water samples were collected in order to analyse pH, EC, TDS, turbidity, and fluoride. They
were analysed in the field for these physico-chemical parameters using an Aquaread instrument
(https://www.aquaread.com/portofolio/ap-5000/) to test pH, EC, TDS, and turbidity. A HACH DR/890
portable colorimeter (https://www.hach.com/dr-890-portable-colorimeter/product?id=7640439041) was
used to measure fluoride (F) concentration. E. coli samples were collected and taken to a laboratory in
the Hinta village for analysis within 8-24 h, and samples were stored in a refrigerator for the time
period between sampling and laboratory analysis. On each day of sampling before testing of water
samples, the instruments were calibrated using distilled water and stock solutions. On one occasion, a
split set of 10 samples was provided to an independent university laboratory for analysis of TDS (by
EC) and fluoride. The coefficient of determination (R?) for TDS was 0.82, and in terms of fluoride, R?
was 0.98 for samples within the prescribed range of <2-2.5 mg/L for the colorimeter. To establish the
reliability of the measurements, the testing of duplicate water samples was carried out. The results
indicated average differences for 10 samples for pH, EC, TDS, and F and for 9 samples for turbidity of
between 2.5% and 5% of the range in observed values. Hence, these field data are considered reliable
for the purposes of the investigation.

4.10.3. Bacteriological Analysis

The MacConkey Agar (MAC) method was used to grow Escherichia coli bacteria. For the
bacteriological analysis, standard lab procedure was used—the MAC flasks, spreader, and Petri dishes
were sterilized in an autoclave at 120 °C at 15 psi for 15 min, after which spreading of field samples
was done under laminar flow conditions. The MAC was poured into sterilized Petri dishes on which E.
coli was cultured. This agar provides a solid medium on which selected bacteria are able to decompose
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agar. MAC is a selective and differential medium designed to selectively isolate Gram-negative bacteria
such as E. coli and enteric bacilli on their ability to ferment lactose. Groundwater samples of DWRS
wells and control wells were tested for microorganisms that would ferment lactose to produce end
products that react with the pH indicator neutral red and would produce a pink colour colony. Results
were reported as E. coli log colony-forming units (CFU)/mL.

5. Results and Discussion

The results of the evaluation of DWRS at a farm level are presented and discussed below.

5.1. Recharge in DWRS Wells

The metered volume of water recharging wells could only be determined at three DWRS wells in
2018 due to meter failures at two sites. Failures were thought to be caused by detritus clogging the
impellors on mechanical flow meters in spite of the precautions taken. For the two sites representative of
the catchment areas for 10 of the 11 DWRS wells, the average recharged proportion of monsoon rainfall
on the catchment areas was 1.17%. This is considerably lower than the estimated 17% runoff generated
from rainfall in 10 Maharashtra DWRS catchments (Pendke et al. 2017) [14]. It was observed that pits
filled in heavy storms and subsequent runoff bypassed DWRS. Applying the average proportion of
catchment rainfall recharged from these two wells to all other DWRS wells in all years since they were
established gives the volumetric recharge estimates shown in Table 4.

Table 4. Observed and estimated recharge through DWRS pits.

Estimated Recharge, m®

Year of Pit
Well ID Establist Rect Volume Recharge as mm As % of Rainfall 2016 2017 2018
Metered, m® over Catchment on Catchment

H6 2016 * 13 7 10
H21 2016 * 7 4 5
B21 2016 * 22 6 18
B40 2016 * 11 3 9
V43 2016 * 3 2 2
V47 2016 * 3 2 2
H22 2018 27 8.44 1.13% 27
H23 2018 * 4
D1 2018 * 13
D14 2018 81 6.78 1.20% 81

V28 2018 176 0.06 0.01% 176
Mean 1.17%* 14 6 32
Total (pits established in 2016) 59 24 46

Total (pits established in 2018) 0 0 309

Total 59 24 355

* The mean value for H22 and D14 was applied to all unmetered sites and sites where meters failed to register. V28
represents a DWRS well besides a stream with a catchment area three orders of magnitude larger than the median of
the DWRS sites, and hence was excluded from estimation of recharge at other wells.

The volumes of recharge are very low, in part due to the small catchment area of farm fields,
in part by the low proportion of runoff diverted into wells due to the very small volumes of pits
(Table 2) with respect to typical monsoon rainfall events, and possibly in part due to under-estimation
of recharge by under-performing flow meters.

5.2. Head Rise Comparison between DWRS Wells and Control Wells

Six DWRS wells were constructed in 2016 and another five in the year 2018 (Table 1),
and in this catchment that had been intensively monitored since 2013 in the MARVI project
(Maheshwari et al. 2014) [8], we calculated the head rise in each well by subtracting the depth to
water level at the end of the monsoon from that at the beginning of the monsoon. The ratio of head
rise of each DWRS well to the mean of its adjacent control wells was calculated for each year (2013
to 2018). Subsequently, the change in these ratios was analysed to compare head rises before and
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after construction of DWRS for both construction years (2016 and 2018). Table 5 shows the mean and
standard deviation of the head rise ratios.

Table 5. Statistical analysis of ratio of mean head rise of each DWRS and nearby control wells.

DWR 2012 2013 2014 2015 2016 2017 2018 Mean before Mean after Mean (after
Construction Construction Minus before)
He 0.72 0.54 0.12 0.88 0.85 1.63 0.72 0.56 1.07 0.51
H21 # 1.35 0.71 0.70 2.06 0.86 0.86 0.89 1.20 0.87 -0.33
B21 0.88 0.55 0.66 1.72 091 1.02 1.24 0.95 1.06 0.11
B40 0.52 0.73 0.63 1.30 0.75 0.78 0.64 0.80 0.72 -0.07
V43 # 0.79 1.20 0.76 2.39 1.17 1.00 1.44 0.44
V47 # 0.25 0.24 0.82 1.06 1.20 0.25 1.02 0.78
H22* 0.65 0.17 0.31 0.36 0.49 0.77 0.91 0.37 0.91 0.54
H23* 0.37 0.08 0.02 0.48 0.60 0.81 0.76 0.23 0.76 0.53
D1+* 1.81 221 4.39 2.95 1.78 131 3.49 241 3.49 1.08
D14 * 1.33 1.36 1.24 1.17 1.14 215 1.31 215 0.84
V28 * 0.26 0.51 1.26 0.91 2.12 0.38 212 1.74
Summary statistics of head rise ratio by year
Mean 0.90 0.79 0.86 118 0.93 1.15 1.39 0.86 1.42 0.56
SD 0.51 0.69 1.23 0.82 0.36 0.49 0.87 0.64 0.85 0.57
CoV 0.57 0.87 1.42 0.70 0.38 0.42 0.62 0.74 0.60 1.01
Values below are for DWR wells commencing in 2016 only #*
Mean 0.87 0.63 0.53 1.23 0.83 1.29 0.98 0.79 1.03 0.24
SD 0.35 0.10 0.27 0.64 0.06 0.62 0.26 0.34 0.24 0.41
CoV 0.41 0.16 0.52 0.52 0.08 0.48 0.27 0.43 0.23 1.73
Values below are for DWR wells commencing in 2018 only *
Mean 0.94 0.95 1.27 111 1.06 0.99 1.89 0.94 1.89 0.94
SD 0.77 1.02 1.82 1.09 0.53 0.23 111 0.92 111 0.50
CoV 0.81 1.07 1.44 0.98 0.50 0.23 0.59 0.98 0.59 0.53

# DWRS constructed in 2016; * DWRS constructed in 2018; Bold is summary for all DWRS wells.

The statistical analysis of ratio of mean head rise of DWRS and control wells indicated that the
effect of DWRS to raise water level in DWRS was not statistically significant at p < 0.05. This is not
surprising due to the fact that the natural recharge in the area is considerably larger than the generally
small additional volumes of water recharged through DWRS. This, combined with the local factors
such as geology, topography, and rainfall intensity variations, can mask the DWRS contribution to
the aquifer. The maximum increase in head rise ratio was observed at DWRS V28 (which had the
highest recharge volume, more than three times the next highest measured or estimated value (at D14))
(Table 4).

Pendke et al. (2017) [14] studied direct well recharge at 10 sites in the Maharashtra state of India
and observed that the difference between the post-monsoon (September) and pre-monsoon (June)
water level depths was greater when compared with those of two controls. However, the catchment
areas were more than 10 times the median in the Dharta case study, but inflow volumes were not
recorded. It is expected that head rise in individual wells is unlikely to be an effective diagnostic of
DWRS recharge effectiveness. Variations in transmissivity and specific yield in the aquifer could even
suggest the reverse is true where for the same recharge volume the groundwater mound would be
higher for aquifers with low transmissivity and low specific yield. Reliable measurements of recharge
are the most decisive information on which to assess recharge effectiveness, as found for check dams in
the same catchment by Dashora et al. (2018, 2019) [10,16].

5.2.1. Water Quality

The water quality information for the various wells in four villages is summarised in Table 6.
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52.2. pH

Water samples were collected and tested for pre-monsoon (Jun 2018), during monsoon (July 2015,
July 2017, and August 2018), and post-monsoon (October 2018) periods. The mean pH values of most
of the DWRS and less of their control wells were found to be between the permissible limits (6.5-8.5) of
the Bureau of Indian Standards (BIS; 2004) [17]. Figure 5 shows the percentage of samples that met the
(BIS) criteria. Both in July 2015 (before any DWRS recharge) and October 2018 (post-monsoon), all the
DWRS wells met the criteria, whereas half of the control wells had a pH greater than 8.5. In 2017, only
about 26% of samples of both DWRS and control wells met the criteria due to elevated pH. That is,
the introduction of DWRS made little difference to the acceptability of the pH of the water for drinking.

100%

80%

60%

40%

20% I l
0%

Jul-15 Jul-17 Jun-18 Aug-18 Oct-18

HDWRS H Control

Figure 5. Percentage of samples meeting Bureau of Indian Standards (BIS) guidelines for pH in drinking
water with or without an alternative supply (BIS acceptance range pH: 6.5-8.5).

5.2.3. TDS

In July 2015, about 82% samples of DWRS met BIS criteria (TDS (2000 mg/L), compared with 55%
for the control wells (Figure 6). Although a higher proportion of DWRS wells than control wells had
TDS less than 2000 mg/L, before and during occurrence of DWRS recharge, it is evident that these
proportions can increase during the monsoon for both DWRS and control wells due to dilution with
fresh natural recharge. However, the volume of DWRS recharge in the DWRS wells is so small that it
does not make a marked benefit if wells were to be used for drinking, and it will be seen that other
parameters relevant for drinking are adversely impacted by DWRS.

5.2.4. Fluoride

The average values of fluoride of DWRS and control wells ranged from 0.75 to 1.13 mg/L and 0.83
to 0.94 mg/L, respectively. The proportion meeting the BIS criteria (<1.5 mg/L in the absence of an
alternative supply) of DWRS was 73% in July 2017, compared with 55% for control wells (Figure 7).
Between June 2018 (before monsoon) and August 2018 (mid monsoon), the proportion of DWRS wells
with F < 1.5 mg/L increased with respect to control wells. This is not surprising because of the generally
lower ambient TDS and F of DWRS wells than in control wells, and thus rainfall recharge is expected
to have a greater diluting influence in DWRS wells.
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Figure 6. Percentage of samples meeting BIS guideline for TDS in drinking water in the absence of an
alternative supply (BIS threshold < 2000 mg/L).
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Figure 7. Percentage of groundwater samples that meet BIS guidelines for fluoride in drinking water
in the absence of an alternative supply (BIS threshold < 1.5 mg/L).

5.2.5. Turbidity

As indicated in Table 6, the mean values of the turbidity of DWRS and control wells ranged from
30 to 65 and 29 to 66 NTU (Nephelometric Turbidity Units), respectively. As illustrated in Figure 8,
from the years 2015 to 2018, none of the samples met the BIS criteria (10 NTU in the absence of an
alternative supply) except in June 2018 (DWRS 27% and control 20%) before the monsoon broke, as well
as in October 2018 (only control 10%). It was found that wells with parapet wall (45 NTU) had less
turbidity when compared to wells without parapet wall (54 NTU). This suggests that a parapet wall
alone may be insulfficient in providing adequate protection for drinking water wells in this area.
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Figure 8. Percentage of samples of samples meeting BIS criteria for turbidity in drinking water in the
absence of an alternative supply (<10 NTU).

5.3. E. coli

The presence of E. coli bacteria in any 100 mL sample of water indicates that the water is
contaminated and unfit for drinking (BIS standards). The water samples for both DWRS and control
wells were tested and found that not only the wells that were recharged but also control wells showed
the presence of E. coli. Table 7 shows the mean of DWRS wells was between 0.12 and 0.68 log CFU/mL
higher than the mean of control wells; however, in relation to standard deviations, this departure was
not significantly different.

Table 7. E. coli log number colony-forming units (CFU)/mL of DWRS and control wells.

Number of Wells Mean Value of E. coli, Standard Deviation,
Date log CFU/mL log CFU/mL
DWRS Control DWRS Control DWRS - Control DWRS Control
16-08-2018 10 0 277 - 0.39 -
25-08-2018 10 12 3.03 2.35 0.68 0.54 0.70
25-09-2018 11 19 3.15 2.70 0.45 0.57 0.65
06-10-2018 9 16 3.22 3.10 0.12 0.46 0.48
All samples 40 47 3.04 2.75 0.29 0.49 0.61

The data revealed that both DWRS and control wells were found to be infected by E. coli. It was
also noticed that the control wells that did not have a well-constructed parapet were affected by the
bird droppings and rotten plant debris in creating the possibility of the E. coli. No wells had covers,
and only 15 wells out of a total of 31 wells monitored had a parapet wall. It was found that wells with
parapet walls had a lower average number of E. coli (2.47 log CFU/mL) than wells without parapet
walls (2.85 log CFU/mL) (Table 6). The wells with over hanging trees and bird activities inside wells
had E. coli 2.92 log CFU/mL, whereas without hanging trees showed E. coli 2.09 log CFU/mL. There
were no wells with covers to keep out birds and bats from well heads, and thus it was possible these
were the source of E. coli found in all wells.
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The Water Quality Guide for Managed Aquifer Recharge in India (Dillon et al. 2014) [18] allows
for a very simple approach to accepting natural water to recharge an aquifer if the recharge mechanism
does not bypass the unsaturated zone. If the unsaturated zone is bypassed, as is the case in DWRS,
the guide then refers proponents to the Australian Guidelines for MAR (NRMMC, EPHC, NHMRC
(2009) [19]. These require a monitoring regime to ensure that the aquifer is not polluted, which
could have an adverse impact on human health or the environment. Although the monitoring effort
undertaken in this study did not cover all potentially present contaminants, such as agricultural organic
chemicals, nutrients, and other types of microorganisms such as viruses and protozoa, the selection
of parameters is sufficiently convincing in order to demonstrate the fact that improved treatment is
required if any well influenced by the water introduced via DWRS is used for drinking water supplies.

5.3.1. Performance of Filters and Potential for Fracture Clogging

The runoff water was filtered before redirecting it into the recharge well to retain suspended
sediments and thereby reduce the blockages of fractures (see Figure 9) and improve the groundwater
quality. During the first two to three rainfall events in the study, we observed that the surface water
carried with it considerable amounts of suspended fine silt particles and organic plant materials,
including rotten leaves and plant debris. The filter bed made up of coarse sand and gravels retained
much of the suspended silt. It was also observed that timely manual cleaning of the pit, namely,
the removal of the silt and plant debris, was an important activity to reduce any blockage of the
discharge pipe inlets. During the monitoring, on some occasions, the water meters were observed as
being clogged by plant debris, and thus to overcome this problem, we installed a wire mesh at each
flow meter inlet.

Figure 9. Recharge pit with filters. and clogging of the flow meter inlet.

For the long-term success of DWRS structures, removal of any suspended material through
filtering is important before runoff water is discharged into wells to avoid potential clogging of
aquifer fractures. Clogging has been observed a significant issue in Australia when stormwater runoff
and treated municipal waste-water effluent are injected into aquifers to produce water for irrigation
(NRMMC, EPHC, NHMRC 2009) [19]. Baveye et al. (1998) [20] reported that the main problem
in infiltration systems for enhancing recharge of groundwater is clogging of the infiltrating surface
(basin bottoms, walls of trenches and vadose-zone wells, and well-aquifer interface in recharge wells),
resulting in reduced infiltration rates. Silt removal is done mechanically with scrapers, front-end
loaders, and graders, or manually with shovels and rakes.

66



Water 2020, 12, 1069

5.3.2. Costs and Benefits of DWRS

The costs of establishing a DWRS without and with a flow meter were shown in Table 3 to be INR
6050 and 10,550 (USD 86 and 151), respectively. Benefits of additional water were determined to be
2.36 INR/m? (0.034 USD/m?) (Dashora et al. 2019) [16] in this same catchment using the net value of
increased production per cubic metre of additional water available from check dam recharge. Assuming
the life of the DWRS infrastructure was either 10 or 30 years, and following the procedure laid out by
Dashora et al. (2019) [16] using the same discount rate of 8%, we found that an annual volume of 382
or 250 m3, respectively, would need to be recharged and used productively for agricultural irrigation
in order to warrant the capital expense (and including flow meter (666 or 416 m?)). These calculated
economic recharge volumes are under-estimates because they neglect annual maintenance costs, such
as scraping out the pit. The lowest of these numbers exceeds the maximum annual recharge recorded
in 2018 and suggests that none of the DWRSs evaluated would be economically feasible (i.e., present
value of benefits exceed the present value of costs). The mean recharge in 2018 was 32 m?, suggesting
that, if this was representative of mean annual recharge, the B/C ratio would be between 0.05 and
0.13 depending on the assumed life of the infrastructure and absence or presence of meters. Even
the DWRS harvesting from a large catchment (V28) failed to reach this feasibility criterion. This was
quite a different result than found for check dams that had a benefit/cost ratio of 4.1 [16], and therefore
remain a preferred approach to recharge enhancement in this area.

6. Concluding Remarks

In this study, we evaluated the effect of direct well recharge structures (DWRS) on the groundwater
level rise over the monsoon season and the quality of water in recharged wells as compared to nearby
control wells. This was the first micro scale (farm level) evaluation in a semi-arid region of Rajasthan
state, which is facing the problem of groundwater over-exploitation. Water quality observations were
made to determine whether groundwater quality was protected.

The volume of water recharged through DWRS into individual wells during the monsoon season
varied with catchment area, rainfall amount, and intensity, and in 2018, in three wells where water
flow meters did not clog, these were 27, 81, and 176 m3 per well. Using the same ratio of recharge to
rainfall over the catchment area, in the same year, the other eight wells were estimated to recharge
between 2 and 19 m3. The value of average recharge for all the wells monitored in 2018 was 32 m3.
The mean rise in well water levels over the monsoon season was higher in wells with DWRS than in
nearby control wells, but not significantly different. The study revealed that some wells with DWRS
have shown a larger increase in water level than in control wells, and this was particularly true for one
well (V28) that accounted for 50% of the total recharge to 11 wells in 2018.

Similarly, monitoring of water quality revealed no significant difference between DWRS and
control wells for pH, EC/TDS, turbidity, or fluoride. The presence of E. coli in DWRS wells was higher
than in control wells, however, E. coli exceeded drinking water guidelines in all sampled wells. Values
of pH, EC/TDS, and F decreased in DWRS and control wells as each monsoon progressed, whereas the
turbidity of wells with DWRS increased slightly. The turbidity and E. coli values suggest that DWRS
should not be attempted in or near wells that could be used for drinking water supplies.

The high proportion of both DWRS and control wells that failed to meet BIS criteria for drinking
water suggests that well-head protection measures are needed, such as parapet walls and covers, in
order to reduce these contaminant loads for wells that are used as a source of drinking water. As a
result of this study, trials are commencing to monitor the changes in water quality due to well-head
protection measures in the treated wells and control wells, in order to provide the evidence base
necessary to inform appropriate actions by the village communities.

The volume of water recharged by DWRS was too small to warrant the expenditure on DWRS,
even for the system with a very large catchment, on the basis of a present value analysis and assuming
the asset life of the DWRS system is between 10 and 30 years and neglecting maintenance costs.
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It is anticipated that pit filters would need to be removed, cleaned, and replaced periodically to
enable DWRS to remain operational. Diverting the first flush runoff in a monsoon before water enters
the filter pit, until after vegetation cover is established and turbidity reduces, would be expected to
reduce maintenance needs at the cost of a reduced harvest. It is also expected that improved watershed
management such as contour banking will improve quality of runoff and reduce the needed frequency
of desilting of filters. It may also be a more effective form of increasing recharge than DWRS, but it
would be difficult to measure recharge increase as a result of such dispersed recharge methods.
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Abstract: Studies on the presence of pharmaceuticals in water were carried out on the riverbank
filtration site, Krajkowo-Poznan (Poland). A preliminary investigation conducted in 3 sampling
points showed the presence of pharmaceuticals in both surface water and bank filtrate. Based on
the above, an extended analysis was made in July, August and October 2018 and included surface
water and wells located at a different distance (5-250 m) and travel time (1-150 days) from source
water (Warta River). Firstly, 75 compounds (antibiotics, anti-inflammatory and analgesic drugs,
psychotropic drugs, x-ray agents and -blockers) were tested and 25 of them were detected in the river
or bank filtrate. The highest concentrations were observed in source water and then were reduced
along the flow path. The sampling points located close to the river (<38 m) are characterized by low
removal. Higher removal is visible in wells located 64-82 m away from the river, while 250 m from the
river most compounds are completely attenuated. Carbamazepine, gabapentin, tramadol, oxypurinol,
fluconazole, and lamotrigine are the most common compounds. Some of the tested parameters occur
only in the river water, e.g., iopromide, diclofenac, iohexol, clindamycin, fexofenadine and valsartan.
The research shows that at the site, a significant attenuation of pharmaceuticals can be achieved at
travel times of 40-50 days and distances of 60-80 m, although higher values are ensured when the
well is located more than 250 m away.

Keywords: riverbank filtration; pharmaceuticals in groundwater; removal of pharmaceuticals

1. Introduction

Riverbank filtration (RBF) systems are widely used for drinking water supplies. RBF, by forcing the
infiltration of surface water into the groundwater systems, allows relatively large amounts of water to be
obtained, especially in the alluvial aquifers located in the European lowland areas in river valleys and
ice-marginal valleys [1,2]. The infiltration of surface water to groundwater systems and water passage
through the aquifer media causes improvements in water quality by a set of processes including:
sorption, redox processes and biodegradation [3,4]. The mixing of bank filtrates with ambient,
usually unpolluted groundwater, also takes place [5,6]. Nevertheless, the quality of bank filtrate is
strongly dependent on surface water quality. Currently, this dependency is extremely important due
to the detection of contaminants (e.g., pharmaceuticals) in the river (source) water. The occurrence
of pharmaceuticals (such as antibiotics, analgesics, blood lipid regulators, contrast agents) has been
studied all over the world in surface and also in groundwater [7-9]. The occurrence of micropollutants
was documented in Chinese rivers [10,11], Japanese rivers [11], Korean rivers [11], Kenyan rivers [12]
USA rivers [13,14] and also European rivers [1,15,16] and has also been previously documented
in the Warta River [17]. In cases of heavily polluted surface water or temporary occurrences of peak
constituent concentrations in rivers (e.g., during extreme weather conditions [18]), the contaminants
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can migrate to production wells in reduced concentration [4,19]. These remaining residues necessitate
removal by the use of engineering techniques in treatment plants. However, a properly constructed
RBF system can also be used as a natural water treatment method [16]. This can be achieved if the travel
time (i.e., time of water passage from surface water to wells) is long enough to remove or considerably
reduce the contaminants from the bank filtrate [1,4,16].

The goals of the research presented here are (i) to report the occurrence of a large number
of pharmaceuticals in both river and bank filtrate and (ii) the investigation of their attenuation during
bank filtrations. The data was analysed at points at different distances (and likewise travel times) from
the river, as well as in various types of wells (vertical and horizontal), as according to the literature [4,7]
the removal of pharmaceuticals increases with increasing distance (as well as travel time) from the
source water.

2. Materials and Methods

2.1. Site Description

For the investigation of pharmaceuticals in river and bank filtrate water, the Krajkowo well field
was selected. This well field is located 30 km from Poznan City. The well field is composed of the
following (Figure 1): (1) a well group located on the floodplain along the Warta River (RBF-c) at
a distance of 60-80 m from the riverbank; (2) a group of 56 wells situated on a higher terrace located
400-1000 m from the river (RBF-f); (3) one horizontal well (HW) with 8 radial drains situated 5 m below
the river bottom. In the Krajkowo well field, one additional well group is recharged from artificial
ponds. This part of the well field was not considered in this study. A detailed description of the well
fields is presented in previous work [20].

POLAND
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° Well

©  Well within transect Lo

® Observation well =

W Surface water sampling
Hw Horizontal well ®
#” Boundary of the flood terrace 177b/1. of9L
—— Flow direction

L
0 T00m
o0 750m

Figure 1. Situation map of the study area. RBF: riverbank filtration; RBF-c: wells on the flood terrace;
RBF-f: wells on the higher terrace; and HW: horizontal well. [2] modified.

The Krajkowo well field is located in a region of favourable hydrogeological conditions. The total
thickness of the aquifer is up to 40 m. In the upper part of the aquifer, there are sediments of the
Warsaw-Berlin ice-marginal valley. Deeper sediments of the Wielkopolska Buried Valley are present.
In the profile of aquifer sediments, there are fluvial fine and medium-grained sands and fluvioglacial
coarse-grained sands with gravels. The total well field production is approximately 70,000~120,000 m?/day.
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2.2. Methods

For the investigation of pharmaceutical behaviour along flow paths from the river to the wells,
6 sampling points were selected, source water (the Warta River) and the wells located at different
distances from the river (Table 1). Three production wells were selected for the research: HW, 19L,
and 1AL. The closest sampling point is HW. Observation well 177b/1 is located between the river
and well 19L. Observation well 78b/1s is the furthest away sampling point. The RBF-f wells shown
in Figure 1 were in continuous operation during 2 years, including the period of our investigations.
This situation enabled the observation of bank filtrate in well 78b/1s (Figure 1). The water balance and
residence time were estimated based on the analyses of the hydrochemical data and the results of the
mathematical modelling of groundwater flow. The well field monitoring data performed by the water
company were also used for the interpretation.

Table 1. Characterization of sampling points.

Contribution of River

Sampling Points Location Dllls.tanc; frcl)(n: t];e Depsth of t]}e \)Nell Water to Total Water TI.{ES“::;“CE)
iver Bank (m) creen (m Balance in Well (%) ime (days
Warta River - - - -
Horizontal well-HW Drains under river bottom 5 m below river bottom 100 1
Observation well 177b/1 Floodplain 38 12.5-14.5 100 24
Vertical well 19L Floodplain 64 24.0-32.0 65-85 40
Vertical well 1AL Floodplain 82 16.5-32.5 65-85 50
Observation well 78b/1s Higher terrace 250 18.0-28.0 60 150

For the preliminary investigation of pharmaceuticals, 3 sampling points were selected (surface water,
1AL, and 78b/1s). Three sampling sessions were performed on September 2017, May 2018 and June
2018. The laboratory measurements addressing 13 constituents were performed in the ALS Laboratory
in Prague. Based on this investigation, consecutive sampling campaigns were planned. The next
investigations were performed in July, August and October 2018 and included six sampling points
(surface water, HW, 177b/1, 1AL, 19L, and 78b/1s). The measurements of 75 constituents were performed
in the Laboratory of Povodi Vltavy VHL Plzen. (Table 2).

Table 2. List of substances tested in extended investigation (July, August, October 2018).

Parameters LOQ Parameters LOQ Parameters LOQ
Carbamazepine <10 Saccharin <50 Alfuzosin <10
Erythromycin <10 Gabapentin <10 Bisoprolol <10
Sulfamethoxazol <10 Tramadol <10 Celiprolol <10
Iopromide <50 Clarithromycin <10 Citalopram <20
Ibuprofen <20 Roxithromycin <10 Clindamycin <10
Diclofenac <20 Azithromycin <10 Cyclophosphamide <10
Iopamidol <50 Carbamazepine-DH <10 Diltiazem <10
Atenolol <10 Oxcarbazepine <10 Fexofenadine <10
Caffein <100 Ibuprofen-2-hydroxy <30 Fluconazole <10
Ketoprofen <10 Ibuprofen-carboxy <20 Fluoxentine <10
Metoprolol <10 Diclofenac-4-hydroxy <20 Iomeprol <50
Peniciline G <10 Naproxene-O-desmeth <20 Irbesartan <10
Sulfamerazine <10 Venlafaxine <10 Ivermectin <10
Sulfamethazin <10 Sertraline <10 Lamotrigine <10
Sulfapyridin <10 Ranitidine <10 Lovastatin <10
Trimetoprim <10 Tohexol <50 Memantine <20
Furosemide <10 Carbamazepine-2-hydr <10 Mirtazapine <10
Gemfibrozil <50 Clofibric acid <10 Phenazone <10
Hydrochlorothiazide <10 Cotinine <20 Primidone <10
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Table 2. Cont.

Parameters LOQ Parameters LOQ Parameters LOQ
Naproxene <50 Paraxanthine <100 Propranolol <10
Triclocarban <10 Bisfenol B <50 Propyphenazone <10
Triclosan <20 Bisfenol S <50 Simvastatin <10
Chloramphenicol <20 Oxypurinol <50 Sotalol <10
Bezafibrate <10 Tiamulin <10 Telmisartan <20
Warfarin <10 Acebutolol <10 Valsartan <10

The sampling collection took one day. The samples were taken from surface water, observation
and production wells. The observation wells were pumped using a portable pump (MP-1, Grundfos,
Bjerringbro, Denmark). The production wells were pumped continuously before and during the
sampling periods. The water samples were stored in glass bottles and transported in a refrigerated
container and frozen. After 5 days of storage at —18 °C temperature, the samples were delivered to the
laboratory. The investigation of pharmaceuticals in the ALS Laboratory in Prague was performed using
liquid chromatography (LC-MS/MS). The extended investigations in the laboratory of Povodi Vltavy
VHL Plzeti were carried out using liquid chromatography (LC-MS/MS) and ultra-high-performance
liquid chromatography (UHPLC MS/MS). A 1200 Ultra-High-Performance Liquid Chromatograph
(UHPLC) tandem with 6495 Triple Quad Mass Spectrophotometer (MS/MS) of Agilent Technologies was
used in ESI mode. The separation was carried out on an X-bridge C18 analytical column (100 X 4.6 mm,
3.5 pm particle size). The mobile phase consisted of (A) methanol and (B) water with 0.02% acetic
acid and 5 mM ammonium fluoride as mobile phase additives. The flow rate was 0.5 mL min~'.
The injection volume was 0.050 mL.

3. Results

Preliminary investigations performed in September 2017 and, May and June 2018 at three sampling
points allowed the determination of occurrences of pharmaceuticals in the surface and bank filtrate
water (Table 3). Among the 13 measured parameters, antibiotics, anti-inflammatory and analgesic
drugs, psychotropic drugs, X-ray agents and (3-blockers were detected. The highest pharmaceutical
concentrations and the largest variety of substances were detected in the Warta River (max. 485 ng/L).
The investigation showed that the concentrations in bank filtration wells were considerably lower
(max. 184 ng/L). Some of the pharmaceuticals were detected only in the river water (iomeprol
(max. 156 ng/L), iopromide (max. 413 ng/L), metoprolol (max. 26 ng/L), metformin (max. 88 ng/L) and
1H-Benzotriazole (140 ng/L)). In well 1AL, located 82 m away from the river, 5 substances were detected
(carbamazepine (max. 145 ng/L), sulfamethoxazole (max. 20 ng/L), diclofenac (max. 99 ng/L), naproxen
(max. 21 ng/L) and iohexol (max. 146 ng/L)). In observation well 78b/1s that is located 250 m from
the river, only 2 constituents were detected (carbamazepine (max. 81 ng/L), iohexol (max. 184 ng/L)).
The results documented the occurrence of pharmaceuticals in both surface water and bank filtrates.

In July, August and October 2018, the analyses involving 75 different compounds at 6 sampling
points were conducted. The analyses included antibiotics, anti-inflammatory and analgesic drugs,
psychotropic drugs, X-ray agents, 3-blockers, sweeteners and drugs, such as caffeine. A total of 25
of the 75 tested pharmaceuticals were detected (Table 4).
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Table 3. Concentrations of pharmaceuticals in ng/L: The preliminary investigation. <LOQ - below limit
of quantification. (Measurements performed in ALS Laboratory in Prague).

September 2017 May 2018 June 2018
LOQ Warta 1AL 78b/1s Warta 1AL 78b/1s Warta 1AL 78b/1s

Antibiotics Sulfamethoxazole <10 43 15 <LOQ 306 20 <LOQ 24 16 <LOQ
Iopromide <30 <LOQ <LOQ <LOQ 413 <LOQ <LOQ 79 <LOQ <LOQ

X-ray agents Iohexol <10 120 <LOQ <LOQ 217 <LOQ <LOQ 485 146 184
Tomeprol <39 <LOQ <LOQ <LOQ 156 <LOQ <LOQ <LOQ <LOQ <LOQ

Psychotropic Carbamazepine <10 110 145 81 208 73 9 91 77 75
Beta-blockers Metoprolol <100 <LOQ <LOQ <LOQ 26 <LOQ <LOQ <LOQ <LOQ <LOQ
i s Diclofenac <10 43 99 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Anti-inflammatory Naproxene <10 39 <L0Q <LOQ 31 21 <LOQ <LOQ <LOQ <LOQ
Antidiabetic Metmorfina <50 88 <LOQ <LOQ 79 <LOQ <LOQ 55 <LOQ <LOQ

Benzotriazole 1H-Benzotriazole <80 140 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Ketoprofen, iopamidol, and ibuprofen were never detected.

In general, the highest concentration of pharmaceuticals was detected in the river water (Table 4).
However, the concentrations decrease along the flow path from the river to the wells (Figure 2).
The distance and travel time have an impact on the decrease in concentrations. Some of the substances
occurred only in the river water (iopromide (max. 149 ng/L), diclofenac (max. 37.4 ng/L), metoprolol
(max. 19.6 ng/L), penicillin G (max. 17.1 ng/L), saccharine (max. 360 ng/L), iohexol (max. 120 ng/L),
cotinine (max. 50.8 ng/L), clindamycin (max. 12.7 ng/L), fexofenadine (max. 40.7 ng/L), valsartan) others
also in the closest wells, HW and 177b/1 (caffeine, paraxanthine, sulfapyridine, sotalol, telmisartan) or just
there (primidone). Carbamazepine, sulfamethoxazole, gabapentin, tramadol, oxypurinol, fluconazole
and lamotrigine, are the most common compounds from all sampling sessions and sampling points,
being episodically detected also in the farthest production wells: 19L and 1AL.

The concentration of some pharmaceuticals in the Warta River and the nearest well, HW, are similar
(e.g., carbamazepine, sulfamethoxazole, tramadol, fluconazole, lamotrigine (Table 4)). This result is
due to the short distance (5 m) and short travel time (1 day) between the river and this well. Most of
the substances found in the HW well were also observed in well 177b/1, but at lower concentrations.
The significant decreases in concentrations occurred in production wells 19L and 1AL, where most
of the parameters were below LOQ. This finding is due to the longer distances (64-82 m) and travel
times (40-50 days) for these wells. In well 78b/1s, which is located 250 m away from the Warta River
with a travel time of 150 days, only two parameters, carbamazepine and gabapentin, were detected
and were at relatively low concentrations. This is the result of water mixing (Figure 2 and Table 4).

The detected parameter concentrations in the river water range from 10.8 ng/L (sulfapyridine)
to 1470 ng/L (paraxanthine). The highest concentrations in river water occurred in the August 2018
sampling session. Oxypurinol presented high concentrations in river water that persisted (even at
higher values) in nearby wells (HW) and also in more distant ones (1AL). Carbamazepine also persisted
at high concentrations (135 ng/L in river water and 179 ng/L in HW).

Figure 3 shows the concentration of individuals groups of parameters. The groups were established
based on the use of the substances. Nine groups were separated: antibiotics; X-ray agents; psychotropics,
anticonvulsants, and antiepileptics; beta-blockers and cardiac drugs; drugs like caffeine; analgesics and
anti-inflammatories; antifungals and antibacterials; antihistamines; and xanthine oxidase inhibitors.
The highest concentrations show xanthine oxidase inhibitors, although there is only one substance in this
group (oxypurinol). Psychotropics, anticonvulsant and antiepileptic drugs and drugs like caffeine also
reach high concentrations. On the lower level antibiotics were detected: X-ray agents; beta-blockers
and cardiac drugs; analgesic and anti-inflammatory; as well as antifungal and antibacterial.
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Figure 2. Concentrations of carbamazepine (a), gabapentin (b), sulfamethoxazole (c), and tramadol
(d) for 3 sampling sessions.
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Table 5 shows the percentage of removal for pharmaceuticals at sampling points located at different
distances from the river. The removal was calculated using the formula:

concentration in river — concentration in well
Removal (%) = — x 100% 1)
concentration in river

Table 5. Removal of pharmaceuticals in %. HW—Horizontal well.

HW 177b/1 19L 1AL 78b/1s
VII VII X VI VII X VI VII X VI VII X VI VI X
2018 2018 2018 2018 2018

Carbamazepine -37.7 0.8 07 -238 08 -96 138 329 0 154 250 267 361 51.8 405
Sulfamethoxazole 7.5 9.0 422 457 340 732 100 100 100 488 100 100 100 100 100

Gabapentin 45.1 514 243 807 547 834 865 773 100 852 752 831 780 719 706

Tramadol 3.2 267 232 528 473 579 756 673 709 706 606 755 100 100 100
Oxypurinol -2479 -803 38 -296 203 379 389 787 752 111 626 783 100 100 100
Fluconazole -36.0 -295 0.2 39.6 378 435 657 680 71.0 407 397 621 100 100 100
Lamotrigine -508 -244 55 187 260 151 581 568 455 405 540 632 100 100 100

The removal is calculated on detected values only and mixing was not accounted for.

The lowest removal was observed in the HW. In the HW, some of the parameters increase,
which probably occurs because there were higher concentrations in the Warta River before the sampling
periods. In observation well 177b/1, removal varies over a range of —29.6-100% depending of the
compound. The removal in two production wells, 19L and 1AL, show similar values. At the furthest
sampling point, 78b/1s, most parameters reduced by 100%. The removal probably depends on the
location of the sampling point (distance and travel time from the river) but is also different for specific
compounds. The evaluation of the lowest removal shows that carbamazepine (a psychotropic drug)
is found at the farthest points (78b/1s — 250 m from the river) and decreases by 36.1-51.8%, whereas
sulfamethoxazole (an antibiotic), gabapentin (an anti-epileptic drug) and tramadol (an analgesic drug)
reach similar values at a distance of 38 m (177b/1s). Carbamazepine is a difficult compound to remove
in spite of long distances and travel times. Gabapentin attains the highest removal but is not completely
removed, even at the farthest point.

The total reductions of some (Table 5) pharmaceuticals (sulfamethoxazole, tramadol, oxypurinol,
fluconazole, lamotrigine) are achieved in wells 19L, 1AL and an observation well 78b/1s, while this did
not occur in HW and 177b/1. The results indicate that at the given conditions, significant reductions
in pharmaceutical concentrations can be achieved at travel times of 40-50 days and distances of 60-80 m,
although higher values of the reduction can be achieved when the well is located more than 250 m away.

The degree of removal of pharmaceuticals at sampling points depends not only on the travel time
in the subsurface, but also on the diverse impact of sorption and biodegradation, and the influence
of temperature and redox conditions on those processes [21]. The assessment of the impact of these
factors was not analyzed in detail in this study. However, based on well field monitoring data, it can
be assumed that in wells located close to the river (HW, 177b/1, 19L, 1AL), the biodegradation and
oxidation occur because of oxic conditions. The following data confirmed this: oxygen 1-6.2 mg/L,
nitrate 0.5-18 mg/L and a lack of hydrogen sulfide. In the well located further away from the river
(78b/s), there are trace concentrations of nitrates (0.08-0.26 mg/L) and a lack of oxygen, however,
the presence of hydrogen sulfide (0.024-0.066 mg/L) is noted. It can also be added that the redox
processes and biodegradation in wells located close to the river are also favored by higher temperatures
in summer (15-17 °C). Whereas, further away from the river (78b/s well), the temperatures are leveled
in the range of (8-12 °C), similar to ambient groundwater.

4. Discussion

The concentrations of pharmaceuticals in the Warta River were found at levels previously
documented in European rivers and lakes [1,7,22]. Carbamazepine concentrations in the Warta River
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(130-135 ng/L) are at a similar level as in the Nairobi River (Kenya) [23] 100 ng/L and in the Leine River
(Germany) 144 ng/L [24]. However, carbamazepine concentrations in the Warta River are much lower
than in Lake Tegel (510 ng/L) and Lake Wennsee (310 ng/L) [19]. Similar concentrations also show
Sulfamethoxazole in the Warta River is 18.8-37.7 ng/L and in the Lake Maggiore (Italy) 10ng/L [25],
in the Douro River (Portugal) 53.3 ng/L [26]. Among 75 substances, 25 were detected in the river.
Nonsteroidal anti-inflammatory drugs (diclofenac) previously measured in the Warta River were
documented at lower concentrations in the current research than in 2007 [15], while ibuprofen and
benzafibrate documented earlier were not detected in the current research [2,15].

The research presented confirms high percentages of removal for organic micropollutants at the
RBF sites [2,7,8,19,22,27-30]. Among 25 substances measured in the Warta River, 12 were not detected
in the RBF site in Krajkowo (valsartan, fexofenadine, clindamyecin, saccharin, iopromide, diclofenac,
cotinine, iohexol, metoprolol, penicillin G, iomeprol and venlafaxine). In the case of the organic
micropollutants research at two sites in Budapest, out of the 36 analyzed micropollutants, 12 were
present in almost all the samples [22]. It is documented in the literature [3,4,27] that the transport and
removal of organic micropollutants during subsurface movement from rivers to wells depends highly
on the prevailing hydrochemical conditions along the flow path. As a result, different degradation
behaviour can be seen for individual sites. The percentage of removal of carbamazepine varied between
37.7 and 51.8%, which was relatively persistent during subsurface flow as was observed previously
at other sites [4,22,27,28]. Carbamazepine was also detected in well 78b/1s, where the travel time is
5 months. The result is comparable to findings from Berlin, where carbamazepine occurs in the well
where the travel time is 2.8-4.3 months [19]. In the 78b/1s well, Gabapentin was also detected but was
characterized by a relatively high percentage of removal (>70%). Oxypurinol was not removed along
short distances (relatively high concentrations were seen in HW and 177b/1), but in production wells
(distance 64-82 m), the percentage of the removal increased to a range of 11-78% and at distances
of 250 m (78b/1s), and the complete removal was achieved. These analyses confirm earlier findings,
documenting carbamazepine as a persistent constituent, while gabapentin and oxypurinol are subjects
to primary degradation during filtration [27].

The high percentages of removal are achieved for the remaining substances that occur in bank
filtrates (Figure 2, Table 5). The remaining substances detected in bank filtrates show a relatively high
percentage of removal (typically more than 70%) in production wells located 64-82 m from the river.
A similar reduction was observed in the Rhine River in wells located at 70 m, where the removal was
>51% [8] and Lake Tegel in Berlin where the wells, located at 90 m distance from a lake, were removed
>51% (Table 5) [29]. A total of 12 substances were detected in the Warta River that did not occur in bank
filtrates, showing the complete removal even at short distances.

The negative removal observed in the case of HW and 177b/1 (the sampling points located at the
nearest distance to the river) inaccurately suggest an increase in concentrations during subsurface
flow and is probably due to unrecognized fluctuations in concentrations in the source water before
sampling (carbamazepine, oxypurinol, lamotrigine, fluconazole). A similar situation was encountered
at the RBF site in Austria. The higher concentrations of some substances appear in the wells at
higher distances [24]. The same effect is responsible for fluctuations in the removal during the
investigation periods (e.g., 11.1-78.3% for the case of oxypurinol in well 1AL). It is also possible due
to the transformation from other compounds.

5. Conclusions

The research carried out on the Krajkowo riverbank filtration site (Poland) contained 75 different
compounds, including antibiotics, anti-inflammatory and analgesic drugs, psychotropic drugs,
X-ray agents, (3-blockers and sweeteners. A total of 25 of these have been detected. The highest
concentrations were found in the Warta River.

In the bank filtrates, 13 compounds were detected. Their concentrations declined along the flow
path. The number of detected pharmaceuticals at each sampling point decreased with increasing
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distances. The lowest removal was noticed in the horizontal well. In wells 1AL and 19L (distances
from the river of 64 to 82 m, respectively), the removal of most parameters was approximately 70-80%.
For the observation well 78b/1s (at a distance of 250 m from the river), only 2 compounds were detected.

This research shows the significant role of bank filtration in the removal of pharmaceuticals.
Under similar hydrogeological conditions, wells should be located at least 60 m from the river.
Higher removal can be achieved at distances of 250 m from the source water. However, the results
obtained emphasize the need for further monitoring studies to recognize the factors that determine the
variability of micropollutants in the river, as well as in the production wells (hydrological conditions
and seasons of the year). It is also necessary to identify processes that condition the migration and
removal of micropollutants. Future research should focus on fewer compounds and their metabolites.
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Abstract: At many bank filtration (BF) sites, mixing ratios between the contributing sources of water
are typically regarded as values with no temporal variation, even though hydraulic conditions and
pumping regimes can be transient. This study illustrates how anthropic and meteorological forcings
influence the origin of the water of a BF system that interacts with two lakes (named A and B). The
development of a time-varying binary mixing model based on electrical conductivity (EC) allowed
the estimation of mixing ratios over a year. A sensitivity analysis quantified the importance of
considering the temporal variability of the end-members for reliable results. The model revealed
that the contribution from Lake A may vary from 0% to 100%. At the wells that were operated
continuously at >1000 m>/day, the contribution from Lake A stabilized between 54% and 78%. On the
other hand, intermittent and occasional pumping regimes caused the mixing ratios to be controlled
by indirect anthropic and/or meteorological forcing. The flow conditions have implications for the
quality of the bank filtrate, as highlighted via the spatiotemporal variability of total Fe and Mn
concentrations. We therefore propose guidelines for rapid decision-making regarding the origin and
quality of the pumped drinking water.

Keywords: anthropic forcing; meteorological forcing; lake bank filtration; mixing ratios;
environmental tracer; time-varying mixing model; sensitivity analysis

1. Introduction

Bank filtration (BF) is known as a cost-effective treatment step to produce drinking water [1,2].
This natural or artificially induced process occurs as surface water infiltrates into the aquifer from the
banks and/or bed of a lake or a river and is subsequently intercepted by a pumping well [3]. During
subsurface passage, water is exposed to physical, chemical, and biological processes, which may
attenuate contaminants initially present in the surface water but also release unwanted minerals [4,5].
BF systems have proven to be efficient for the removal of turbidity [6-8], pathogens [9-11], and
organic compounds [12-15]. The efficiency of BF systems to attenuate contaminants is strongly
controlled by travel times [13,16] and redox conditions [17-19], which in turn depend on numerous
site-specific natural and engineered parameters. Natural parameters include the hydrological and
hydrogeological conditions, surface and groundwater quality, and prevailing physico-chemical
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conditions [20]. Engineered parameters refer to the number of wells, the distance between wells and
surface water, well spacing, the well type, depth, radius, location, and screen length [21,22].

Most BF systems are in the vicinity of rivers, where the bank filtrate is a mixture of surface water
and ambient groundwater [4,23]. Numerous studies have shown that the dilution of contaminants
by high-quality groundwater can also help to attenuate contaminants, enhancing the efficiency of a
BF system. For instance, Kvitsand et al. [24] reported that dilution with ambient groundwater was
significant enough to lower concentrations of natural organic matter. Derx et al. [25] numerically
studied the effects of flooding on virus removal by bank filtration. They reported that a rapid decrease in
river water level can lead to a hydraulic gradient towards the river and a dilution of virus concentrations
by regional groundwater. In addition, some BF systems are placed in hydrogeological contexts with
low-quality groundwater but can still achieve high-quality raw water with adequate regulation of
mixing ratios [26-29]. Hence, when assessing the performance of a BF system, estimating mixing ratios
is crucial to: (1) correctly differentiate between dilution and removal mechanisms and (2) control the
occurrence of groundwater-borne contaminants [30]. BF systems typically show spatial variability of
mixing ratios at the pumping wells, since they are affected by the distance to the surface water body [22].
Another factor governing the mixing ratios is the drawdown at the pumping wells [27]. The latter is
subject to spatial and temporal variations, since BF systems are rarely operated under steady-state
hydraulic conditions (e.g., river stage) and/or pumping regimes. However, when calculating mixing
ratios, authors rarely discuss the temporal variations and the factors controlling this variability, even
though erroneous estimation of the mixing ratios can lead to misinterpretation of the performance of
the BF system.

This study aims to provide a better understanding of the relationship between anthropic
(i.e., pumping regimes) and meteorological (i.e., hydraulic gradients) effects on the origin of bank
filtrate. To this end, we investigated the spatiotemporal variability of flow patterns and mixing ratios
at a two-lake BF site, where two surface water types (Lake A and Lake B) contribute to seven pumping
wells. A time-varying mixing model based on electrical conductivity (EC) was developed in order
to quantify the contributions of Lake A and Lake B (i.e., two water sources and further referred to
as end-members) over a one-year period. A sensitivity analysis was conducted in order to test the
assumptions concerning the definition of the end-members.

2. Site Description
2.1. Hydrogeological Context

2.1.1. Description of the Bank Filtration and Aquifer System

The studied BF system supplies drinking water to more than 18,000 people in a town near
Montreal, Canada (Figure 1a). A total of eight pumping wells are located between two artificial lakes
(Figure 1a,b), which were created by sand dredging activities. The exploitation stopped a few decades
ago at Lake B, while Lake A is still in operation. As described by Ageos [31], the aquifer is a buried
valley embedded in the Champlain Sea clays (Figure 1b,d). The aquifer is mainly composed of alluvial
fine to medium sands. A small lens (<3.45 m thick) of alluvial gravel (with a sandy matrix in places) lies
between the Champlain Sea clays and the alluvial sands near pumping wells P4 and P5 (see Figure 1d).
The aquifer is fully unconfined. Hydraulic conductivity was estimated as 2.7 x 1073 m/s [31].
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Figure 1. Study site location maps (a—c) and schematic lithological cut along pumping wells (d) (adapted
with permission from Ageos, 2010 [31]).

The maximum thickness of the aquifer is 26 m and the static water level is about 4 m below the
ground surface. The sandy bank is 100 m to 120 m wide and approximately 500 m long. All the
pumping wells are screened at the base of the aquifer over an 8 m long section, except for pumping
well P5, which only has a 4 m long screen due the shallower depth of the aquifer at this location. The
distance between Lake A and the well cluster is 70 m to 80 m, whereas a distance of 30-35 m separates
the wells from Lake B. Finally, the wells are spaced 30-60 m from one another.

2.1.2. Lake A and Lake B

Lake A (2.8 X 10° m?) is fed by a stream named S1, which discharges from the North with a mean
annual rate of 0.32 m3/s [31]. It drains a small watershed (14.4 km?2), where land use is mostly industrial
and agricultural. A 1 km long channeled stream named S2, located at the southeastern bank, allows
water to exit Lake A and flow towards Lake C. The flow direction between Lake A and Lake C can be
temporally reversed (Figure 1b) when the surface water level of Lake C exceeds both the elevation of
Lake A and a topographic threshold at 22.12 m.a.s.I. [31]. Under these hydraulic conditions, Lake A
receives surface water inputs from Lake C. This process typically occurs during spring (from April to
May) and more occasionally during autumn (from October to December) due to snowpack melting
and/or abundant precipitations. Ageos [31] reported that surface water input into Lake A seems to
control its geochemistry, as it features a Ca-HCOj3 water type.

Lake B (7.6 x 10* m?) is a groundwater-fed lake without any inlet stream. An artificial outlet
channel can drain Lake B water towards the town’s stormwater collection system (when Lake B elevation
is above approximately 21.8 m.a.s.l.). A NaCl water type is found in Lake B [31]. Pazouki et al. [32]
stated that the salinity of Lake B originates from de-icing road salts that are applied during wintertime.
This is supported by the fact that a regional and widely used road is located less than 100 m from the
study site. Precipitations are approximately 1000 mm/year and contribute to the water mass balance of
both lakes. Runoffis likely a negligible contribution to the water mass balances of the lakes, considering
the nearly flat topography. The maximum observed depths at Lake A and Lake B are 20 m and 19 m,
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respectively (at LA-P2 and LB-P2). Based on the lithological cross sections at the pumping wells and
observation wells [31], it is believed that lake bottoms roughly correspond to the elevation of the marine
clay sediments. In this geological context, no or only minor groundwater flow could occur beneath
the lake bottom. The sediments at the bottom of the lakes were not sampled and no quantitative
information concerning clogging is available. However, while sampling for surface water, relatively
high turbidity (denoted by the color and the milky appearance of water) was observed at Lake A,
which indicates that the sediments at the lake—aquifer interface are susceptible to clogging [33,34].
Sampling of the sediments would be needed to confirm this hypothesis.

2.2. Hydraulics of the Two-Lake BF System

A water table monitoring program was performed by Ageos [35] from 2012 to 2015. This study
reported that, prior to the activation of the BF system in October 2012, surface water levels of Lake
B were higher than in Lake A. Such conditions forced surface water to infiltrate and flow naturally
through the sandy bank from Lake B to Lake A (Figure 2a). For instance, during summer 2012, the
water level difference was about 0.1 m, which created a natural hydraulic gradient of approximately
0.001 between the lakes. Based on Darcy’s law, the mean residence time of the water in the bank was
approximately one month.
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Figure 2. Schematic representation of the flow patterns and directions at the study site when (a) elevation
of Lake B > elevation of Lake A, (b) elevation of Lake A > elevation of Lake B, and (c) the pumping
wells are in operation. Black, blue, and red arrows refer to regional groundwater and water originating
from Lake A and Lake B, respectively. Theoretical elevation difference between Lake A and Lake B in
(d). Numbers 1 to 3 correspond to different hydraulic conditions, namely high, moderate, and low
hydraulic gradients between Lake A and Lake B.
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The above-mentioned water table monitoring program also demonstrated that the water level in
Lake A was significantly higher than in Lake B during springtime from 2012 to 2016 (i.e., up to 1 m
water level difference). This is due to the intermittent hydraulic connection between Lake C and Lake
A and supporting surface water inputs into Lake A (see Section 2.1). Under such hydraulic conditions,
the direction of groundwater flow into the bank is reversed, i.e., from Lake A to Lake B (Figure 2b).

Since the implementation of the BF system (on 3 October 2012), the relative surface water elevations
of Lake A and Lake B have not been the only controlling factors on the direction and intensity of
groundwater flow through the sandy bank. Drawdown of the water table in the vicinity of the active
pumping wells induces an artificial hydraulic gradient, forcing surface water from both lakes (A and
B) to infiltrate into the sandy bank and travel toward the pumping wells (Figure 2c). A schematic
representation of the theoretical elevation difference between Lake A and Lake B is shown in Figure 2d.
When analyzing the data from the monitoring program conducted by Ageos [35], we depicted three
typical hydraulic conditions recurring each year. First, a high hydraulic gradient between Lake A and
Lake B develops in response to the hydraulic connection between Lake A and Lake C (as explained
above). Second, in summertime, the hydraulic connection between Lake A and Lake C stops and
water demand increases. This leads to a moderate hydraulic gradient between the lakes. Finally, in
wintertime, a low hydraulic gradient is expected, as surface water inputs into Lake A are very limited
and municipal water demands are reduced. In sum, the lake dynamics and the pumping regimes both
influence the relative surface water elevations of Lake A and Lake B and allow for a gradual transition
from high (during springtime) to low (during wintertime) hydraulic gradient between the lakes.

3. Materials and Methods

3.1. Surface and Groundwater Sampling

Monitoring of surface water and groundwater was conducted on a monthly basis and included
measurements of physico—chemical parameters and water sampling for geochemical analyses. Surface
water sampling was performed near the shore (see location of lake sampling points LA-S and LB-S
in Figure 1c). Additional sampling campaigns were conducted at Lake A (on 15 February 2017 at
LA-P1 and LA-P2) and Lake B (on 9 September 2016 at LB-P1 and LB-P2 and on 3 March 2017 at LB-P3
and LB-P4) to assess for vertical heterogeneity. Physico-chemical parameters were measured along
vertical profiles at 1 to 2 m intervals and water was sampled at multiple depths (e.g., 3 m, 7 m, and
12 m) with a submersible pump. Groundwater sampling was conducted at the pumping wells via a
bypass faucet, as submersible pumps permanently regulate flow rate at each well. Water sampling was
conducted at least 30 min after pumping started, allowing the stagnant water to be purged. In the case
of observation wells, a submersible pump (WSP-12V-5 Tornado, Proactive Environmental Products,
Bradenton, FL, USA) with a 30 m long polyvinyl chloride (PVC) tube was used and sampling was
conducted after purging at least three well volumes and stabilizing the physico—chemical parameters.

Measurements of temperature, pH, electrical conductivity (EC), and redox potential (Eh) were
performed with a multiparameter probe (YSI Pro Plus 6051030 and Pro Series pH/ORP/ISE and
Conductivity Field Cable 6051030-1, YSI Incorporated, Yellow Springs, OH, USA) installed in an airtight
cell connected to the pump. Samples for major ions and alkalinity were collected in 50 mL low-density
polyethylene (LDPE) containers and were filtered through a 0.45 pm hydrophilic polyvinylidene
fluoride (PVDF) membrane (Millex-HV, Millipore, Burlington, MA, USA) prior to analysis. Water
samples were transported and stored at 4 °C. The same sampling and transport procedures were
applied for total and dissolved metals analysis (Fe and Mn). Following on-site filtration, acidification
with HNOj (in order to lower pH < 2) was performed in the laboratory within a 24 h delay.

3.2. Analytical Techniques

Major ion quantification was performed via either atomic absorption (Aanalyst 200 Atomic
Absorption Spectrometer, Perkin Elmer, Waltham, MA, USA) or ion chromatography (ICS 5000 AS-DP
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DIONEX Thermo Fisher Scientific, Saint-Laurent, QC, Canada) for all surface water samples and
groundwater samples collected at observation wells, depending on the availability of the equipment.
Total Fe and Mn concentrations were measured via atomic absorption for all surface water and
observation wells samples. Inductively coupled plasma mass spectrometry was used for the
quantification of major ions and total and dissolved Fe and Mn concentrations for the water samples
collected at the pumping wells. The limit of detection (LOD) was 0.2 mg/L for all major ions and
0.01 mg/L or 0.05 mg/L for total and dissolved Fe and Mn, depending on the quantification method.
For subsequent calculations and interpretations, all results < LOD will be considered equal to LOD/2.
Duplicates were analyzed to confirm the repeatability of the quantification methods. Bicarbonate
concentrations were derived from alkalinity, which was measured manually in the laboratory according
to the Gran method [36]. On samples with measured alkalinity (1 = 98), the ionic balance errors were
all below 10%. The mean and median ionic balance errors were 1% and the standard deviation was 3%.

3.3. Estimating Mixing Ratios

The mixing between two end-members can be quantified via a binary mixing model which can be
described by the following equations:
fa+tfs=1 1

Xafa+Xpfp = Xw, 2

where f represents the fraction of the different sources and X the concentration (or value) of the tracer.
A and B correspond to the two water sources, whereas W represents the water sampled at the well.

Tracer-based approaches can be used to estimate mixing ratios and travel times, as long as the
tracer presents conservative or predictable behavior [37,38]. Various natural tracers, such as chloride
(CI7), electrical conductivity (EC), and stable isotopes of waters (6'80-52H), have been applied in
numerous BF or alluvial aquifer contexts [39-44]. In this paper, we used EC values as a quantitative
mass balance tracer for the application of the mixing model, with the assumption that it behaves
conservatively. Violation of this assumption was unlikely at the study site, considering that the aquifer
matrix is alluvial sands (mainly siliceous with no calcite). Good correlation (R? = 0.95) between EC
values and C1~ (a conservative tracer) was also observed. The advantages of using EC instead of C1~
are that measurements can be done at a low-cost, as well as remotely and continuously.

4. Results and Discussion

4.1. Highly Transient Pumping Schemes

In this section, we (1) identify typical pumping schemes and (2) depict the seasonal variability of
the total pumped volume.

Figure 3a—d shows the pumping rates for P1, P3, P5, and P6 over a typical one-week period
(from 16 January 2017 to 23 January 2017). P1 was mainly active during daytime for 1-12 h (Figure 3a).
A similar pumping scheme was applied to P2, P7, and P8 during summertime (data not shown). P3
and P6 were operated at rates ranging from 1000 m®/day to 3000 m®/day. Both were typically active
on a daily basis, although P3 was turned off during night time (for less than 6 h) as water demand
diminished (Figure 3b,d). P5 and P4 were typically activated on a monthly basis for monitoring
and sampling procedures (Figure 3c). Three general pumping schemes emerged from this analysis
of pumping rates and made it possible to distinguish three groups: (1) wells operated at nearly
continuous rates (P3 and P6); (2) wells operated intermittently (P1, P2, P7 and P8); and (3) wells
operated occasionally (P4 and P5).
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Figure 3. Pumping rates for wells (a) P1, (b) P3, (c) P5, and (d) P6 during a typical one-week period
(from 16 January 2017 to 23 January 2016). Monitoring and water sampling were conducted on
17 January 2017 at all the pumping wells.

Figure 4 illustrates the monthly mean total pumping rate for all wells from March 2016 to March
2017. The mean pumping rate was about 4400 m3/day, excluding summertime (May 2016 to September
2016), during which it was approximately 7000 m3/day. Throughout most of the year, with the exception
of summer months, 71% to 83% of the total daily pumped volume was provided by the continuously
pumping wells. The intermittently pumping wells provided 16% to 29% of the pumped volume. The
remaining volume (<1%) was supplied by the occasionally pumping wells. In summertime, pumping
rates increased at all wells, except for P5. Continuously pumping wells were operated at mean rates of
approximately 2000 m3/day, representing from 52% to 63% of the total pumping rate. The intermittently
pumping wells together supported 36% to 46% of the total pumped rate and the occasionally pumping
wells supplied together the remaining 3%.

Over the study period, the total pumped volume fluctuated daily and seasonally to accommodate
the municipal water demand. Indeed, higher pumping rates prevailed during (1) mornings and
evenings, (2) weekends, and (3) summertime. This well field is typically operated with a hierarchical
system, giving priority to the continuously pumping wells. If the water demand increases, intermittently
pumping wells are subsequently activated. Lastly, the occasionally pumping wells can be solicited.
This implies that anywhere from one to eight pumping wells were solicited to fulfill the water demand
and accommodate for the daily and seasonal water demand fluctuations.
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Figure 4. Monthly mean total pumping rate from March 2016 to March 2017. Above each bar
are the proportions of the total pumped volume supplied by the continuously (in black) and
intermittently (in grey) pumping wells. The occasionally pumping wells supply only <1-2% of
the total pumped volume.

4.2. Geochemistry as a Proxy of the Hydrosystem Dynamics

The objective of this section was to examine the geochemistry of Lake A, Lake B, regional
groundwater, and the bank filtrate in order to identify the contributing water sources to the
pumping wells.

Box plots of the temperature, EC, pH, and Eh at Lake A (<1 m depth), Lake B (<1 m depth), the
pumping wells, and the observation wells Z12, Z15, and Z16 are illustrated in Figure 5. Concerning
Lake A and Lake B, note that the presented data correspond to measurements at the surface of the lakes
(i.e., <1 m depth). Hence, the medians and the 25th and 75th quartiles values may not be representative
of the entire water column. Observed temperatures at Lake A and Lake B ranged from 1.3 °C to
27.5°C and from 3.9 °C to 27.5 °C, respectively. For the pumping wells, box plots are spatially sorted
(P6; P1; P8; P2; P7; P3; P4; P5) from the northwest to the southeast ends of the well field (see location of
the pumping wells in Figure 1c). Temperatures ranged from 3.4 °C to 16.2 °C, with minimum and
maximum values being observed in occasionally and continuously pumping wells, respectively. EC
values at the pumping wells ranged from 491 pS/cm (at P5) to 895 uS/cm (at P8), which is in between
observed EC values in Lake A and Lake B. Note that the EC values for Lake A and Lake B in Figure 5
are associated with water sampled at <1 m depth. Higher EC values were measured in situ in Lake B
at >12 m deep (further details in Section 4.3). Observed EC values at Z12 were similar to those in Lake
B, whereas Z15 showed lower values, similar to Lake A. The highest EC values were observed at Z16,
which is representative of regional groundwater. Measured pH values at the pumping wells tended to
increase spatially from NW to SE (P6 to P5). Redox conditions also varied spatially and decreased
from NW to SE. A H,S odor was noticed when sampling at P4, P5, Z15, and Z16, which is consistent
with Eh measurements that indicate more reduced conditions.
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Figure 5. Boxplots of (a) temperature, (b) electrical conductivity (EC), (c) pH, and (d) redox potential
(Eh) at the lakes, pumping wells (PW), and observation wells (OW). Blue and red boxes are associated
with Lake A (<1 m depth) and Lake B (<1 m depth), whereas dark, medium, and light grey boxes
correspond to continuously, intermittently, and occasionally pumping wells, respectively. Numeric
values above each box correspond to the median.

Figure 6 shows the spatial variability of total Fe and Mn concentrations at Lake A (<1 m depth),
Lake B (<1 m depth), the pumping wells, and the observation wells Z12, Z15, and Z16. Concentrations
in total Fe ranged from <0.01 mg/L to 1.28 mg/L at the pumping wells, with median concentrations
increasing from NW to SE. Median total Fe concentrations at P4 and P5 were high relative to Canada’s
aesthetic objective for total Fe in drinking water (i.e., 0.3 mg/L) [45]. Analyses also reported high
concentrations (from 0.05 mg/L to 2.12 mg/L) at Z15 (near P5). The highest total Fe concentrations were
observed at Z16. Total Mn concentrations ranged from 0.1 mg/L to 1.3 mg/L at the pumping wells, which
exceeded the aesthetic objective for total Mn in drinking water in Canada (i.e., 0.02 mg/L) [46]. The
highest concentrations were measured at the intermittently pumping wells. Total Mn concentrations
at the surface of Lake A and Lake B were relatively low (i.e., typically <0.03 mg/L). However, it is
important to note that 1.06 mg/L was observed at 6 m depth in Lake B (see red circle in Figure 6b).
This result highlights that total Mn concentrations may be more important at greater depths in Lake
B. Release of Fe and Mn to the water column in Lake A may potentially occur from sand dredging
activities, as this lake is still actively mined for sand. However, no data are available to discuss
the evolution of Fe and Mn concentrations in relation to these anthropic activities. Dissolved Fe
concentrations were all <0.05 mg/L, while dissolved Mn concentrations were similar to the total ones.
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Figure 6. Boxplots of (a) total Fe, and (b) total Mn concentrations at the lakes, pumping wells, and
piezometers. Blue and red boxes are associated with Lake A (<1 m depth) and Lake B (<1 m depth),
whereas dark, medium, and light grey boxes correspond to continuously, intermittently, and occasionally
pumping wells, respectively. Numeric values above each box correspond to the median. Red circle
represents the maximal observed total Mn in Lake B (at 6 m depth).

Figure 7 shows the relationship between (Ca?* + Mg?*)/Na* and cationic content (i.e., sum of
major cations) for Lake A, Lake B, pumping wells, and regional groundwater. Potassium (K*) was
excluded from these calculations since only a few samples were analysed for K* and concentrations in
K* only represent a small fraction of the total cation content (i.e., approximately 1.5%). Lake A and
Lake B samples are plotted in opposing regions of the graph, Lake A having a high (Ca®* + Mg?*)/Na*
ratio and low cationic content and Lake B having a low (Ca?* + Mg?")/Na* ratio and high cationic
content. Concerning the samples from the pumping wells, they are mostly plotted in the area extending
from the Lake A to Lake B regions. Occasionally pumping wells had a geochemical signature similar to
Lake A, whereas continuously and intermittently pumping wells spread between both lake signatures.
Regional groundwater samples were sampled from one observation well, namely Z16, located on the
NE side of Lake B (see Figure 1c). These samples were characterized by the lowest (Ca®* + Mg?*)/Na*
ratios and highest cationic content. It is believed that direct contribution to the pumping wells from
regional groundwater is not likely at this site, due to the hydrogeological context (see Section 2.1).
Hence, we hypothesize that the spreading of pumping well samples relative to the Lake A-Lake B
mixing line is potentially due to an indirect contribution from regional groundwater, which discharged
into Lake B. Only three wells (i.e., P2, P7, and P8) were affected from November 2016 to February 2017.
During this period, the three wells together supplied <10% of the total pumped volume. Based on
these observations, we propose that the mixing between Lake A and Lake B is the dominant process
governing the geochemical facies of the pumping wells.

4.3. EC Time-Varying Mixing Model

It was discussed in Section 4.2 that the geochemical facies at the pumping wells are controlled by
mixing between Lake A and Lake B. Hence, we used the binary mixing model of Equations (1) and (2)
to estimate the relative contributions of each lake to the pumping wells. In this section, we first present
the temporal and vertical variability of EC at Lake A and Lake B in order to define the end-member
values. Then, estimations of the mixing ratios are evaluated with respect to a reference scenario, and
spatiotemporal evolution is discussed. We also provide a sensitivity analysis, which helps strengthen
the conclusions of the model.
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Figure 7. Comparison of the geochemical facies of Lake A, Lake B, pumping wells, and the regional
groundwater (GW). The solid black line represents the mixing line between Lake A and Lake B
mean values.

4.3.1. Temporal and Vertical EC Variability at Lake A and Lake B

Temporal variability in EC values at the surface (<1 m depth) of Lake A and Lake B are illustrated
in Figure 8a,b. At the surface of Lake A, minimal and maximal EC values were observed in springtime
and wintertime, respectively. Low EC values were expected for springtime, since it corresponds to the
period of hydraulic connection between Lake A and Lake C. During this period, surface water with
low EC is discharged into Lake A from streams S1 and S2 with inverted flow direction (see Figure 1b).
In Lake B, EC values at the surface (<1 m depth) were also found to be variable over time. During
springtime and summertime, EC values were relatively constant. A significant increase in EC values
was observed in autumn-winter. Figure 8b also depicts the EC time series at an observation well
(namely Z12) which was located between pumping well P1 and Lake B. It is screened at the bottom of
the aquifer over a 9.14 m long section. EC measurements at Z12 are thus representative of the mixing
between multiple flow lines originating from various depths in Lake B. The mean EC value at Z12 was
848 uS/cm and values were typically higher than at the surface of Lake B. These results reveal that
(1) the EC measurements at the surface of Lake B are not representative of the infiltrating water and
(2) considering the vertical variability in EC in Lake B is important.

Figure 9 shows vertical EC profiles for Lake A and Lake B. EC was measured at depth in winter
(on 15 February 2017) at Lake A and in summer and winter (on 9 September 2016 and 2 March 2017)
at Lake B. For each campaign, at least two vertical profiles were conducted in order to assess the
horizontal variability (see Figure 1c for location of the vertical profiles). Maximal EC differences (at the
same depth) were 6 uS/cm and 25 pS/cm for Lake A and Lake B, respectively, suggesting no significant
horizontal variability at both lakes.
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variability in EC at the surface (<1 m depth) of Lake A and Lake B, respectively.

Concerning Lake A, no significant vertical variability in EC values was observed. This suggests
that Lake A was vertically well mixed in wintertime. Given that Lake A receives surface water from
a stream and that some industrial activity (i.e., sand dredging) takes place in the lake during the
ice-free period (typically form early May to late October), it is likely that some currents in Lake A are
stimulating mixing of the water column. Hence, we assumed that Lake A is fully mixed and does not
develop any significant vertical EC stratification over a hydrological year. Temporal variability in EC
at the surface of Lake A (at <1 m depth) is presumably representative of the evolution of the entire

water body.

At Lake B, observed EC values increased with depth for all vertical profiles. Higher EC at greater
depth could be induced by regional groundwater inputs into Lake B. In Canada, groundwater inputs
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are typically found at the bottom of lakes, due to thermal (and density) contrast [47]. Smaller vertical
variability was observed in wintertime (in comparison to summertime). However, both summertime
and wintertime depth-averaged values were similar (861 uS/cm and 884 pS/cm; a difference of 23 pS/cm
being barely significant). It is important to note that the wintertime vertical profiles were conducted in
a shallower zone of the lake and could explain the discrepancy between the depth-averaged values.
Additionally, it is interesting to note that the depth-averaged EC values were similar to the Z12 mean
EC value. This suggests that the depth-averaged EC value was adequate to depict the EC signal
originating from Lake B.

4.3.2. Reference Scenario

Based on the assumption that Lake A is well mixed, we considered that EC measurements at <1 m
depth were representative of the Lake A end-member. Hence, the Lake A end-member is a time-varying
EC signal. Temporal interpolation between discrete measurements was done with the cubic spline
method (using the spline function in MATLAB). The result of this calculation is represented in Figure 8a
by the solid blue line and gives the best available estimate of the Lake A end-member from 27 April
2016 to 9 February 2017. No temporal shifting was considered, since travel times were expected to
be much smaller than the observed changes in EC in Lake A. Concerning Lake B, a constant value of
873 uS/cm (i.e., mean of the wintertime and summertime depth-average values) was considered to
correctly represent this second end-member. There was no need to consider temporal variation for
Lake B end-member as both depth-averaged values were found to be similar.

The results of the mixing model are shown in Figure 10. By considering the relative pumping
rates and the estimated contributions from Lake A at each well, we calculated that 62% of the annual
pumped volume originated from Lake A. The continuously pumping wells are characterized by 54%
to 78% of water originating from Lake A, with the highest contributions from Lake A occurring from
April to July, i.e., during the highest hydraulic gradient period. The lowest contributions from Lake A
were observed from July to September, i.e., during the moderate hydraulic gradient period. This is
likely related to an increase in the total pumped volume during summertime (see Section 4.1).

The intermittently pumping wells showed the widest distribution in mixing ratios, with
contributions from Lake A ranging from 0% to 87%. Similar to the continuously pumping wells, the
highest contributions from Lake A were observed during the high hydraulic gradient period, while its
contribution decreased as the hydraulic forcing became less important. It was estimated that during
the low hydraulic gradient period, the fraction of Lake B can reach up to 100% for the intermittently
pumping wells. In fact, the mixing model yields such mixing ratios when the measured EC at the
pumping wells is greater or equal to the Lake B end-member (i.e., 873 uS/cm). This condition was
observed four times and EC measurements at the concerned pumping wells ranged from 879 uS/cm
to 895 uS/em. However, expectations were that Lake A and Lake B would always contribute to the
pumping wells, since a radial depression cone normally develops in the vicinity of an active pumping
well, forcing water to infiltrate from both sides of the sandy bank. Hence, we considered that a
calculated contribution of 100% of Lake B depicts a limit of the developed mixing model. In reality, this
result could be an indication that, during winter, water preferentially infiltrates from the bottommost
zone (>12 m) of Lake B (where EC >873 uS/cm), leading to higher EC values at the intermittently
pumping wells. Controls on the development of such preferential flow paths are not within the scope
of this paper and, thus, will not be further discussed. Future work concerning the spatiotemporal
variability of the hydraulic conductivity is still needed to draw any conclusions on this topic. The
combination of various environmental tracers would help to differentiate between contributions from
the surface and bottommost zones of the lakes.
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Figure 10. Estimated contribution from Lake A to the pumping wells according to the reference scenario.
Lake A end-member is defined as a time-varying electrical conductivity (EC) signal, which was derived
from the observed EC values at <1 m depth. Lake B end-member is a fixed EC value which corresponds
to the mean of the wintertime and summertime depth-average value.

Contribution from Lake A at the occasionally pumping wells is typically >90%. However, in
April and May, it was estimated that the former wells were receiving a relatively smaller contribution
from Lake A (from 74% to 86%). This result possibly reflects that pore water with EC >500 uS/cm and
originating from Lake A could have been stored during winter within the sandy bank and pumped
only in April and May. Hence, mean residence time of the water in the sandy bank could reach months
when the pumping wells are not active. Greater attenuation of the surface water temperature signal,
at the occasionally pumping wells, also testifies to longer residence times. We thus highlighted the
need for considering the variability of the residence time of water into the sediments when applying a
time-variant mixing model.

In sum, contribution from Lake A is typically greater than Lake B throughout the year. However,
the mixing ratios are temporally and spatially variable. Strong variability was found especially during
the period of low hydraulic gradient at the intermittently and occasionally pumping wells. In such a
context, the pumping regime seems to have a decisive impact on the mixing ratios and, ultimately, on
water quality of the bank filtrate. Under high hydraulic gradient the mixing ratios tend to be more
similar, regardless of the pumping regimes.

4.3.3. Sensitivity Analysis

A sensitivity analysis was conducted in order to investigate (1) the representativity of EC
end-members values and (2) the uncertainties related to the EC measurements. Mixing ratios were
therefore recalculated according to various scenarios where Lake A and Lake B end-member values
varied from 458 uS/cm (i.e., minimal observed value) to 576 uS/cm (i.e., maximal observed value) and
from 824 pS/cm to 924 uS/cm (i.e., reference scenario +50 uS/cm), respectively. Also, a variation of
+40 uS/cm was applied to all the EC measurements at the pumping wells. Differences between the
results of the scenarios were typically <10%, except for the ones concerning the Lake A end-member.
When considering fixed EC values for the Lake A end-member, the estimation of the mixing ratios
diverged up to 30% compared to the reference scenario. This result helped to quantify the importance
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of considering the temporal variability of the end-members to obtain reliable results when estimating
mixing ratios. Despite the sensitivity of the model to Lake A end-member variability, general trends
for mixing ratios were conserved for all the scenarios. This result was expected, as the mixing model
was linear. Overall, the sensitivity analysis revealed that the relative estimations of mixing ratios were
acceptable and that measurement errors were not likely to influence our conclusions.

The temporal resolution of the applied monitoring program did not allow for discussion of the
short-term (i.e., hourly to daily) EC variability. Hence, it is not clear whether hourly variations in
pumping rates could influence the observed EC values at the pumping wells.

4.4. Dominant Controls on the Origin of the Bank Filtrate

The time-variant binary mixing model highlights that the contribution of Lake A to the bank
filtrate can vary from 0% to 100%. This section aims to understand the competing roles of anthropic and
meteorological forcings on the origin of the bank filtrate. We define anthropic forcing as a process via
which the origin of the bank filtrate at a given well is affected by its own pumping scheme and/or rate.
Anthropic forcing can also occur indirectly, as drawdown of the water table in the vicinity of a given
pumping well can influence the origin of water at less active adjacent pumping wells. Meteorological
forcing is considered a natural process. Concerning our study site, the surface elevations of Lake A and
Lake B showed seasonal variations, which are mainly controlled by meteorological conditions allowing
or limiting surface water inputs into Lake A. Hence, we considered that the hydraulic gradient between
Lake A and Lake B is meteorological forcing acting on the BF system.

Figure 11a,b shows EC against the one-month average pumping rate prior to the sampling date.
Distinction between the pumping regimes (i.e., continuous, intermittent and occasional) is illustrated in
a, while hydraulic gradients between Lake A and Lake B (i.e., high, moderate, low) are represented in
b. Figure 11c is a schematic representation of the dominant forcing in relation to the different hydraulic
contexts. First, in Figure 11a,b, we observed little variability in EC measurements if the pumping rate
was >1000 m3/day. In fact, most samples associated with high pumping rates (Figure 11a) showed
EC values ranging from 583 uS/cm to 689 puS/cm, despite the variability of the hydraulic gradient
(Figure 11b). Hence, for high pumping rates (i.e., >1000 m®/day), it appears that anthropic forcing is
dominant over the meteorological forcing (Figure 11c). However, two samples (see downward arrow in
Figure 11c) showed lower EC while being operated at >1500 m>/day. These exceptions were observed
exclusively when the hydraulic gradient between Lake A and Lake B was maximal (i.e., in May and
June). Under such hydraulic conditions, the anthropic forcing cannot counteract the meteorological
forcing, resulting in an increase in the contribution from Lake A during springtime. Second, higher
EC values (>750 uS/cm) are associated with the intermittent pumping regime, while low EC values
(<600 uS/cm) are mostly related to the occasionally pumping regime (Figure 11a). For these two
pumping regimes, meteorological forcing was clearly dominant over the anthropic one (Figure 11c). In
fact, high EC values were strictly observed during the low hydraulic gradient period (Figure 11b). In
short, this revealed that when a pumping rate of approximately 1000 m3/day is applied continuously,
the mixing ratios are less variable due to direct anthropic forcing. When wells are operated only
intermittently or occasionally, indirect anthropic and/or meteorological forcings control the mixing
between Lake A and Lake B waters.
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a)

b)

c)

Figure 11. Relationship between electrical conductivity (EC) and the one-month average pumping
rate prior to the sampling date, according to (a) the pumping regime and (b) the hydraulic gradient
between Lake A and Lake B. A schematic representation of the dominant forcing is illustrated in (c),
where solid and dashed lines represent the range of observed values and the delimitation between
regimes where meteorological and anthropic forcings are dominant, respectively.
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4.5. Implications for the Quality of the Bank Filtrate

In Section 4.2, we highlighted that geochemical analyses showed spatial variability in both total
Fe and Mn concentrations at the pumping wells. This section aims to discuss the relationship between
total Fe and Mn concentrations and the origin of water.

High total Fe concentrations were found at the occasionally pumping wells (i.e., at P5 and, to a
lesser extent, at P4) and were associated with the highest contributions from Lake A (see Figure 10)
and more reduced conditions (see Figure 5d). In comparison to the more anthropized section of the
BF system, the residence times of the infiltrating water in the vicinity of the occasionally pumping
wells are likely to be longer, because meteorological forcing alone is controlling groundwater flows
(see Section 4.4). Since relatively low temperatures were observed at P4 and P5, itis also likely that higher
viscosity, resulting in lower hydraulic conductivity, was responsible for longer residence times of the
bank filtrate in the vicinity of these wells [48-50]. The longer residence times are potentially responsible
for the high total Fe concentrations at P4 and P5. Evolution of redox conditions (from oxic to anoxic)
is typically observed at BF systems [51] and can result in the dissolution of iron and/or manganese
along flow paths [52]. However, as dissolved Fe concentrations are very low (i.e., generally <LOD),
total Fe is controlled predominantly by the particulate fraction. Hence, it is more likely that the high
rate and/or occasional pumping are causing the mobilization and resuspension of particulate Fe at P4
and P5. In fact, when activated for monthly sampling and monitoring, P4 and P5 typically operate at
150 m3/h, while the other wells operate at lower rates (i.e., from 40 m%h to 125 m3/h). Moreover, P5
was the only pumping well equipped with a 4 m long screened section (i.e., half of those of the other
wells). The mean effective velocity of water entering P4 and P5 screens was from 2 to 4 times greater
than at the other wells. The total Fe concentration at P4 and P5 could thus potentially be reduced by
lowering the hourly mean pumping rates and operating on a daily basis. However, such engineered
operational strategy would not help to lower the total Fe concentration to <0.2 mg/L (see Figure 12a).

The highest total Mn concentrations were concomitant with the highest fraction of Lake B water at
the intermittently pumping wells. The presence of total Mn in the raw water could also be explained by
the evolution of redox conditions along the flow path. Besides this, an elevated concentration in total
Mn (1.06 mg/L) was measured at a 6 m depth in Lake B. As the latter was found to be geochemically
stratified, relatively reduced conditions can develop in the epilimnion and promote the solubilization
of Mn. Hence, it is also likely that Mn reaches the pumping wells by advective transport with water
originating from the deeper zones of Lake B. Further investigation is needed to better understand
the site-specific drivers of the Mn occurrence in the bank filtrate, since its mobility is controlled by
numerous factors, such as travel times, temperature, pH, microbial activity, the extent of a clogging
layer, and the degree of oxygen consumption [52]. Figure 12b illustrates the relationship between total
Mn concentrations and the one-month average pumping rate prior to the sampling date. Total Mn
concentrations decrease with higher pumping rates (for intermittently and continuously pumping
wells). This suggests that pumping rate can be used as an operational tool to control the total Mn
concentration in the pumped water.

In sum, high total Fe and Mn concentrations in the pumped water are governed by two distinct
processes. Total Fe seems to originate from particulate iron mobilization and resuspension when
effective velocities of water entering the screens of the pumping wells are high, whereas high total Mn
concentrations seem to be associated with an increase in the contribution from the bottom of Lake B.
Total Fe and Mn concentrations could potentially be regulated by lowering the mean effective velocity
of water entering the screens and adjusting mixing ratios (i.e., by operating at adequate pumping rates).
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Figure 12. Relationship between (a) total Fe and (b) total Mn concentrations and the 1-month average
pumping rate prior to the sampling date.

5. Conclusions

In this study, we demonstrated the controls of variable meteorological conditions and pumping
schemes on the origin and quality of bank filtrate. Through a pumping rate analysis, the pumping
schemes could be separated into three categories, namely the continuously, intermittently, and
occasionally pumping wells. The continuously pumping wells (i.e., P3 and P6) supported 71% to 83%
of the total pumping rate, except in summertime, when they contributed from 52% to 63%, of the total
pumping rate as it increased from approximately 4000 m®/day to 7500 m3/day. An investigation of
the geochemical facies of Lake A, Lake B, regional groundwater, and the bank filtrate revealed that
the geochemistry of the pumped water is governed by mixing of Lake A and Lake B. Therefore, a
two end-member mixing model was developed to estimate the contribution from both lakes to the
pumping wells over a one-year period. To this end, EC measurements were used as a quantitative
environmental tracer. A time-varying EC signal was considered for the Lake A end-member, whereas
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a fixed EC value was used to depict the Lake B end-member. This simple mixing model revealed
the following:

e By considering the relative pumping rates and the estimated contributions from Lake A at each
well, it was estimated that 62% of the annual pumped volume originates from Lake A;

e All the pumping wells typically receive >50% of water from Lake A, but the competition between
anthropic (i.e., pumping regime) and meteorological forcings (i.e., relative water level of both
lakes) leads to a large variability of the mixing ratios (i.e., from 0% to 100% of water originating
from Lake A);

e When the meteorological forcing is high, the pumping regime has little influence over the origin
of water and the mixing ratios are similar at all the pumping wells. When the meteorological
forcing is low, the pumping regime is a decisive factor on the fraction of the contributing sources
to the pumping wells;

e When a pumping rate of >1000 m3/day is applied continuously, the mixing ratios are less variable
due to direct anthropic forcing. When wells are operated only intermittently or occasionally and
at a rate of <1000 m?3/day, indirect anthropic and/or meteorological forcings govern the mixing
ratio between Lake A and Lake B waters;

e A sensitivity analysis revealed that the relative estimation of the mixing ratios was acceptable and
that measurement errors were not likely to influence our calculations. It also helped to quantify
the importance of considering the temporal variability of the lakes” end-members to obtain reliable
results when estimating mixing ratios;

e The pumping regime influences total metals (i.e., Fe and Mn) concentrations in the raw abstracted
waters. High Fe concentrations originate from particulate iron mobilization and resuspension
when effective velocities of water entering the screens of the pumping wells are high, whereas
high Mn concentrations are associated with an increase in the contribution from Lake B.

This study highlights how understanding the competition between anthropic and meteorological
forcings can help to recommend guidelines for rapid decision-making regarding the quality of the
pumped water. For instance, by identifying contexts for which the anthropic forcing is dominant, one
can control the origin of the bank filtrate. Moreover, predicting periods under which the meteorological
forcing is governing the flow patterns can help to adjust post-BF treatment in order to secure high
quality of the distributed drinking water.
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Abstract: Due to the abundance of surface water in the province of Quebec, Canada, it is suspected
that many groundwater wells are pumping a mixture of groundwater and surface water via induced
bank filtration (IBF). The regulatory framework in Quebec provides comprehensive guidelines for
the development and monitoring of surface water and groundwater drinking water production
systems. However, the regulations do not specifically address hybrid groundwater-surface water
production systems such as IBF sites. More knowledge on the use of IBF in the province is needed
to adjust the regulations with respect to the particularities of these systems. In order to provide
a first evaluation of municipal wells potentially using IBF and the corresponding population served
by these wells, a Geographic Information Science framework (GISc) was used to implement an IBF
spatial database and calculate the distance from each well to the nearest surface water body. GISc is
based on open source GIS programs and openly available data, to facilitate the reproducibility of the
work. From this provincial scale approach, we show that nearly one million people are supplied by
groundwater from municipal wells located <500 m from a surface water body, and half a million
have a significant probability to be supplied by IBF wells. A more focused look at the watershed scale
distribution of wells allows us to improve our interpretations by considering the aquifer type and
other regional factors. This approach reveals strong spatial variability in the distribution of wells in
proximity to surface water. Of the three selected regions, one has a high potential for IBF (Laurentides),
one requires additional information do draw precise conclusions (Nicolet), and the third region
(Vaudreuil-Soulanges) is unlikely to have widespread use of IBF. With this study, we demonstrate that
extensive use of IBF is likely and that there is a need for improved understanding and management
of these sites in order to properly protect the drinking water supply.

Keywords: managed aquifer recharge (MAR); induced bank filtration (IBF); geographic information
science (GISc); geographic information systems (GIS); drinking water supply; guidelines

1. Introduction

Induced bank filtration (IBF) is a widely used method of managed aquifer recharge (MAR) [1].
In an IBF system, surface water is drawn through the banks and bed of a lake or river towards a pumping
well by an induced hydraulic gradient. This results in a pumped mixture of both groundwater and
infiltrated surface water. This process reduces the risk of intensive use [2] of the aquifer and improves
water quality relative to surface water [3]. The drawback of this method, however, is that there is a higher
risk of contamination from certain sources in comparison to standard groundwater exploitations [4-7],
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which makes it important to develop a specific regulatory framework adapted to this type of drinking
water supply system.

In recent reviews of the international use of bank filtration [8-11], it is clear that IBF has been used
worldwide and, in particular, in Europe for more than 100 years. In the last decades, the use of IBF also
became relatively popular in the USA [3 and references therein]. More recently, few IBF systems have
also been implemented in developing countries [3 and references therein]). The use of this technology
is, however, completely overlooked in Canada and the province of Quebec in particular. As of this
point in time, no inventory of IBF sites exists for the province, and the extent of its use throughout the
province remains unknown. There is, however, a high probability that IBF is widely used. Indeed,
Quebec is a province rich in both surface water and groundwater, with 22% of its surface covered by
water either in the form of lakes, rivers, or wetlands [12]. It is estimated that Quebec contains 3% of the
Earth’s renewable freshwater resources [13]. In addition, Quebec was settled through its waterways,
which has had long-term effects on its population distribution. The abundance of water and the
distribution of the population mean that there is a high probability that pumping wells are located
in close proximity to surface water. The process of unintentional IBF is thus likely to be occurring in
many municipalities throughout the province.

In addition to the number of IBF sites throughout Quebec being unknown, the current regulations
and guidelines in Quebec do not specifically address wells that pump a mixture of surface water
and groundwater. In Quebec, the Reglement sur le prelevement des eaux et leur protection (RPEP)
provides comprehensive guidelines for protecting surface water and groundwater extractions from
contamination [14]. This regulation provides a framework for monitoring contaminants that allows for
appropriate intervention when groundwater resources contain surface microbiological contaminants,
which ensures that the population is not likely to be affected by changes in water quality. Additionally,
drinking water production systems that are considered Groundwater under the Direct Influence
of Surface Water (GWUDI) are subjected to the same regulations as surface water, which are more
stringent than for all groundwater wells. For instance, in such a case, the raw pumped water is tested
weekly for microbiological parameters, whereas groundwater can be tested monthly [15]. Despite
its name, the GWUDI classification does not aim at characterizing infiltration from surface water
bodies. Rather, what is referred to as “surface water” within this classification system is in reference to
any source of contamination from the surface (including septic tanks) that might provide recurrent
microbial or viral contamination to a well. There is, therefore, no correlation with surface water bodies
that are hydraulically connected to an aquifer unless said surface water bodies is considered a potential
source of contamination or if there is persistent bacteriologic or virologic presence in the pumping
well during initial characterization. Existing non-GWUDI IBF sites are therefore necessarily treated as
standard groundwater extractions. This means that even if the groundwater wells are located within
a few meters of a water body, and there is a hydraulic connection between them, there is a lack of
protection guidelines for the nearby surface water.

Due to the lack of regulations specific to hybrid groundwater-surface water systems,
many problems common to IBF sites may be overlooked or unanticipated during the planning and
operation of these sites. IBF sites are sensitive to changes in surface water quality [6,16], changing redox
conditions [17], and changes in the hydraulic conditions of the site [18]. Additionally, there are many
undesirable chemical components and contaminants that can be found at pumping wells in IBF sites
including Mn [19-21], Fe [22,23], NO3- [24], organic micropollutants [25-28], cyanobacteria [29-31],
coliforms [32]. In order to have a more resilient water supply, the risk posed by these contaminants
should be identified as early on in the development of the site as possible in order to minimize
unforeseen costs and develop plans to reduce the risk. By identifying the potential contaminants at the
sites related to changing hydraulic and chemical conditions, the risks associated with them would
be reduced by allowing for strategic planning to avoid the conditions associated with poorer water
quality. For example, well configuration and pumping schemes could be modified to increase transit
times from surface water to pumping wells producing a more consistent water quality.
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Geographic Information Systems (GIS) and Multi-Criteria Decision Analysis (MCDA) approaches
are being developed for site suitability mapping for the development of MAR ([33] and references
therein) and IBF [34,35]. As an example, Jamarillo Uribe [36] has studied the impact of stream
morphology on bank filtration sites. Nonetheless, to our knowledge, this is the first study that uses
a GISc approach to identify the number of existing IBF sites. The objective of this study is to provide
a first overview of the potential extent of IBF in the province of Quebec. The framework is based on the
concept of Geographic Information Science (GISc), described in [37] and [38]. GISc is based on the use
of open-source GIS programs and openly available data. This concept facilitates reproducible research
to other areas of study and data sets and could improve the transparency of research using GIS. First,
we have processed and homogenized the sources of information from three different agencies. Secondly,
we have carried out a pre-quantification of municipal wells with a higher likelihood of providing
drinking water through IBF using easily available government data. Following this pre-selection,
zones with varying characteristics are considered in greater detail, and the likelihood of IBF taking
place in these areas is discussed.

2. Materials and Methods
2.1. Data Set

2.1.1. Well Data

The well data in the province of Quebec is contained in a variety of databases. All private
wells require that various information is reported following drilling, such as coordinates, ownership,
well design (i.e., type of tubing and depth of well), and stratigraphic sequence. This data is compiled
in the Systéme d’Information Hydrogeologique (SIH) database [39], which has previously been described
by Sterckx [40]. The SIH database consists of information largely provided by well-drilling companies.
This can lead to inconsistencies in the geological descriptions and the precision of the coordinates.
This database is, however, considered a reliable source of information concerning the depth of the
contact between overburden and bedrock [41].

The database with the most extensive information is available through a series of studies entitled
“Programme d’Acquisition de Connaissances sur les Eaux Souterraines” (PACES) [42]. These projects were
initiated in 2008 and aimed at improving knowledge of groundwater resources in the southern regions
of the province of Quebec in order to protect them and ensure their sustainability. These studies have led
to a number of subsequent publications [43—46]. As of today, the PACES studies have been completed
on a total of 13 regions throughout the province and led to the compilation of varied information (i.e.,
depth of well, depth of screen, depth of water table, type of aquifer, type of well and coordinates)
on a total of roughly 180,000 wells. Supplemental information, including geochemistry, geology,
and hydrogeological data (e.g., hydraulic conductivity), was also compiled for a small subset of wells
(n = 15,162). The PACES database contains significant overlap with the SIH database, and therefore,
some issues with the reliability of the coordinates and geological descriptions also affect this database.

The third database is comprised of municipal wells and surface water extraction points [47].
This database is typically used by decision-makers for public health and land-use planning. The version
of the database used in this study was acquired in 2017 (i.e., prior to the most recent update in November
2018). The information contained in this database is centered on geographic coordinates, population
served, and types of potabilization treatment. It contains information on 2116 individual wells and
surface water extraction points. The geographic coordinates are generally more recently acquired and
derived from official declaration documents, resulting in a better precision of the localization of the
wells than the two other databases.

The municipal database formed the basis of this study with complementary information pulled
from the other sources. The decision to focus on the municipal well database was made since (i) IBF
requires sufficiently high pumping rates to induce a hydraulic gradient from the surface water to the
well, (ii) the localization of the wells is precise and (iii) all these wells are supplying drinking water to
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the population. The PACES database was used to extract complementary information and draw some
general conclusions about the distribution of wells within the province. Table 1 summarizes the data
sets and the variables used in this study.

Table 1. Summary of data available in the databases.

Information SIH PACES * Municipal *
Number of wells ~216,000 ~180,000 ~2000
Depth of well X X
Depth of screen X
Geology X) X)
Chemistry X)
Population Served X
Type of aquifer X) X
Type of well X X
Type of treatment X
Coordinates X X X

* Databases used for subsequent calculations; (X) not systematically compiled.

2.1.2. Surface Water Bodies and Other Data

Natural Resources Canada’s (NRCAN) website contains a variety of vector data in the Canvec
portion of the site [48]. The surface water files are subdivided into two categories, “watercourses” and
“water bodies”. Many of the features in the “watercourses” files are drainage ditches and ephemeral
streams that are not likely to be supplying bank filtrate to wells throughout the year. The features
in the “water bodies” files correspond to water bodies of larger size and more permanent nature,
which are more likely to contain a sufficient volume of water to support a municipal water supply.
Considering the above, it was decided to conduct our province-wide study with the “waterbodies” files
only. The named rivers from the “watercourses” files were added to the regional studies. These files
contain two types of data, i.e., polygons and polylines, respectively representing the water bodies
and shorelines.

2.2. Description of the GISc Framework

In this study, we used a GISc framework in order to calculate the minimal distance between each
municipal pumping well and the nearest surface water body (i.e., lake or river). Throughout this study,
the distance to surface water is calculated with respect to the “waterbodies” files retrieved from the
NRCAN website, as mentioned above. The work process has been carried out with the Quantum GIS
program (QGIS) [49]. In this subsection, we list a number of steps that were taken in order to perform
the spatial analysis.

2.2.1. Processing and Homogenization of Spatial Data Sets
e Removal of duplicate wells

The work process is initialized with spatial data debugging. The database of municipal wells
contained a number of duplicated geometries, i.e., wells with identical coordinates, which caused issues
when performing the calculations. The duplicate data most often resulted when wells were supplying
water to multiple municipalities. In order to remedy this, duplicate geometries were automatically
identified and removed from the spatial database. In cases where discrepancies were found in the
attribute table, the correct points were identified and retained.

e Homogenization of the spatial reference system

Coordinates needed to be converted into a common projected coordinate system in order to do
subsequent distances calculations. Spatial data were reprojected from the original coordinate system
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(i.e., NAD 83) to Lambert EPSG: 32,198. The Quebec Lambert was selected since it is suitable for use in
Quebec (Canada) and for applications with an accuracy of <2 m [50].

e Conversion of geometries

First, the geometries were converted from multipart to single part. This step was necessary in
order to ensure that the conversion to lines in the following step inserted all the necessary points.
Without this step, only the existing nodes of the polyline file were converted to points, which led to
an uneven and wide-ranging spread of points along the shorelines.

Second, waterbody files were converted from lines to points with 2 m spacing with the function
Convert lines to points in the SAGA [51] toolbox. This function was run as a batch process for all of the
1:50,000 National Topographic System (NTS) zones individually.

2.2.2. Performing Distance Calculation
e Calculate the distance from each well to the nearest point

Using the smaller 1:50,000 zones allowed for the direct calculation from each well to the nearest
point in each of the NTS zones. This calculation was completed using the Distance to nearest hub
function. This algorithm identifies the nearest feature to each point and the Euclidean distance between
all points. This, however, led to the creation of roughly 220 different files, each containing one distance
value for each well. This avoided some problems that occurred when the calculation was done in the
reverse order, but it created extremely large files that were not easy to work with in QGIS, especially
for the larger PACES files.

e (Calculate the minimum value for each well

The subsequent step was to merge all of these roughly 220 files and calculate the minimum value
for each well. This was done in QGIS using the merge function, and the minimum selection was
made using the Select by expression dialogue box and the following line of code HubDist = minimum
(HubDist, Well ID). This could only be done in QGIS for the smaller municipal well files. For the larger
PACES files, the merge and distance calculations were completed using R [52] programming language.

Once the distance was calculated, manipulation of the data was done manually using filters in
QGIS, and R. Additional data was also joined to the well files either manually, or using common fields
or spatial relationships using a variety of functions in QGIS.

This process was repeated for the regional studies with named rivers from the watercourse file
and the water bodies used in the province-wide study.

3. Results and Discussion

There are two main conditions that will determine whether a well is pumping a mixture of surface
water and groundwater. First, a hydraulic connection between the surface water and the aquifer is
necessary. Second, assuming groundwater typically discharges into surface water bodies in the study
region [53], it is necessary to pump a sufficient volume to reverse that natural gradient and draw surface
water toward the pumping well. In order to conduct a study at the scale of the province, we used
the municipal well database (description available in Section 2.1.1), which reports the geographical
coordinates and the population served by each of the 2075 municipal wells and surface water extraction
points. Since the type of aquifer is not reported within this database, the distance from the surface
water bodies was deemed to be the most important criterion for estimating the number of IBF sites
available for a province-wide scale. Then, we selected three areas with distinct characteristics in order
to conduct regional analyses, including integrating the type of aquifer and other hydrogeological
information. The results of both province and regional scale approaches are presented and discussed
in the next subsections.

Bank filtration sites can be located at various distances from surface water bodies [32,54] from
a few meters to greater than one kilometer. In this study, as a starting point, distances >500 m are
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considered less likely to be performing IBF, as wells were located <500 m from surface water in several
studies on IBF [32,54,55]. Groundwater will discharge from aquifers towards rivers and lakes in most
of Quebec for the majority of the year, especially during drier months [53]; therefore, wells must be
able to reverse that natural gradient in order to perform IBF. In addition, most of the sites have been
operational for at most a few decades, are not likely to have experienced intensive use [2], and therefore,
large scale flow regime reversals, as seen in the Netherlands [54], are not likely. These combined factors
make it unlikely that wells at a distance >500 m are performing IBF since reversal of a gradient over
those distances would be more difficult. This choice for the cut-off could potentially omit some bank
filtration sites from the province; however, this is considered to have minimal impact on the overall
conclusions of this study.

3.1. Overview of the Province

3.1.1. Municipal Drinking Water Supply: Surface Water vs. Groundwater

Municipal drinking water sources can be classified into three categories, i.e., groundwater, surface
water, and groundwater considered surface water, as shown in Figure 1. The first category (in red)
includes all municipal drinking water sources which rely on one or multiple groundwater wells.
Contrastingly, the second category (in blue) refers to municipal drinking water sources supplied by
surface water. The third category (in green) corresponds to the few municipal drinking water sources
relying on groundwater wells, which are documented as GWUDI according to the protocol detailed in
the Guide de conception des installations de production d’eau potable described in Section 1 [15]. Of the 2075
municipal extraction points, 87% (n = 1799) are groundwater pumping wells, whereas 13% (n = 276)
are directly extracting surface waters. This results in approximately 15% of the population of Quebec
relying on groundwater resources for drinking water, representing roughly 1,260,000 citizens. A similar
estimate (i.e., 20%) was also reported by the Ministére de I'environnement et lutte contre les changements
climatiques [42]. The discrepancy between these two estimates is likely due to the proportion of the
population supplied by private wells rather than a municipal distribution network.

In the more densely populated areas, surface water is the main water source for drinking water
supply systems. This is likely a consequence of the greater drinking water demand in the cities,
and the larger population’s ability to support the more costly water treatment required for surface
water. In smaller municipalities, groundwater sources are preferred as they are less costly to operate.
In fact, in rural areas of the province, 90% of the population is served by groundwater sources [56].
As explained above, the important number of surface water bodies and the population’s distribution
results in a high likelihood of having groundwater wells near a surface water body, suggesting that
many municipal drinking water systems may be benefiting from IBF processes.
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Figure 1. Spatial distribution of municipal drinking water sources. The water sources are classified into
three categories, i.e., groundwater (in blue), surface water (in red), and groundwater considered surface
water (in green). (a) overview of the study area; (b) view of the distribution of all wells throughout the
province; (c) view of the most densely populated area of the province along the Saint-Lawrence River

3.1.2. Water Bodies Distribution around Wells

Among the municipal wells, almost all (97% of the cases; n = 1749) are located at <2000 m from
a surface water body. As illustrated in Figure 2a, it is evident that the closest water body to most
municipal wells is lakes (72%; n = 1262). This is likely due to the extremely high number of lakes in
Quebec, which means that there is likely always a lake within a reasonable distance from any given point
in the province, resulting in a geographically homogeneous distribution of municipal wells near lakes.
The distribution of wells in close proximity to rivers (28%; n = 487) is less homogenously distributed
throughout the province compared to those in proximity to lakes (see Figure 2). Many municipalities
are located in close proximity to a river due to the settlement of the province through its waterways.
Secondly, the area around rivers can often have more favorable properties for larger-scale water
extraction due to the higher likelihood of containing sandy granular deposits compared to the more
common glacial-marine deposits that cover the rest of the province [57].

Figure 2b also reveals the same trend of homogenous distribution of wells in proximity to lakes
for each bin of 10 m width. In fact, 14% (n = 245) of the municipal wells are located at <200 m from
a river. The overall distribution of wells shows a significant decrease in the density of wells at around
the 120 m marks. Since the number of wells in proximity to lakes remains relatively constant in all
10 m bins, and the distribution of wells near rivers decreases around the 120 m marks, the overall trend
in this graph of more wells in the first 120 m is controlled mostly by the greater number of wells in
proximity to rivers.
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Figure 2. The distance of municipal wells from water surfaces for (a) 0 to 2000 m and (b) 0 to 500 m.

3.1.3. Insights into the Potential Population Supplied by IBF

Figure 3 illustrates the cumulative population served by municipal wells that are located at
a distance of 0 m to 2000 m from a surface water body. It shows that approximately 1,200,000 people
are served by those municipal wells. It also reveals that outside of the major cities, wells located at
less than 500 m from a surface water body account for 74% of the population (n = 920,000) whose
drinking water is supplied by groundwater from municipal wells. In fact, there is a rapid increase
in the population served by wells within the first few hundred meters of a water body. Wells within
250 m and 100 m account for 57% (n = 720,000) and 34% (n = 410,000) of the population served by
municipal wells respectively. Although many of these sites may not be using IBF due to various factors,
these results reveal a significant probability that half of the groundwater-fed population connected to
a municipal drinking water supply in Quebec, i.e., more than half a million citizens, might depend on
IBE. This initial overview demonstrates the great opportunity of a better assessment of IBF occurrence
in the province of Quebec in order to better protect our resources. This high proportion of close-to
surface water wells is likely an indication that planners and developers are, in fact, selecting pumping
sites in close proximity to surface water. Still, as aforementioned, the existing knowledge of IBF is not
fully integrated into the planning process when developing and managing water abstraction plants.
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Figure 3. Cumulative population supplied by municipal groundwater wells with respect to the distance
from the surface water body.

3.2. Insights on Selected Sub-Basins

In light of the results presented in the previous subsection, it was determined that making
widespread generalizations about the province would not be straightforward. We opted to focus on
a selection of areas with diverse population sizes, diverse geological settings, a variety of distances from
surface water, a variety of surface water body types, and a variety of land cover types. By cross-checking
the ID and localization of wells in the available databases, it was possible to manually assign the type
of aquifer (fractured bedrock, unconfined granular, confined granular) to 101 municipal wells within
the three areas, namely Laurentides (area #1), Nicolet (area #2) and Vaudreuil-Soulanges (area #3).
These areas correspond to watersheds “du Nord”, “Nicolet”, and “Vaudreuil-Soulanges”respectively.
It is important to note that the “Vaudreuil-Soulanges” watershed also extends into the neighboring
province of Ontario to the West, but the investigation is limited to the portion within the Quebec border.
The localization and the extent of each area are illustrated in Figure 4. The main geological contexts
are also reported in this figure. The Grenville Province (area #1) is mainly composed of Archean
autochthonous rocks dominated by highly metamorphosed gneissic complexes. The Appalachian
Province (area #2) is composed of various types of strongly deformed rocks (i.e., sedimentary, volcanic,
and ophiolitic rocks), whereas the St-Lawrence Platform (area #3) corresponds to sedimentary rocks.
The criteria used to evaluate each region are the nature of quaternary deposits, the type of nearest
water body in proximity, the population of the municipalities, the distance of wells, as well as certain
qualitative factors that are mentioned in the PACES reports for each region [58-61].
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Figure 4. Location of the three selected watersheds (area#1: Laurentides, area #2 Nicolet, and area #3
Vaudreuil-Soulanges).

3.2.1. Area #1: Laurentides

The area of Laurentides has a mixture of forested areas and urban areas and is underlain by the
hilly Grenville Province. It has not been covered by regional PACES studies at this time, and therefore,
a detailed description of the surficial deposits underlying the region is somewhat dated. Portions of
the area along the Saint Lawrence and Ottawa Rivers were described by Lajoie [58]. Bedrock in this
area is overlain by till that varies in thickness from 7 to 12 m. Deposits of sand and gravel can also be
found within this region, that were deposited by glacial rivers. Along existing rivers, including the
Riviere-du-Nord, recent fluvial deposits composed mainly of loam are present [59]. Supplemental
Materials containing the map of the quaternary geology and well distribution for each area is provided
with this paper (Figure S1, Tabel S1).

In this area, 31 municipalities (of a total of 58) rely on groundwater to produce drinking water from
a total of 136 municipal wells, and 91% (n = 124) are located <500 m from a surface water body. A total
of 63 municipal wells (51%) are located at <500 m from a lake, the remaining part (49%; n = 61) being
at <500 m from a river. As shown in Figure 5, a significant number (31%; n = 39) of municipal wells are
found along the main river (i.e., Riviéere-du-Nord). These wells are often serving municipalities with
a population of >1000 people and are typically found in unconfined granular aquifers. There are three
other rivers and a lake with wells in close proximity, namely, Red River with four wells serving two
municipalities, Ottawa River with four wells serving three municipalities, Lac de Deux Montagnes with
12 wells serving one municipality, Achigan River with two wells serving one municipality. Further
from the Riviere-du-Nord, the population generally decreases, and the wells are more frequently found
in proximity to lakes and in fractured bedrock aquifers. The type of aquifer could be compiled for
a total of 56 wells. Of these wells, 73% (n = 41) are found in an unconfined granular aquifer, with the
majority located <100 m from a surface water body. Since the largest municipalities are more likely
to be pumping sufficiently to induce a hydraulic gradient forcing the surface water to infiltrate the
aquifer, the municipalities with the highest likelihood of performing IBF are the more populated
ones in proximity to the Riviere-du-Nord. Meanwhile, wells located further from surface water and
installed in fractured bedrock present a lower confidence level in the probability that IBF is taking place.
It is important to note that the above-mentioned results include some wells outside of the selected
watershed, as they shared a similar geological setting.
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Figure 5. (a) The spatial distribution of municipal wells located at less than 500 m from lakes and

rivers in area #1 and the distribution of wells according to (b) the type of surface water and (c) the type

of aquifer.

3.2.2. Area #2: Nicolet

The Nicolet area straddles two geologic provinces, the Saint-Lawrence Platform in the lower
altitude portion to the North and the Appalachian Orogen in the higher altitudes to the South. This area
is principally covered by agricultural land. A total of 84 municipal wells are actively producing
drinking water from groundwater resources to serve a total of 35 municipalities (of a total of 39).
These municipalities are generally smaller than those in other regions, with many serving <500 people.
As illustrated by Figure 6, in area #2, a high number of wells are in the vicinity of different rivers and
tributaries, similar to area #1. In fact, a total of 48 municipal wells (57%) are in the 0-500 m range from
a surface water body. Of these wells, most are located close to rivers (71%; n = 34), and the remaining
29% (n = 14) are located near lakes. However, the distance of these municipal wells varies more widely
than in area #1. The Nicolet River and its tributaries are the rivers with the largest number of wells
in close proximity. There are five rivers in the Nicolet river system with wells in close proximity.
In addition, the Saint-Francois River has three wells in proximity serving two municipalities. Within
this region, there are many more rivers whose quality could impact drinking water quality than in the
other regions.
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Figure 6. (a) The spatial distribution of municipal wells in the Nicolet area that are located at less than
500 m from lakes and rivers in area #2 and the distribution of wells according to (b) the type of surface
water and (c) the type of aquifer.
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The Nicolet region has a distinctly different sequence of quaternary deposits when compared
to the other two zones. As reported in the PACES study [60], thick quaternary deposits exceeding
100 m in certain areas overlie the bedrock in certain parts of the region. A rough 20 km wide band
along the Saint-Lawrence River is underlain by a significant thickness of marine clays, which can
be partially or completely overlain by marine and lacustrine sands. The central portion of the basin
located between elevations of 80 m and 120 m is dominated by aeolian and coastal sands, underlain by
impermeable till around which peatlands can form. Thick glacial-fluvial sand and gravel deposits
can lie directly on the bedrock in certain areas. Superficial deposit thicknesses at the municipal well
locations calculated from the raster database that accompanies the PACES study [60] ranged from
<5 m up to 30 m. Supplemental Materials containing the map of the quaternary geology and well
distribution for each area is available (Figure S2, Table S1).

Geological information could be compiled for a total of 26 municipal wells located <500 m from
awater body. In this region, 50% (n = 13) of the municipal wells procure water from unconfined granular
aquifers. Of these wells, 77% (n = 10) are located <200 m from a surface water body. These results
suggest that there are favorable aquifers for pumping near rivers, while the regions more distant from
rivers are less favorable. This region, although it consists mostly of smaller municipalities, has a high
probability of IBF taking place, especially in wells within the first few hundreds of meters from a river.
More information relative to the pumping rates for these wells, combined with a geochemical and
isotopic approach, would be needed to better estimate the potential use of IBF in this region.

3.2.3. Area #3: Vaudreuil-Soulanges

The area of Vaudreuil-Soulanges is located near Montreal and within the St-Lawrence Platform.
The main types of land uses are agricultural and residential. This area, unlike the Nicolet area,
is underlain solely by more recent quaternary deposits that were deposited uniquely during the
last glacial cycle. The region is predominantly covered by marine clays (64% of the surface area).
Only a small number of areas, along the Ottawa River and higher relief areas (i.e., till deposits,
Mount Rigaud, “butte Saint-Lazare”, and “butte de Hudson”), remain uncovered by these clays.
Certain uncovered areas are composed of glacial-fluvial deposits that host productive granular aquifers.
Examples of these deposits can be found along the Ottawa River in the northern portion of the zone
and also in the Saint-Lazare region. Supplemental Materials containing the map of the quaternary
geology and well distribution for each area is available (Figure S3, Table S1).

In this area, 36 wells are in operation and produce drinking water from groundwater resources
for eight municipalities (of a total of 13) with populations typically >1000 people. As illustrated in
Figure 7, the area contains a distribution of wells mostly in proximity to lakes. In fact, 66% (n = 24)
of the municipal wells are located <500 m from a lake. Among these wells, 92% (n = 22) are located
along a 6 km-long North-South transect near the region of Saint-Lazare. The PACES report highlights
the presence of a thick and unconfined sandy deposit with a very productive aquifer in this zone [60].
Wells, in proximity to rivers, for the most part, are located along the periphery of this zone near the
more major water bodies. Another zone of concentrated wells (20%; n = 10) is found in the region of
Mount Rigaud, the majority of these wells are located in fractured rock or clay deposits [60], making
the probability of IBF unlikely. It can also be seen in Figure 7 that there is a limited number of wells
(33%; n = 16) located within the first 200 m of a water body, which sharply contrasts with the other two
regions. In this region, wells are located in proximity to two rivers only. The Viviry River with four
wells serving one municipality and the Saint-Lawrence River with four wells serving one municipality
are the two most prominent ones with some smaller streams making up the difference. The type of
aquifer could be compiled for 22 municipal wells in area #3. From these wells, the majority is found in
confined granular aquifers (31%; n = 7) and fractured bedrock aquifers (40%; n = 9). The fractured
bedrock aquifers are known to be confined [60], except in the regions with the highest concentrations
of wells (i.e., St-Lazare, Hudson, and Rigaud).
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Overall, the greater distance from surface water in this area seems to indicate that IBF in most
of the municipalities in this area is not likely. We identified only two municipalities with a total of 3
wells in close proximity to surface water. However, these wells are in confined granular or fractured
bedrock aquifers and, thus have limited potential for IBF. Moreover, there is a strong possibility that
the permeable areas of the Saint-Lazare region are influenced by infiltrating water from the spring
thaw and precipitations.
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Figure 7. (a) The spatial distribution of municipal wells located at less than 500 m from lakes and
rivers in area #3 and the distribution of wells according to (b) the type of surface water and (c) the type
of aquifer.

4. Conclusions

This research has provided a reliable starting point for determining the impact of IBF on the
population of Quebec. A simple process based on GISc was used by incorporating several open-source
programs (QGIS, SAGA, and R) and openly available data. The initial use of distance from a surface
water body as well as additional information extracted from the government database revealed that
nearly one million people in the province of Quebec are supplied drinking water via wells in close
proximity (i.e., <500 m) to a river or a lake. This first overview has also demonstrated that there
is a high degree of regional variability with regard to the probability that IBF is being performed.
One investigated area has the greatest potential use of IBF (area #1: Laurentides), a second one requires
more information to draw precise conclusions (area #2: Nicolet), and the third one has the lowest
probability of IBF (area #3: Vaudreuil-Soulanges).

There are a number of shortcomings that are evident in the current development, management,
and understanding of hybrid groundwater-surface water extraction sites in the province of Quebec.
The current regulations do not contain general insights into the protection or management of these sites.
The existing GWUDI classification is not designed to assess risk at an IBF site as it does not expressly
consider the contribution of surface water to a pumping well, and only under certain circumstances
are IBF wells considered GWUDI. With mounting pressures on our water resources from climate
change and population growth, we hope that this work demonstrates the need to better understand
and improve the regulatory framework to specifically address hybrid groundwater-surface systems
such as IBF in order anticipate problems common to IBF sites and ensure that our water resources are
well protected and exploited sustainably.

It will be important to precisely develop guidelines for determining what municipalities should be
targeted within future regulations. The policy changes would require the definition of a new category
of wells for IBF sites that requires short, medium, and long-term assessment of risk related to the
permanent or intermittent contribution of surface water bodies to wells.
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In order to determine more precisely which wells are using IBF, a possible approach would be
based on a dedicated sampling program for specific environmental tracers. These tracers would be used
to quantify the spatio-temporal evolution of transit times (e.g., stable isotopes of water) and relative
proportions of groundwater and surface water (e.g., electrical conductivity). A longer characterization
period would allow for the minimization of unforeseen costs over the life of the water treatment plant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/3/662/s1,
Figure S1: Map of Areas #1 (Laurentides) with quaternary geology and well distribution, Figure S2: Map of Areas
#2 (Nicolet) with quaternary geology and well distribution, Figure S3: Map of Areas #3 (Vaudreuil Soulanges)
with quaternary geology and well distribution, Table S1: Codes for the quarternary geology units in Figures S1-53.
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Abstract: Managed aquifer recharge (MAR) is known to increase available water quantity and
to improve water quality. However, its implementation is hindered by the concern of polluting
aquifers, which might lead to onerous treatment and regulatory requirements for the source water.
These requirements might make MAR unsustainable both economically and energetically. To address
these concerns, we tested reactive barriers laid at the bottom of infiltration basins to enhance water
quality improvement during soil passage. The goal of the barriers was to (1) provide a range of sorption
sites to favor the retention of chemical contaminants and pathogens; (2) favor the development of a
sequence of redox states to promote the degradation of the most recalcitrant chemical contaminants;
and (3) promote the growth of plants both to reduce clogging, and to supply organic carbon and
sorption sites. We summarized our experience to show that the barriers did enhance the removal
of organic pollutants of concern (e.g., pharmaceuticals and personal care products). However,
the barriers did not increase the removal of pathogens beyond traditional MAR systems. We reviewed
the literature to suggest improvements on the design of the system to improve pathogen attenuation
and to address antibiotic resistance gene transfer.

Keywords: organic amendments; managed aquifer recharge; contaminants of emerging concern
(CECs); pathogens; new water challenges

1. Introduction

Climate change and the expansion of urban areas is a major worldwide threat to sustainable
and safe drinking water supplies [1]. Managed aquifer recharge (MAR) is a technique that allows
groundwater-dependent ecosystems, including rivers, to be maintained, enhanced, and/or protected
with limited consumption of energy and chemicals [2,3]. MAR systems based on water filtration during
soil passage have been proven to retain suspended particles and colloids, including microorganisms [4],
and to favor biodegradation of chemical contaminants, resulting in significant water quality
improvement [5-7]. The processes affecting pathogen transport in these aquifers are retention
and inactivation, and an extensive number of factors influence them [8]. However, periodic detection
of pathogens in groundwater, some with severe human health impacts [9-13], has led to strict quality
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requirements that effectively impede the use of lesser quality water for MAR. For instance, rainfall fails
to meet Spanish regulations for reuse (too low pH and too high suspended solids), which are the
regulations adopted in practice for MAR [14]. This is paradoxical because potable water treatment
during the 19th century simply consisted of sand filtering to remove pathogens and resulted in a life
expectancy increase of some 20 years [15,16]. This paradox is well reflected in the ongoing debate about
quality requirements for artificial recharge. Health protection authorities recommend strict controls on
the water used for MAR but, at the same time, several major cities have shown that recharge using
wastewater can be safe [17]. As a result, the European Commission’s Joint Research Center (JRC)
failed to reach a consensus on MAR water quality recommendations [18]. The situation is inadequate.
Prudence demands regulation, while fear hinders the actual implementation of MAR, which impedes
the restoration of ecosystem services of groundwater-dependent water bodies.

Overcoming resistance requires the addressing of not only old problems (e.g., water scarcity,
recovery of groundwater-dependent water bodies), but also emerging concerns [19]. Among these,
we include chemicals of emerging concern (CECs), antibiotic-resistant bacteria (ARBs), and antibiotic
resistance genes (ARGs). The term CECs encompasses a wide range of substances, including
pharmaceuticals, personal care products, and nano- and micro-plastics, among others, which are
characterized by their continuous release into the environment and their potential to impact aquatic
ecosystems and eventually human health [20]. Several studies have demonstrated that even after
extensive treatment, such as advanced oxidation processes and reverse osmosis, some recalcitrant
CECs are still detectable in reclaimed water [21-23]. Until the turn of the millennium, it was unknown
that these chemicals presented a hazard to the environment, as they generally occur at trace levels,
and pharmaceuticals in particular were always found at concentrations far below the therapeutic
doses prescribed for humans [24,25]. However, studies carried out since then have provided evidence
that even sub-therapeutic concentrations of certain pharmaceuticals affect microbes, plants, fishes,
and insects [26-28]. Consequently, the concentrations of CECs measured in reclaimed water can
be biologically relevant or can increase to such levels in the unavoidable co-occurrence with other
chemicals that may increase their biological activity [29]. Under the certainty that the reclaimed waters
still contain CEC residues, the use of these waters as source waters in MAR may pose a risk to human
and environmental health.

Biodegradation and sorption appear to be the main processes involved in water quality
improvement during MAR, especially regarding CECs’ behavior [30-32]. The biomass and biodiversity
of the microbial community is relevant for CEC degradation [33,34] Therefore, parameters controlling
microbial community such as temperature, and the amount of organic substrate available and its
quality (which controls the redox conditions), have a direct effect on biodegradation rates [4,35,36].
Changing parameters within an aquifer could lead to an increase in the microbial biodiversity, and a
continuous source of organic substrate should allow the biomass to increase [37].

Sorption might be relevant as well since it retards contaminants [38], thus increasing the time
available for the microbial community to degrade them. The discussion on whether retardation is
favorable remains open. On the one hand, increasing the residence time would increase the ability of
microorganisms to degrade them. On the other hand, some authors argue that contaminants are not
biologically available when adsorbed, and therefore they are not potentially biodegradable [39,40].

To favor these two processes, we proposed adding a reactive barrier at the bottom of the infiltration
basin in a MAR system. The barrier provides a reactive surface and diverse sorption sites, and adds
organic carbon to yield a range of redox states. Ideally, this should allow diverse microbial communities
to develop, thus increasing CECs’ removal.

In this context, the goal of this paper was two-fold. First, we summarized what we have learned
in two experiences of MAR using a reactive barrier [6,7,40,41]. Second, based on this adquired
knowledgeand the results of others, we have discussed how to improve the system design and
operation to enhance not only the removal of CECs but also the attenuation of pathogens, to minimize
the transport of ARGs.
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2. Materials and Methods

2.1. The Concept of the Reactive Barrier

We designed a reactive barrier to be installed at the bottom of soil aquifer treatment (SAT,
the specific term for intermittent infiltration of reclaimed water) infiltration basins. The barrier
consisted on an organic substrate able to release dissolved organic carbon (DOC) to the infiltrated
water and to provide potential sorption surfaces. The purpose of the reactive barrier is to favor
biodegradation by generating a redox zonation and enhanced adsorption for the widest possible range
of CECs.

Figure 1 displays redox zonation during infiltration periods in a conventional SAT system and in a
system with a reactive barrier. The source water should contain a labile DOC concentration higher than
6-9 mg/L in order to consume the oxygen and start to consume nitrate as the next electron acceptor.
The implementation of the reactive barrier increases the concentration of DOC in the recharged water,
so that available electron acceptors are consumed and redox zonation is developed further, reaching
Fe- and Mn-reducing conditions, and hopefully SO4-reducing conditions. Conditions should return to
aerobic during drying periods in both cases.

CONVENTIONAL SAT SAT WITH REACTIVE BARRIER

Reclaimed
Water Beactive Barrier

Reclaimed Water

/Aeroblc
Subo

) /N reduction

Groundwater Groundwater

DOC Recharge Water ~6 — 9 mg/l
DOC Ground Water ~2 —3mg/l

Figure 1. Schematic description of redox zonation during infiltration without and with a reactive
barrier. The barrier adds dissolved organic carbon (DOC) to the recharge water, thus promoting highly
reducing conditions. Ideally, the vadose zone becomes aerobic during drying periods in both cases.

This approach was tested at two sites and based on two organic substrates as organic carbon
source, i.e., compost and woodchips. The first site was a pilot-scale MAR system located at Sant
Viceng dels Horts (close to Barcelona, Spain) where a reactive barrier based on compost was installed.
The system operated with the barrier for four consecutive years. The second site consisted of six
MAR systems with small variations in the configuration, located in Palamés (close to Gerona, Spain).
One of the systems, the reference one, operated without a reactive barrier, four systems operated
with reactive barriers based on compost, and the remaining system operated with a reactive barrier
based on woodchips. To date, it appears that the implementation of these barriers has favored the
infiltration capacity. The characteristics of each site and the performance of the tested reactive barriers
were described in previous publications [6,7,41,42] and are summarized later.

Compost and woodchips were selected as organic substrates due to their capability to release
DOC, their low cost, and the ease of their handling and transportation. The amount of DOC released
by the organic substrate is expected to decrease with time (or with the volume of water infiltrated),
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but it may be compensated by the release from biomass growing in the basin, including plant roots.
Still, after a period of operation, the barrier may have to be replaced.

2.2. Site Description

2.2.1. Sant Viceng Dels Horts

The Sant Viceng site is a complex of two basins (settlement and recharge, each ~5000 m?)
constructed at the side of the Llobregat River, some 15 km upstream of Barcelona (Figure 2A). The MAR
system was constructed over the lower Llobregat valley sedimentary aquifer, formed mainly by gravels,
sand, and a small fraction of clay [43]. The saturated aquifer thickness and vadose zone ranged from
12 to 14 m, and from 5 to 9 m, respectively, during the recharge experience (Figure 2C).
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Figure 2. (A) Sant Viceng dels Horts infiltration basin, and (C) the cross-section with the monitoring
points and their screened sections; (B) six Palamos replicate MAR systems named T1 to T6,
and (D) the cross-section of one generic replicate. Flow direction is from left to right in both cross-sections.

The MAR system was fed with the Llobregat River water, which is heavily impacted by wastewater
treatment plants’ (WWTPs’) effluents [44]. The river water was diverted to the settlement basin, where it
remained for 2 to 4 days. From there, water flowed to the recharge basin. Flow rate was measured
hourly into the connecting pipe. The average infiltration rate was 1 m/d.

We installed a 65 cm thick reactive barrier on the bottom of the infiltration basin. This barrier
consisted of vegetal compost and aquifer sediments in equal volumetric portions and a small quantity
of clay and iron oxide. The role of the vegetable compost was to release degradable organic matter to the
infiltrating water to favor changes in redox conditions underneath the basin, promoting microbiological
diversity to enhance the removal of chemical contaminants [6,7,37,45], and to provide surfaces for
neutral organic compound adsorption. Clay increased the sorption of cationic compounds and iron
oxide facilitated the sorption of the anionic ones.

2.2.2. Palamos Site

The pilot MAR system was constructed in a municipal WWTP facility on the northeastern Spanish
Mediterranean coast. This facility collects wastewater from several municipalities. The population
served increases to include some 90,000 inhabitants during the summer, reaching the maximum
treatment capacity of the plant. As a consequence, effluent water quality varies throughout the year.

We constructed six pilot recharge systems (15 X 15 m? excavated structures, divided into six
2.38 x 15 m channels; Figure 2B), to test the effect of the reactive barrier’s composition and the role of
plants on the fate of CECs and pathogens. The system was fed with the secondary treatment effluent
of the WWTP, which infiltrated from the basin through the barrier and further flowed along the 15 m
simulated aquifer, to finally discharge at the base of the 1.5 m thick aquifer. Indeed, the pilot MAR
operated as a tertiary treatment (Figure 2D). In this case, two organic carbon sources were tested:
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compost and wood chips. We assessed their performance by comparing the removal of more than
50 CEC and pathogen indicators to that of a reference system (infiltration without reactive barrier).

2.3. Analytical Methods

Pressure, temperature, and electrical conductivity were continuously recorded using conductivity,
temperature and depth submersible dataloggers (CTD-Divers, Schlumberger water services, Delft,
The Netherlands) in the source water and several monitoring points at San Viceng dels Horts and
Palamos sites (Figure 2C). Additionally, samples for chemical analysis were collected during several
recharge events in both sites.

Target CECs were selected based on the frequency of their detection in the aquatic environment,
and since the analytical methodology for each site was different, the final list of CECs analyzed in
each case was defined according to the methodology requirements and the source water type (urban,
hospital effluents, agricultural, or industrial).

At Sant Viceng dels Horts, 51 CECs were analyzed in the collected samples following the method
described by Nodler et al. [46] (Table S1). Briefly, the samples were allowed to settle overnight at 4 °C
and the supernatant was recovered. A 500 mL aliquot of the supernatant was spiked with 10 pL of
an internal standard solution and with 5 mL of a buffer solution before solid-phase extraction (SPE).
The extraction and purification was performed using OASIS HLB (6 mL, 500 mg; Waters, Eschborn,
Germany) cartridges. The analytes were eluted from the cartridges, and the extracts were evaporated
with a stream of nitrogen and reconstituted with ammonium acetate solution before its transference to
an auto-sampler LC-vial. The analyses were performed by high-performance liquid chromatography
tandem-mass spectrometry (HPLC-MS/MS, Varian Inc., Palo Alto, CA, USA).

At the Palamos site, 58 CECs were determined by online solid-phase extraction coupled to
high-performance liquid chromatography—-tandem mass spectrometry (online-SPE-HPLC-MS/MS) in
accordance with Gago-Ferrero et al. [47] (Table S2). In this method, water samples previously spiked with
an isotopically labeled surrogate standard solution were isolated, pre-concentrated, and purified using
an automated Symbiosis™ Pico online SPE-(Spark Holland; Emmen, the Netherlands). The online SPE
of all samples, calibration standard solutions, and methodological blanks were performed by loading
5 mL of the water samples through PLRP-s cartridges. The trapped compounds were eluted from the
cartridge to the HPLC column by the chromatographic mobile phase. The chromatographic separation
was achieved with a HibarPurospher® STAR® HR R-18 ec. (50 mm x 2.0 mm, 5 um) column from
Merck using a mobile phase consisting of HPLC-grade water and acetonitrile, both with 0.1% formic
acid for positive electrospray ionization, and with 5 mM ammonium acetate buffer (pH 6.8) for the
negative ionization mode. MS/MS detection was performed on a 4000 Q TRAP™ MS/MS hybrid mass
spectrometer from Applied Biosystems-Sciex (Foster City, CA, USA). Selected reaction monitoring
(SRM) mode was applied for improved selectivity and sensitivity. Four identification points were
considered, in compliance with the European Council Directive 2002/657/EC [48].

Additionally, a microbiological analysis was carried out at the Palamos site. Gram-positive
and Gram-negative fecal bacteria indicator analysis was done via most probable number (MPN)
detection tests following manufacturer’s instructions (Colilert IDEXX, US). The log removal values
were calculated considering the average of total coliforms and Escherichia coli concentrations in the
source water, in the monitoring point immediately below the reactive barrier (O-points), and effluents
(E-points) for each MAR system of Palamos site (Figure 2D). We analyzed also other substances,
namely DOC, cations and anions, but they are out of the focus of the present study.

2.4. Assesing the Reactive Barrier Efficiency

We estimated first-order degradation rates (A) and retardation coefficient (R) for 10 CECs at
Sant Viceng dels Horts site [41,49] and compared them with those reported in the literature from
other experiments. While As can be highly uncertain, they can be considered “relative measures for
comparison” of results [50]. To this end, we measured pressure, electrical conductivity, and temperature
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at different distances from the infiltration basin. We also performed a pulse injection tracer test to
obtain the residence time distribution of the recharged water at six monitoring points. The heads
and breakthrough curves were used to estimate the flow and conservative transport parameters of
the aquifer using a quasi-3D numerical model [49]. The model was built using the finite element
code Transdens [51-53]. Secondly, CEC concentrations measured in the source water and nine
monitoring points were used to estimate A and R (in three and two defined subdomains, respectively)
for 10 CECs [41,49]. The subdomains for A estimation were BARR (reactive barrier), UZ (unsaturated
zone), and AQF (aquifer). The subdomains for R estimation were BAR (reactive barrier) and UZ+AQF
(unsaturated zone and aquifer). Pathogen indicators were not analyzed at the Sant Viceng dels
Horts site.

At the Palamos site, we compared the reduction in the concentration of 58 CECs, classified into
four groups namely UV filters, paraben preservatives, pharmaceuticals, and total contaminants” load
Table S2). Besides, the pathogen indicators (total coliforms and E. coli) were also measured along the
reference system and compared to those obtained for the systems operating with the two reactive
barriers to assess the efficiencies of these designs.

3. Results and Discussion

3.1. CECs Behavior

Figure 3 shows the comparison among the estimated degradation rates, A (A), and retardation
coefficients, R (B), at Sant Viceng dels Horts and those reported from other studies carried out both
in laboratory experiments and at field sites [54—62]. Considering the typical maximum duration for
columns (1-2 years) and field experiments (10-20 years), the minimum value for A was allowed to be
1073, and 107471, respectively, following the approach from Greskowiak et al. [63].

Estimated As for the Sant Viceng dels Horts site, operating with the reactive barrier, were similar
to or higher than those reported in the literature. Indeed, the As estimated for the reactive barrier
subdomain (BARR) tended to be much larger than literature values, whereas the As estimated for the
aquifer domain (AQU) were comparable, suggesting the proper performance of the reactive barrier.
Estimated Rs were also much higher than literature values for the barrier (BARR) and comparable for
the aquifer (UZ + AQU). At this site, we did not have the opportunity to operate the system with and
without reactive barrier simultaneously while keeping the remaining variables identical to assess the
performance of the barrier. However, the proper assessment of the barriers’ efficiency was performed
at the Palamds site. There, we estimated removal efficiencies of the analyzed CECs for the reference
system (T2) and the systems operating with the two reactive barriers (T4 and T5). For the sake of clarity,
we compiled the information on the analyzed CECs grouped into four categories, as aforementioned
ie., UV filters (CUVF), paraben preservatives (XPBs), pharmaceuticals (XPhAC), and total load of the
analyzed CECs (XTOTAL) (Table S2).

Figure 4 displays the removal efficiencies for the target contaminants (Table S2), estimated for the
reference system (T2) and the systems operating with reactive barriers (T4 and T5) in two recharge
periods, i.e., January and March 2018. Overall, significant removal, from 40% to 100%, was observed in
all three systems, supporting the robustness of MAR in improving recharged water quality. Additionally,
the systems operating with the reactive barrier performed equally well to or better than the reference
system, indicating that the reactive barrier was successful at enhancing CEC removal. However,
differences between the two barrier types’ efficiencies were compound-dependent. This finding was
in agreement with the results reported from a laboratory study carried out by Bertelkamp et al. [64],
who investigated the sorption and biodegradation behavior of 14 CECs in soil columns under oxic
conditions. They concluded that the presence of ethers and carbonyl groups increased biodegradability,
whereas ring structures, amines, aliphatic ethers, and sulfides hindered degradation [64].
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Figure 3. (A) First-order degradation rates (A) (estimated for the three domains) and (B) retention
factors (R) (estimated for two domains) at the Sant Viceng dels Horts site for carbamazepine (CBZ),
gemfibrozil (GMZ), ibuprofen (IBU), primidone (PRM), sulfamethoxazole (SMX), tolyltriazole (TOL),
iohexol (IOHe), iomeprol (IOMe), iopamidole (IOPa), and iopromide (IOPr) and comparison with data
from the literature obtained in field and laboratory column experiments.
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Figure 4. Removal efficiencies for organic UV filters (ZUVF), paraben preservatives (LPB),
pharmaceuticals (XPhAC), and total CECs (XTOTAL) estimated at the effluent of the reference
system (T2), the system operating with the reactive barrier based on compost (T4), and the system
operating with the barrier based on woodchips (T5) during (A) January 2018 and (B) March 2018
recharge episodes.
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Our results demonstrate that a reactive barrier improved the removal of CECs, but other options
are possible. Several authors have reported that oxic conditions and low biodegradable dissolved
organic carbon (BDOC) favor CECs’ degradation [57,65], whereas others suggest that anoxic conditions
favor the degradation of a broader range of CECs [6,7,66-68]. Regnery et al. [69] proposed a method to
reduce BDOC while boosting aerobic conditions during MAR by coupling two MAR systems, riverbank
filtration followed by an aeration step prior to soil aquifer treatment. The goal was to reduce the BDOC
during the riverbank filtration and to induce aerobic conditions with the aeration, providing oxic and
low-BDOC conditions to the second MAR system [69,70]. In our experiences, we achieved reducing
conditions during the recharge, assuming that aerobic conditions would be reached in the aquifer after
recharged water mixed with native groundwater. This approach reduces the demands on the technique,
since only one MAR system is needed. The issue is not settled, but it is clear that the optimal design of
a MAR system is driven by several factors, including the water source, the hydrological characteristics
of the aquifer, the geographical situation, and land availability, among others. Therefore, it is desirable
to have a large set of MAR configuration options to select the most suitable for each particular case.

3.2. Pathogen Removal

The barriers’ efficiency at reducing total coliforms and E. coli at Palamés during the recharge
episode in March 2018 is shown in Figure 5. We compared their concentrations in the source water
(INF) to those immediately below the vadose zone (O) and in the effluent (E) for the reference system
(T2) and the systems operating with the reactive barriers based on compost and woodchips (T4 and T5,
respectively). Figure 5 displays reductions between 2.5 and 5 log units for both, total coliforms and
Escherichia coli. (E. coli). Similar results were observed during other recharge episodes. Overall, few or
no differences among the systems were observed.
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Figure 5. Concentrations (log MPN/100 mL) of total coliforms and Escherichia coli (E. coli)measured
at the inflow (INF), immediately below the vadose zone (O-points), and effluent (E-points) of the
reference system (T2, control) and the systems operating with reactive barriers based on compost (T4)
and woodchips (T5) during the March 2018 recharge episode.

These results suggest that the barrier did not increase the attenuation of pathogens beyond traditional
MAR systems, and, therefore, the system needs to be improved. Unfortunately, pathogen removal has
traditionally been taken for granted in aquifers and, as a consequence, conceptual understanding is
limited so far. Still, much research is available in the sand filtration literature, both rapid and slow
sand filtration (more relevant for MAR) [71,72]. Materials other than sand have also been studied.
Perez-Mercado et al. [73] explored the performance of biochar in reducing bacterial indicators from
wastewater, with varying success.

While the extent of the supporting evidence is highly variable, the consensus is that pathogen fate
is governed by two processes: retention and inactivation.

Retention refers to the immobilization of pathogens by straining or adsorption [8]. Straining refers
to physical blocking of particles at small pores, and it is often assumed to occur at pores smaller than
the bacteria size [74]. This contradicts what is known about colloidal straining, where filtration is
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largely caused by the lumping of particles, but it is hard to falsify. Adsorption refers to the retention of
particles by electrostatic forces (actually, the set of mechanisms is much broader, ranging from diffusion
into immobile water pores to the formation of surface complexes). Adsorption is usually explained
using the double-, sometimes triple-layer theory.

Regardless of the actual mechanism (for quantification and upscaling purposes, identifying the
retention mechanism is important), several factors affect pathogen retention, including size and
accessible surface (in practice, they are hard to separate, since a small grain size leads to a high specific
surface), hydraulic gradient (rather than velocity), pH (which controls the surface charge of both
microorganisms and mineral surfaces), temperature, ionic strength (which affects surface potential,
so that both increased and reduced retentions have been reported), and biofilm [75]. While a unified
approach needs to be synthesized from the extensive literature on this topic, it is clear that a broad
range of surface types and chemical states (ionic strength and pH appear to be the most controlling
parameters) favor retention [76].

Inactivation is more difficult to ascertain. Pathogens tend to die outside the human body,
which provides optimal conditions for their survival. The question, therefore, is how long it takes
and whether it can be confirmed. Inactivation may occur in the liquid phase or, after adsorption, in the
solid phase. Numerous factors contribute, including pH (in general, acidic conditions facilitate removal),
temperature (survival has been observed to decrease with increasing temperature), and the presence of
predators [77]. The conclusion from these studies is that most pathogens die off after a few weeks of
residence in the soil. However, a few form spores or adopt spore-like forms that become inactive under
unfavorable conditions but “resuscitate” when these conditions are favorable. For these, ascertaining
elimination at the solid phase is critical [78].

It is precisely this variability in responses that underscores the need to observe a range of
microorganisms. Given the impossibility to analyze all of them, it is common to use “indicator
microorganisms” (bacteriophages, E. coli, Cryptosporidium, Clostridium).

The presence of metals favors inactivation. Urfer [79] showed that the addition of aluminum
to (slow) sand filters enhanced the removal of bacteria. This is relevant because reclaimed water
is often rich in aluminum (generally used for promoting flocculation during primary wastewater
treatment). This aluminum will not precipitate as bauxite, but as gibbsite [AI(OH)3] at neutral
pH. Still, its trivalent state should favor retention and would explain why biofilm ageing increases
pathogen retention. Park et al. [76] conducted column experiments with Cryptosporidium parvum oocysts
(a frequent indicator microorganism) and found that retention was greatly enhanced by the presence of
iron coatings on the sand medium and that suspended illite clay drastically enhanced oocyst deposition.
Increasing ionic strength (up to a certain value) and decreasing pH also enhanced attachment efficiency.

Pathogenic behavior has been studied in numerous artificial recharge sites. Weiss et al. [80]
calculated reductions from 2 to 4 log units for aerobic spores and 5.5 log units for total coliforms after
travel distances between 24 and 177 m in three different riverbank filtration areas in the USA.

Bekele et al. [81] conducted a 39 month study on changes in water quality during infiltration
through an unsaturated zone of 9 m and concluded that the elimination of microbial species was
efficient: it detected adenovirus in only 6% and enteric viruses in 4% of the samples after 4.2 days.

Betancourt et al. [82] evaluated the elimination of enteric viruses in three artificial recharge
facilities in the USA: one induced recharge (Colorado), an infiltration basin in Tucson, and another one
in California. They concluded that enteric viruses group was below the bioanalytical method limit of
detection after 5 days of transit time, and that residence time played a key role in the elimination of
pathogens. The only infectious virus detected in the study was a reovirus. As it is difficult to associate
reoviruses with a specific disease, they have not been paid much attention. However, they were
found at higher concentrations than enteroviruses in treated and untreated wastewater, proving to be
more resistant to UV disinfection than enteroviruses. Moreover, it appears that they also survive in
water for long periods of time. According to these outcomes, reoviruses should be monitored in MAR
system studies.
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Elkayam et al. [83] studied several indicators at Shafdan (Israel), which recharges secondary
effluent from a WWTP through 54 infiltration basins, covering an area of 270 ha in the coastal aquifer
of Israel. The aquifer is formed of calcareous sandstones with intercalations of conglomerates, silts,
and clay layers. Aquifer thickness is 180-200 m. The unsaturated area under the basins is 30—40 m deep.
The wells are placed in two rings around the basins. The first ring extracts only recharged water from
the rafts, whereas the second extracts also between 15% and 30% of water from the aquifer. The system
has been operating on a large scale for more than 30 years. The study focused on indicators of bacteria,
pathogenic viruses, coliphages, microbial source-tracking indicators (MST), and ARGs. The results
showed a complete elimination of pathogenic viruses (enteroviruses, adenoviruses, noroviruses,
parechoviruses), coliphages, and indicators of total and fecal bacteria and coliforms, fecal streptococcus,
and bacteroides (MST) in the unsaturated area under the rafts. ARGs were detected in several wells,
but they were also found in wells not impacted by the effluent, suggesting that these genes were related
to the native microbial communities of the aquifer.

Beyond the actual mechanism controlling the fate of pathogens, it is important to take into
account that (1) the soil is a living organism in itself, and (2) a broad range of pathogens, with different
properties, may be present in treated wastewater or other source waters. The former implies that
the soil system will be sensitive to external perturbations and its behavior will evolve in time. This,
together with the specificities of every microorganism type, may explain the broad range of often
contradictory sets of results reported in the literature.

The role of redox state has hardly been analyzed [84], which may reflect that most work is
motivated by sand filters. Since we argue that a sequence of redox states improves the removal of CECs,
it would also be desirable to understand the effect of redox state on the fate of pathogens. However,
the indirect impact of redox variability becomes apparent. Bringing the water back into aerobic
conditions favors the oxidation of iron (ferrous iron is mobile, while ferric iron tends to precipitate as
goethite or its precursors). The positively charged surfaces of ferric oxides should retain pathogens
that are mobile in other environments [84].

Thick unsaturated zones consistently lead to excellent removal rates of pathogens, and specifically
viruses. While we attribute this success to air-water interfaces, which tend to retain colloids, other factors
may be at play. The thickness of the unsaturated zone can only be controlled by pumping or, at the design
stage, by site selection. Unfortunately, we did not have a thick unsaturated zone at our Palamoés pilot site.

3.3. Antibiotic-Resistant Bacteria (ARB) and Antibiotic-Resistant Genes (ARGs)

Antibiotic resistance is a growing issue. Resistance is one of a number of consequences of the
misuse and overuse of human and veterinary antibiotic drugs [85-88]. Antibiotics are substances that
prevent the growth of bacteria. The term encompasses a wide range of pharmaceuticals with quite
different physicochemical properties that are used in the treatment of bacterial infections, and also as
prophylaxis for cattle and poultry. However, over the past decade, bacteria have been found to resist
the drugs developed to suppress their growth and biological activity. In other words, bacterial strains
are developing antibiotic resistance.

According to a recent report on the occurrence of antibiotic resistance in the USA [89], almost
3 million antibiotic-resistant infections are diagnosed every year in the USA, resulting in the deaths
of more than 35,000 people. Globally, 10 million deaths per year caused by antibiotic-resistant
bacterial infections are expected by 2050. Antibiotic-resistant bacteria, along with their resistance genes,
are spread globally among foodstuffs, animals, plants, people, and the environment [90]. In this context,
the World Health Organization (WHO) proposed a holistic action plan on microbial resistance involving
humans and the environment [91], and the European Commission launched “One Health” as the
European Action Plan to fight against antimicrobial resistance [92]. Additionally, the Watchlist for
European Union monitoring defined in the Decisions 2018/840/EU (5 June 2018) included five antibiotics
to be used to gather occurrence data to estimate the associated environmental risk of certain potentially
hazardous compounds [93].
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One of the reasons why ARGs cause great concern is because they are related to mobile genetic
elements, and can therefore be easily transferred among microorganisms by horizontal gene transfer.
This transfer can occur from bacteria, phages, free DNA, and dead cells to living cells [94].

WWTPs, in particular those treating urban sewage, have been recognized as one of the major
receptors/sources of antibiotic resistance in the environment [88]. Even worse, ARGs may be enhanced
in WWTPs [88]. The relationship between residual antibiotics in WWTPs and ARGs remains unclear.
According to some studies, the presence of antibiotic residues during wastewater treatment may
influence antibiotic resistance [87,95,96]. In contrast, other authors have pointed out that no correlation
exists between the load of antibiotic residues in WWTPs and ARG abundance [97]. Nevertheless,
a strong relationship between clinical and environmental antibiotic resistance has been reported.
Temperature and humidity have been identified as two key factors controlling antibiotic resistance.

Since WWTPs are implicated as hotspots for the dissemination of antibiotic resistance into the
environment and secondary effluents display higher relative abundance than the influents [98], it is
important to assess whether ARGs could be reduced during soil aquifer treatment. Lack of a solid
conceptual model for the fate of ARGs makes any proposal highly conjectural. However, some pieces
of side evidence appear hopeful. The generation of anaerobic areas should help because the activity
of microorganisms is reduced and the transfer of ARG is inhibited [99]. The presence of plants has
proven efficient at removing ARGs in constructed wetlands [100]. The plant species selection deserves
further research. In a recent study, the addition of biochar to soil resulted in notable changes in the
microbial community, and these changes were different depending on the type of biochar used [101].
Changes in bacterial phylogenetic compositions can result in a change of ARGs. Therefore, the use of
biochar as a component of reactive barriers might reduce ARGs. Nanotechnology may also be tested
in MAR systems by including new nanomaterials in the infiltration pathway. To date, a few studies
have pointed out the capability of selected nanomaterials to eliminate both ARB and ARGs [102].

3.4. Public Acceptance of MAR

A positive perception of MAR by the public is essential for its smooth implementation as a feasible
and effective solution to increase water resources. The results of a public consultation about the
use of treated wastewater in MAR operations were published recently [103]. Among the opposed
respondents, the major concern was the lack of confidence in the wastewater treatment effectiveness
before recharge. It is feared that if chemical and biological contaminants are recalcitrant to the
treatments, recharge with WWTP effluents will lead to worsening groundwater quality. This kind of
concern has led to broad negative public opinion on water reuse in general [104]. Negative perceptions
may lead to failure [105-107].

In this regard, the implementation of operational strategies or designs to increase pathogen
attenuation, chemical contaminant removal, and ARB and ARGs mitigation in MAR systems would
facilitate public acceptance. If pilot studies are undertaken and results are successful, the MAR benefits
supported by reliable scientific information should be stated and reasonably presented to the public.
It is likely that the availability and understanding of this information will facilitate their positive
perception and ultimately achieve public support.

Our concern, however, is that this may not suffice in times of “post-truth” and “fake news”.
Traditional approaches are needed: working with community organizations, promoting positive
local media coverage of projects involving MAR, giving messages in clear non-technical language
emphasizing its benefits and safety, offering public visits to the facilities, etc. Additional avenues of
action that are specific to MAR include:

1.  MAR (re)naturalizes water in that water quality improvement processes make it hard to distinguish
from natural water;

2. Infiltration basins are beautiful, especially when covered with vegetation (Figure 2). This, together
with the relatively large surface area of infiltration basins, suggests integrating them as part of
landscape and territorial planning.
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4. Conclusions and Current/Future Challenges in MAR

Our work supports the extensive literature body on water quality improvement during soil
passage. Specifically, adding a reactive barrier improved the removal of chemical contaminants. Still,
pathogen attenuation is significant (2-5 log units in our case), but was not particularly improved by the
addition of the reactive barrier. Therefore, further improvement in the design of the reactive barriers
and the operation of the system is needed.

We have discussed several options to enhance the degradation of recalcitrant chemical
contaminants and the mitigation of pathogens. These include new compositions of the reactive
barrier to broaden the types of sorption surfaces (biochar, zeolite, etc.), addition of metals to promote
pathogen inactivation, implementation of thicker unsaturated zones to increase pathogen retention,
and changes in the system operation to favor ferric oxide precipitation to create positively charged
surfaces for further pathogen attenuation. We will test these approaches in the coming years at the
Palamos pilot site and will assess the performance of the optimized system through the monitoring
not only of CECs and pathogens, but also the development of antibiotic resistance, a serious emerging
concern nowadays.

Public support must be achieved for the broad success of MAR. In the current context of climate
change, where events of water scarcity and floods are occurring daily, improving water quality and
increasing its quantity deserve determined action.
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Abstract: Managed aquifer recharge (MAR) is typically used to enhance the agricultural water supply
but may also be promising to maintain summer streamflows and temperatures for cold-water fish.
An existing aquifer model, water temperature data, and analysis of water administration were used to
assess potential benefits of MAR to cold-water fisheries in Idaho’s Snake River. This highly-regulated
river supports irrigated agriculture worth US $10 billion and recreational trout fisheries worth $100
million. The assessment focused on the Henry’s Fork Snake River, which receives groundwater from
recharge incidental to irrigation and from MAR operations 8 km from the river, addressing (1) the
quantity and timing of MAR-produced streamflow response, (2) the mechanism through which MAR
increases streamflow, (3) whether groundwater inputs decrease the local stream temperature, and (4)
the legal and administrative hurdles to using MAR for cold-water fisheries conservation in Idaho.
The model estimated a long-term 4%-7% increase in summertime streamflow from annual MAR
similar to that conducted in 2019. Water temperature observations confirmed that recharge increased
streamflow via aquifer discharge rather than reduction in river losses to the aquifer. In addition,
groundwater seeps created summer thermal refugia. Measured summer stream temperature at seeps
was within the optimal temperature range for brown trout, averaging 14.4 °C, whereas ambient
stream temperature exceeded 19 °C, the stress threshold for brown trout. Implementing MAR for
fisheries conservation is challenged by administrative water rules and regulations. Well-developed
and trusted water rights and water-transaction systems in Idaho and other western states enable
MAR. However, in Idaho, conservation groups are unable to engage directly in water transactions,
hampering MAR for fisheries protection.

Keywords: climate adaptation; stream temperature; streamflow; Henry’s Fork; fisheries; Snake River;
Idaho; water rights

1. Introduction

In the Western USA, important aquatic ecosystems and recreational fisheries often occur in
river basins with large irrigated agricultural diversions, resulting in conflicts between water for
irrigation and environmental streamflow needs [1-3]. Climate change exacerbates these conflicts, as
precipitation regimes shift from snowfall to rainfall and evaporative demand increases, leading to
flashier streamflow in winter and spring and reduced baseflow through summer and fall [4,5]. Climate
warming and reduced baseflow work in tandem to warm stream temperature and are expected to
reduce habitat for cold-water ecosystems [6]. Increasing streamflow, particularly during summertime
baseflow conditions, cools stream temperatures by increasing the assimilative heat capacity of rivers [7].
Management options to increase streamflow include re-operating reservoirs [8,9], reducing diversions
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through environmental water purchases [10], or conducting managed aquifer recharge (MAR) [11,12].
MAR is a promising strategy to enhance cold-water habitats while maintaining water resource benefits
for people because excess water is intentionally recharged to raise aquifer levels, which increases
baseflow, or may subsequently be pumped for irrigation. Groundwater additions to streams are
particularly beneficial for cold-water fisheries because they create thermal refugia [13,14]. MAR is
often recommended as a strategy to manage water for people and ecosystems with flashier runoff
anticipated with climate change [12]. However, the potential of MAR to benefit cold-water ecosystems
while maintaining irrigated agriculture requires (1) understanding the physical hydrology between the
recharge site and the stream, (2) estimating temperature differences at groundwater seeps in the river
and ambient temperatures, and (3) understanding administrative water rules to apply MAR to benefit
cold-water habitat.

In streams that interact with local and regional aquifers, winter recharge enhances groundwater
storage important for streamflow through the summer [14]. However, systems with shallow, unconfined
aquifers are sensitive to climate variability [15] and may experience changes in the timing and magnitude
of natural recharge [16], diminishing aquifer storage and groundwater-supported streamflow [16,17].
MAR can capture early rainfall or snowmelt and supplement late-summer return flows [18-20],
by raising an aquifer’s hydraulic head and creating groundwater seeps and shallow groundwater
contributions that return to the stream in gaining reaches. Models have demonstrated that the lag time
between MAR and return flow can delay the runoff peak [21-23], buffering a variable runoff regime [23]
and potentially alleviating critical low-flow periods [24-26]. However, proportional contributions of
MAR to streamflow depend, in part, on recharge site proximity [18,22,23].

Some studies have found that groundwater seeps and return flows mitigate the thermal effects of
climate change on riverine habitats [27-29]. For example, measured water temperature at groundwater
seeps have been 2-3 °C cooler than ambient river temperatures in the Pacific Northwest [21], and up
to 4 °C cooler in Nevada’s Walker River [12]. While shallow groundwater temperature is sensitive
to long-term changes in air temperature, groundwater temperatures are less sensitive than surface
water to changes in air temperature and are generally absent from heating by solar radiation [30-33].
Although studies note that MAR may increase summer baseflows [34], provide cool groundwater
return flows to maintain cold-water fisheries during low-flow periods [26], and maintain aquatic
ecosystems [18,35], field observations have yet to test these hypotheses. Furthermore, it is important
to understand the extent and times that MAR can influence streamflow and stream temperature to
maintain cold-water species in regulated rivers with climate change.

In the western USA, MAR must fit into the administrative rules of the Doctrine of Prior
Appropriation, which allocates water for beneficial uses based on the seniority that water was
first used. In most western states, the senior uses are mining and agriculture. Additionally, states
must have well developed market and transfer mechanisms that provide administrative water for
MAR within pre-existing allocation systems. However, western states that prioritize MAR, like
Arizona, Colorado, California, and Idaho, each have different administration policies regarding which
entities can implement MAR. Overall, implementation of MAR includes large-scale projects conducted
by centralized public authorities, cities, and private companies in Arizona [36,37], smaller-scale
projects implemented by landowners, local agencies, and counties in California [36,38], and a variety
of MAR and recovery projects implemented by individual water right holders, local groundwater
management districts, and cities in Colorado [37,39]. In Idaho, the state-run MAR program is primarily
designed to increase discharge from the aquifer to the river for fulfillment of senior surface-water
rights. Water transaction mechanisms in California and Colorado allow effective transfer of water to
environmental uses, and conservation organizations can be direct participants in such transactions [40].
However, in Idaho, conservation groups cannot directly participate in transactions like water rental,
which inhibits MAR for fisheries protection.

This study aims to understand the potential for MAR to benefit cold-water ecosystems while
maintaining irrigated agriculture in Idaho’s Henry’s Fork Snake River. To do this, existing data
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and models were integrated and analyzed for a reconnaissance-level assessment. The following
research questions were addressed: (1) What quantity and timing of streamflow response can MAR
produce? (2) Does MAR increase streamflow by reducing channel loss to the aquifer or by increasing
groundwater inflow to the stream? (3) Can groundwater inputs create local areas of decreased water
temperature in the stream? (4) What legal and administrative hurdles exist for MAR to be used for
cold-water fisheries conservation in Idaho? This research is instrumental to evaluate whether MAR is
a water management strategy that has the potential to benefit managed fisheries. MAR is increasingly
implemented throughout the western United States to meet human and environmental water objectives.
There is a clear need to understand whether implementing MAR to benefit managed fisheries deserves
additional effort and resources, and to identify current knowledge gaps when streamflow, stream
temperature, and administrative water rules are considered for environmental MAR applications.

2. Materials and Methods

2.1. Study Area

The 93,000 km? upper Snake River basin in Idaho and Wyoming, USA, (Figure 1) is an ideal setting
for assessing the potential of MAR to benefit cold-water ecosystems. The basin’s water resources support
an agricultural economy worth US $10 billion [41], as well as many ecologically important stream
systems and recreational trout fisheries, which contribute US $100 million to local communities [42,43].
Mean annual surface water supply is 15,000 Mm? in the basin and 75% is withdrawn for irrigation.
Irrigators also withdraw 1600 Mm? of groundwater from the Eastern Snake Plain Aquifer (ESPA;
Figure 1) and 500 Mm? from tributary aquifers [41]. In a given year, over 10,000 km? of irrigated land
produce hay, wheat, barley, potatoes, and dairy products for global companies such as Anheuser-Busch,
General Mills, and Clif Bar. The ESPA is a highly transmissive, unconfined, regional aquifer hosted in
sediments interbedded within fractured Quaternary basalts [44]. Water generally flows through the
ESPA from northeast to southwest and discharges to the Snake River near American Falls Reservoir
and in a 100 km reach immediately upstream of King Hill (Figure 1). Water levels in and discharge
from the ESPA have been declining for 60 years due to a combination of decreased recharge incidental
to surface water irrigation and increased groundwater pumping [41,44,45]. Declining aquifer levels
have caused costly legal disputes, increased reliance on reservoir storage to meet irrigation demand,
increased groundwater pumping costs, and decreased streamflow for fisheries.

As part of a comprehensive plan to increase storage in and discharge from the ESPA, Idaho
has implemented publicly funded MAR, with an annual objective of 330 Mm?® [41]. The primary
management goal of the state’s MAR program is to increase discharge from the aquifer to the river to fill
senior surface water rights, rather than to store the water for future recovery via pumping. Increasing
discharge over the long term requires increasing storage in the aquifer to maintain larger hydraulic
gradients along connected river reaches. Higher storage volume, in turn, has ancillary benefits such as
decreased pumping costs for groundwater users [41]. In addition, irrigation entities, cities, and private
companies are using MAR on smaller scales to meet mitigation requirements of a 2015 legal settlement
between senior surface water users and junior groundwater users. This settlement requires a specified
reduction in groundwater pumping or mitigation with an equal amount of MAR. Concurrently, research
describing benefits to aquatic systems from incidental and managed recharge in irrigated landscapes
has motivated conservation organizations to consider MAR as a tool for maintaining and enhancing
cold-water ecosystems in a changing climate [3,18,46].

An assessment was conducted in the Henry’s Fork Snake River watershed (Figures 1 and 2),
where the state of Idaho has recently invested US $1.5 million to expand and improve a MAR site
known as Egin Lakes (Figure 1). The Henry’s Fork and its tributaries have an annual surface-water
supply of 3200 Mm? and irrigators withdraw ~1500 Mm? to apply on ~1000 km? of agricultural
land; very little groundwater is used for irrigation in the watershed [47]. When natural streamflow
is insufficient to meet irrigation demand—usually early July through early September—streamflow
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is augmented by draft of Island Park Reservoir, near the river’s headwaters (Figure 1). Nearly all
irrigation water is delivered through unlined canals constructed in the late 1800s. Thus, these canals
have provided a large amount of incidental recharge to local and regional aquifers via seepage for
over a century [48,49]. Historically, irrigation water was applied via flooding or furrow irrigation, but
most application was converted to sprinklers in the 1980s and 1990s [49,50]. The lower one-third of
the Henry’s Fork, shown as the “modeled reach” in Figure 1, is hydraulically connected to local and
regional aquifers. Previous research has shown that this reach gains water seasonally in response to
locally increased water tables during irrigation season, but loses water to the regional ESPA during
the winter [48,49,51,52]. The conversion to more efficient sprinkler application has reduced both
total diversion and groundwater return flows to the river by around 250 Mm? per year since the late
1970s [49].

=Z

Island Park
Reservoir

American Falls
Resenvoir

100 0 100 Kilometers

3

Figure 1. Upper Snake River basin, USA, showing the ESPA, modeled river reach of Henry’s Fork (in
green), and a nearby MAR site. The red polygon delineates the Henry’s Fork watershed, and the yellow
rectangle shows the area enlarged in Figure 2. Black arrows indicate primary groundwater flow paths
on the ESPA. Data credit: Idaho Department of Water Resources.

The “field study reach” is the 12 river-km of the Henry’s Fork immediately downstream of U.S.
Geological Survey streamflow gage 13050500 at St. Anthony (Figure 2). This gage is the streamflow
management point in the lower watershed, triggering additional releases from Island Park Reservoir
when streamflow drops below a specified target at this gage [53]. However, four diversions in the field
study reach downstream of the St. Anthony gage substantially reduce streamflow during the summer
(Figure A1). The study reach supports an increasingly popular and economically valuable recreational
sport fishery for wild brown trout (Salmo trutta) [54,55], which has an optimal summer temperature
range of 12 °C to 19 °C. Habitat suitability for brown trout decreases as temperature increases above
19 °C to the lethal limit of 27 °C [56]. Over the summers of 2016, 2017, and 2018, daily mean water
temperatures during July and August ranged from 16 °C to 20 °C at a water-quality monitoring station
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at the top of the field study reach and from 17 °C to 22 °C at a water-quality monitoring station at the
bottom of the field study (Figures 2 and A2). Maximum instantaneous water temperature recorded
at the lower station over this time period was 27.3 °C, and daily maxima frequently exceeded 22 °C.
Due to high water temperatures, brown trout move either to local areas of groundwater input or out
of the reach altogether during the summer [54].

‘ USGS gage at St. Anthony

/A Temperature loggers (2010)

=== Stretch with documented springs (2019)
[=] water quality monitoring sites

3 Parker-Salem

Figure 2. Map of field study reach, showing locations of U.S. Geological Survey (USGS) streamflow
gage at St. Anthony, temperature loggers deployed in 2010, water-quality monitoring locations, and
stretch where springs were documented in 2019. Data credit: ESRI.

Summertime streamflow in the study reach could be increased by increasing draft of Island Park
Reservoir 100 km upstream, but larger reservoir releases have numerous negative effects on other
popular and economically important fisheries in the upper half of the watershed [3]. These include
transport of suspended material out of the reservoir and resulting high turbidity during the peak
fishing season, increased water temperatures downstream of the reservoir when it is drafted faster
than thermal stratification can occur, and decreased trout survival during winter, when low outflow is
required to refill the reservoir [57-59]. These effects do not propagate downstream to the study reach
in the lower watershed. Thus, this study seeks to assess whether MAR has the potential to improve
fisheries in the lower watershed without degrading those in the upper watershed. In particular,
withdrawal of water for MAR at carefully identified times could increase groundwater inputs to the
lower river during the summer, thereby increasing local trout habitat and water supply available for
diversion there. In turn, increased summertime water supply in the lower river could limit reservoir
draft, thereby simultaneously benefiting fisheries in the upper watershed.

2.2. Streamflow Response

We used an existing regional groundwater model to estimate response of streamflow in the Henry’s
Fork to MAR at the Egin Lakes site, located 8 km from the Henry’s Fork (site location is shown in Figure 3,
which also depicts the results). Modeling was done with the Idaho Department of Water Resources’
Enhanced Snake Plain Aquifer Model Version 2.1 (ESPAM2.1) [52], a regional finite-difference flow
model implemented in MODFLOW and configured with a single aquifer layer, monthly temporal
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resolution, and roughly 11,000 1.6-km grid cells. The model supports both steady-state and transient
simulations. Although storage coefficients are typical of unconfined conditions, the transient rendition
of the model uses time-constant aquifer transmissivity, making model results additive and scalable.
The model was calibrated to 1980-2008 hydrologic conditions, using the first five of these as a burn-in
period [52]. Calibration used over 43,000 aquifer water levels, 2000 river gain and loss estimates,
and 2000 spring discharge measurements and was performed using PEST version 12.0, a nonlinear
parameter estimation program [60]. The model was built specifically to estimate effects of aquifer
pumping and recharge on river reaches and springs in hydraulic connection with the aquifer, so
calibration optimized groundwater-surface water exchanges rather than hydraulic heads. The model
does not simulate solute transport nor thermal changes in the aquifer or its discharge. In the model,
the hydraulically connected section of the Henry’s Fork is treated as a single, 75-km reach, referred to
as the “modeled reach” (Figure 1), whereas our field study reach is only 12 km in the center of the
ESPAM2.1 modeled reach (Figures 1 and 2). Monthly model calibration residuals for stream gains and
losses in the modeled reach of the Henry’s Fork were generally on the order of + 25%, but monthly
residuals as large in magnitude as —100% were observed early in the irrigation season. Over the
period 1985-2008, the model underestimated cumulative river gain by around 10%. Thus, the model is
suitable for our reconnaissance-level assessment when applied over long time periods.
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Figure 3. Steady-state discharge response in the modeled river reach to recharge conducted in a given
model cell, as a fraction of total recharge volume. For example, a response fraction of 0.45 (white cells)
indicates that 45% of the volume of water recharged in that cell will eventually contribute to streamflow
in the modeled reach. The yellow rectangle indicates the field study reach.

The model was used in two ways. First, a steady-state simulation was used to calculate the
fraction of total recharge in a given model cell that affects streamflow in the modeled reach of the
Henry’s Fork. Recharge was simulated in the model cells containing the Egin Lakes MAR site, as
well as in other model cells in the vicinity of the lower Henry’s Fork to assess whether developing
MAR sites in other locations could increase streamflow response to MAR. Second, a 30-year transient
simulation was used to estimate streamflow response in the modeled reach to a scenario in which
7.3 Mm? of water was withdrawn from the river and recharged at the Egin Lakes site in each of March,
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April, and October and 25.6 Mm?® of water was withdrawn from the river and recharged at Egin Lakes
during November. This annual scenario was similar to operation of the Egin Lakes site during 2019
and was repeated in each of the 30 years of simulation. Model output was used to estimate net change
to streamflow in the study reach by allocating total streamflow response for the modeled Henry’s Fork
reach proportionally to the field study reach and including the effect of diversion for MAR upstream of
the study reach. The median 2000-2019 hydrograph for streamflow at the bottom of the study reach
was used as a baseline condition, although the effect of modeled MAR was also assessed relative to
streamflow in 2016, the driest year in the basin in over 40 years.

Recharge proximal to the lower Henry’s Fork increases hydraulic gradients between the aquifer
and the river, but if these gradients were initially negative (i.e., water flows from the river to the
aquifer), a positive streamflow response from recharge would occur through decreased river losses
rather than through increased river gains. Although the resulting increase in streamflow would
be equivalent between the two mechanisms, the first mechanism would not provide the benefit of
decreased water temperature during the summer. Thus, summertime water temperature was measured
upstream and downstream of a reach known to be hydraulically connected with the underlying aquifer.
These measurements were conducted in 2010, a decade after conversion from flood to sprinkler
irrigation but six years prior to initiation of MAR at the expanded Egin Lakes site. Canal seepage, which
has been roughly constant since 2000, was the only source of local groundwater recharge in 2010. Water
temperature loggers were deployed from 1 June 2010 to 31 August 2010 at two locations in the upper
half of our field study reach (Figure 2) and secured underneath overhanging riparian vegetation at ~40
cm water depth. The upstream logger was located immediately downstream of a reach through which
the river flows over basalt bedrock and has little interaction with shallow groundwater. The other
logger was placed 5 km downstream, in a reach where the river is well connected with shallow
groundwater. Mean daily upstream temperature was subtracted from downstream temperature to
create a time series of temperature differences. After accounting for serial autocorrelation with lag-3
autoregressive terms, two statistical models were fit to the time series—one with hypothesized zero
mean and another with a non-zero fitted mean. Statistical significance of the fitted mean was assessed
with the likelihood ratio test at a 0.05 level of significance (Appendix B).

2.3. Local Effects of Grounduwater Inflow on Temperature

Whereas the 2010 temperature observations were made to assess the nature of summertime
streamflow response to recharge solely from canal seepage, a separate field study in 2019 documented
the locations and temperature of specific groundwater springs to investigate the potential for MAR
to provide cool groundwater return flow to the river. In July 2019, locations of groundwater springs
contributing water to the river channel were documented by walking a 1-km length of the right bank of
the river, in the lower half of the 5 km reach studied in 2010 (Figure 2). A steep bluff approximately 5-10
m in vertical relief forms the boundary of the active floodplain on the right side of the river. Springs
emerged from the face of the bluff and along its base, often between 1 and 50 m from the channel bank,
and most spring outputs flowed into a secondary river channel. Each spring site was classified as
(1) a single discharge point, where water originating from the bluff face created a separate channel
that actively flowed into the river, or as (2) a “wall seep”, where water emerged from continuously
saturated sediments along the bluff face and contributed unchannelized flow to the river. At each
spring site, a FLIR T450sc thermal infrared camera (FLIR Systems Inc., Wilsonville, Oregon, USA) was
used to document differences between the surface temperatures of incoming groundwater springs
and the river. The FLIR T450sc camera senses radiant stream surface temperatures in the 7.5 to 13 um
range, with an accuracy of + 1 °C or 1% of the range of the reading [61]. To complement the imagery,
instantaneous temperatures were measured with a handheld thermometer at three lateral locations:
spring emergence, 0.6 m and 6 m into the river channel from where the spring entered the river.
At wall seeps, lateral temperatures were measured at the upstream and downstream extent of each
seep. In total, three temperature measurements were recorded at each of 20 spring sites. Temperature
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differences across the three lateral locations were analyzed with mixed-effects analysis of variance and
Tukey’s post-hoc test, treating spring site as a random effect. These tests were conducted at a 0.05
level of significance (Appendix B). The temperature analysis was not accompanied by assessments of
whether physical habitat at these locations was otherwise suitable for or used by trout.

2.4. Water Administration

Potential streamflow and temperature benefits of MAR will not result in real changes in the river
without sufficient availability of water for MAR at appropriate times. Thus, our assessment included
analysis of physical and administrative availability of water for MAR in the upper Snake River basin
within Idaho’s prior appropriation system of water rights. This assessment relied on a formal review
of Idaho’s MAR program conducted for the Idaho Water Resource Board [62], to which two of the
co-authors of this paper (RVK and CNM) contributed substantially. In addition, the state’s water rights
database, water-rights accounting manual [63], and water exchange procedures [64,65] were reviewed
to identify opportunities for and limitations to conducting MAR for fisheries conservation purposes.

3. Results

3.1. Streamflow Response

The steady-state simulation using ESPAM2.1 predicted that 37% of the water volume delivered to
the Egin Lakes MAR site will increase streamflow in the modeled reach of the Henry’s Fork over the
long term, and the balance will benefit other river reaches in the basin (Figure 3). If recharge were
conducted closer to the river than the existing MAR site, the model predicted that >90% of recharge
is realized as increased streamflow in the modeled reach. The modeled response fraction depended
strongly on recharge location and decreased fairly rapidly with increasing distance between the river
and recharge location (Figure 3). For example, 90% of water recharged in the red cells contributed
to streamflow in the modeled reach, whereas less than 40% of the water recharged in the green cells
contributed to streamflow in the modeled reach.

Transient simulation with ESPAM2.1 predicted that streamflow response to spring and fall
recharge at Egin Lakes is relatively uniformly distributed over the year, with little month-to-month
variability (Figure 4). Initial streamflow response to the spring-fall MAR scenario increased roughly
linearly over time to reach 50% of its long-term value 6.5 years after first implementation of the annual
MAR regime (Figure 4). Streamflow response increased more slowly after that, reaching ~90% of its
long-term value 25 years after initial implementation of the annual MAR regime. Including the effects
of water withdrawal from the river for delivery to the MAR site, the annual MAR scenario resulted in
a 20%-25% decrease in streamflow during November and a 5%-10% decrease in streamflow during
each of October, March, and April, relative to the current median hydrograph (Figure 5). Despite
these decreases in streamflow due to withdrawal for MAR, median spring and fall streamflow still
remained much higher than summertime lows, even after only five years of MAR. After 20 years of
implementation of this annual MAR regime, median streamflow increased by 4%-7% during July and
August of the median year (Figure 5), although increases during late June and early July were on the
order of 10%-40% relative to streamflow in the dry year of 2016 (Figure A3).

Mean daily water temperature from 1 June 2010 to 31 August 2010 was 0.6 °C cooler at the
downstream location influenced by groundwater inputs, and this difference was statistically significant
(x2=53,df =1, p = 0.02). This indicates that during summer, streamflow response to seasonal aquifer
recharge results from inflow of groundwater to the river not from reduced loss of water from the
river to the aquifer. Since this result was observed when canal seepage was the only source of aquifer
recharge in the vicinity of the field study reach, additional recharge from MAR will further increase
flow of groundwater into the river in the field study reach.
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Figure 4. Recharge and discharge for annual MAR scenario of 7.3 Mm? per month in each of March,
April, and October, and 25.6 Mm? per month in November, repeated every year for 30 years.
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Figure 5. Net change in streamflow for annual scenario in which diversion for MAR from the study
reachis 7.3 Mm? per month in each of March, April, and October, and 25.6 Mm? per month in November.
Top panel shows median water-year hydrograph prior to and 20 years after initiation of annual MAR
regime. Bottom panel shows percent change in streamflow 5, 10, and 20 years after initiation of annual
MAR regime, respectively.
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3.2. Local Effects of Grounduwater Inflow on Temperature

In late July 2019, thermal imagery identified areas of cool water in the main river and its side
channels near the points of spring inflow (Figure 6). Mean instantaneous water temperature at the 20
spring sites differed significantly across the three lateral locations: spring, 0.6 m from the streambank,
and 6 m from the bank (F =29.7, df; = 2, df, = 38, p < 0.001). All pairwise differences among the
locations were significant (Tukey’s Honest Significant Difference, adjusted p < 0.001). Mean water
temperatures at the lateral locations, respectively, were 14.4 °C, 16.0 °C, and 18.3 °C (Figure 7). Ambient
water temperatures during the time of the field observations ranged between daily minima of 18 °C
and daily maxima of 23 °C at the top of the field study reach and between 18 °C and 25 °C at the
downstream boundary of the study reach (Figure A2).

Figure 6. A side-by-side comparison of a visual image (left) and thermal infrared image (right) of the
area where outflow from a groundwater spring located at 43°57°07.6” N 111°43'26.7” W entered a side
channel of the river (flowing right to left). The photo was taken from a point 1.5 m from the margin of

the side channel, looking toward the spring confluence. The spring emerged from the ground ~30 m
from the confluence point. Temperature is indicated in °C.
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Figure 7. Water temperature at three locations measured at each of 20 distinct springs.
3.3. Water Administration

There are 84 decreed, permitted, or pending water rights for MAR in the upper Snake River basin,
with a combined diversion rate of up to 725 m®/sec. However, every senior MAR right is very small,
with combined diversion of only 0.59 m3/sec. The remaining 724.41 m%/sec are distributed among large
water rights with priority dates of 1980 or later, in a prior-appropriation system where the majority
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of the irrigation rights have priority dates preceding 1910 and most reservoir storage priority dates
precede 1940. Diversion for MAR allowed by the junior rights is available on an annual basis only in
the winter and then only downstream of American Falls Reservoir (Figure 1). Considering only water
rights specific to MAR, water is available for MAR at the Egin Lakes site in about half of all water years,
usually between mid-May and early July. During irrigation season (1 April to 31 October), only water
delivered to a designated, off-canal MAR site can be accounted as MAR, but during the winter, canal
seepage also accounts as MAR, since canals would not customarily be delivering irrigation water then.
Temporary transfers of senior water rights from irrigation or other uses to MAR occur through the
state of Idaho’s water supply bank, an administrative exchange bank rather than a physical storage
bank such as those in Arizona and California.

A locally administered rental pool allows storage water held in Palisades Reservoir (Figure 1)
to be rented for delivery to MAR sites anywhere in the basin, through administrative exchange or
physical delivery, and these types of exchanges were used to provide the majority of water for MAR in
the modeled scenario. Storage water rented in an administrative year (1 November to 31 October)
must be delivered by December 1 and cannot be carried over any further into the subsequent year.
Since the 2015 ESPA groundwater-surface water settlement was completed, new administrative rules
have been enacted specifically to facilitate efficient but equitable water transactions for MAR. However,
entities that do not hold water rights, including most conservation groups, cannot participate directly
in water supply bank or rental pool transactions. Furthermore, the Idaho Water Resource Board is the
only entity that can hold surface water rights for instream flow, regardless of whether those rights are
permanent or temporary. Thus, even if conservation groups could participate in water transactions,
there is no precedent for them to hold MAR rights specifically for environmental purposes.

3.4. Limitations

The importance of understanding the temporal response to water management actions is critical to
address specific objectives. The one-month temporal resolution of ESPAM?2.1 limits its ability to predict
streamflow response during shorter time intervals that may be critical to trout survival. Furthermore,
the model cannot distinguish between management actions that contribute groundwater and those
that reduce streamflow losses to groundwater. Although our limited temperature observations suggest
that summertime streamflow response to recharge near the field study reach is realized as groundwater
inflow, the existing ESPAM2.1 model cannot predict whether MAR and other recharge strategies
will change water temperature. The 1.6 km spatial resolution of the model also limits predictive
use, especially in assessing response to MAR at hypothetical sites closer to the river, where response
changes rapidly with distance away from the river. However, the greatest spatial-resolution limitation
in ESPAM2.1 is the delineation of the river reach itself. The model cannot partition water across the
75 km lower Henry’s Fork model reach to different locations, requiring simple proportional allocation
to downscale model results, as was done here. Models with finer temporal and spatial resolution can
be constructed [49], but calibrating higher-resolution models requires hydrologic observations made
at the same scale, which are currently not available. A larger challenge to modeling groundwater
flow in the Henry’s Fork watershed is that the water budget cannot be closed using surface-water
observations alone, whereas that for the larger ESPA can. This requires a priori assumptions about
groundwater flux to calibrate parameters specifying boundary conditions. Groundwater flux is the
most important model output in this case, so model output would essentially be pre-determined by
assumptions required to calibrate boundary parameters.

An alternative approach to constructing finer-scale models is to estimate local groundwater
fluxes using fine-scale piezometer data and temperature mixing models, and use those fine-scale
models to downscale the coarse aquifer-river interactions predicted by the regional model. Models
can be verified by conducting measurements of streamflow gain and loss across short stream reaches.
Continuous, high-resolution temperature data are inexpensive to collect and would contribute not only
to temperature mixing models but also to identification of thermal refugia across the whole field study
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reach. Habitat surveys, observations of fish movement and habitat use, and water-quality analysis at
and near areas of cooler water temperatures could then be used to determine whether reducing water
temperature alone is sufficient to address factors limiting trout use of the study reach during summer.

4. Discussion

Overall, MAR can improve summer streamflow and stream temperatures for fish in localized areas
of the basin. Thirty-seven percent of modeled Egin Lakes MAR returned to the study reach. Streamflow
increased most (as a percentage change of baseflow) in the initial years following recharge, with 25-30
years needed to achieve steady-state response to an annually repeated MAR regime. Groundwater
seeps confirmed that recharge was contributing to the river rather than merely reducing losses from
the river to the aquifer. On average, stream temperature cooled 0.6 °C after traveling 5 km downstream
during summer. July 2019 groundwater seep temperatures averaged 14.4 °C and were 16.0 °C
about a half-meter from where groundwater seeps entered the river. These temperatures are in the
suitable range for brown trout [56]. Average mid-summer ambient temperature was 20.1 °C for 2016
through 2018, which exceeds the optimal thermal brown trout threshold of 19 °C [61]. These findings
suggest that MAR provides thermal refugia for managed fish species during summer. A review of
administrative MAR rules for fisheries conservation provided more equivocal results. Some water is
available for MAR in spring and fall of the wettest half of years, but substantial water for recharge is
not consistently available, and canal capacity to the Egin Lakes MAR site limits recharge when water
is available. Conservation organizations cannot participate directly in water transactions, but must
partner with irrigators or water rights holders on MAR projects.

4.1. Physical and Administrative MAR Implications for Idaho and Henry's Fork

To maintain cool summer water temperatures at the reach scale for cold-water species, MAR
volumes will likely need to offset declines in recharge that have occurred from improved irrigation
efficiency, as sprinklers and center pivots have replace flood irrigation over the past few decades.
Improved irrigation efficiency typically does not increase streamflow as more land is put into production
or junior water rights come into priority [66,67]. Around 250 Mm?3 is needed annually to offset lost
incidental recharge, which exceeds the physical capacity of the existing MAR site. This volume could
be attained if recharge occurred year-round, so that winter canal seepage also contributes. Modeling
showed that spring and fall recharge contributes to summer streamflow. Since only 37% of the
total volume recharged at the Egin Lakes MAR site returns to Henry’s Fork, the benefits to summer
streamflow must be weighed against the negative effects of withdrawing larger amounts of water
from the river at other times of year. These include negatively impacting aquatic habitat availability,
species life history expressions (e.g., spawn timing), or fluvial geomorphic processes (e.g., floodplain
maintenance). Developing MAR sites closer to the river could increase streamflow in the study reach
per unit of water withdrawn.

Fine-scale field observations conducted in 2019 showed that at seep locations, groundwater inputs can
cool ambient stream temperature by over 2 °C during summer, a difference that is biologically significant
for trout. Even if cool groundwater inputs are not widespread across river reaches or the contributions
are not large compared to river flow, springs may create local thermal refugia for fish, allowing greater
survival throughout the summer than would otherwise occur given the same physical habitat availability
and streamflow [68]. Further identification of groundwater inflows, their hydrogeologic properties, and
their use by fish could inform water and fisheries management actions to enhance groundwater springs for
fish populations. Understanding the connectivity of thermal refugia will also help managers understand
where fish can become trapped or bottlenecks occur for movement [13,68].

However, it is also important to understand the quality of these groundwater return flows on
these groundwater-dependent ecosystems. When conducted on working agricultural lands, MAR risks
mobilizing nutrients and increasing chemical constituent loading to streams and riparian soils [20,69-71].
MAR can also facilitate groundwater contamination via crop-mediated aquifer contamination of fertilizers
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and pesticides [72]. Whereas aquifer recharge may introduce water quality concerns elsewhere, return
flow from the ESPA is of high quality that is suitable for instream habitat uses [73]. This research is
supported by monitoring conducted at Egin Lakes in 2019 by the Idaho Department of Environmental
Quality that showed no increase in nitrogen or fecal coliform as a result of MAR (Aaron Dalling,
Fremont-Madison Irrigation District, 2019, presentation to Henry’s Fork Watershed Council, October 22).
Thus, MAR operations in the Henry’s Fork avoid such groundwater contamination and pollutant leaching
by conducting recharge via canal seepage and infiltration at Egin Lakes.

While improved modeling and detailed field work can provide technical understanding of MAR
benefits to summer habitat for trout, administrative and logistical hurdles must be overcome for
implementation [74,75]. The most basic of these is the junior priority dates of water rights for MAR.
In the larger context of prior appropriation and development of Idaho’s water resources, MAR is a
relatively new administratively-recognized beneficial use of water in a system in which water rights
for agriculture and mining date back to the mid-19th century. The Idaho Water Resources Board
implemented aggressive groundwater and conjunctive management policies and procedures in the
1980s and 1990s, including obtaining large-volume MAR rights with 1980 and 1998 priority dates.
Idaho also has flexible and well-established water transaction mechanisms to facilitate transfer of
senior water rights to MAR. In the Henry’s Fork watershed, the state’s MAR water rights are in priority
in only half of all water years and then usually during irrigation season, when the canal system is
already near capacity delivering irrigation water. Although new MAR infrastructure has been built
throughout the basin since 2009, the majority of conveyance to MAR facilities occurs through the
existing irrigation canal system. Additional canal capacity could alleviate this limitation during wet
years but would go unused in the other half of years.

Because of summer canal capacity limitations, costs of new infrastructure, and the junior priority of
MAR rights, storage water rental and other exchange mechanisms offer the greatest potential to increase
MAR volumes. For example, in 2018 and 2019, reservoir storage water rented by groundwater users
to meet mitigation requirements of their legal agreement with surface water users was not needed for
direct delivery to the surface water users because of good water supply in those years. Instead, the rented
water was assigned to the state for MAR, allowing recharge of an additional 84 Mm? in 2019 over what
would have been available using the state’s junior MAR rights alone (Wesley Hipke, Idaho Department
of Water Resources, 2019, data distributed to stakeholders via email, December 6). The need to manage
and administer groundwater and surface water conjunctively to meet the legal requirements of the ESPA
settlement creates a pseudo-market to fund such exchanges. In 2017, 2018, and 2019, some of the water
recharged at the Egin Lakes site was made available for MAR through water exchanges, including those
described above, and delivered in spring and fall, outside of peak irrigation season.

Ideally, conservation groups could facilitate incentive-based irrigation reduction, rent the saved
storage water for MAR, and keep that water in reservoirs throughout the summer, thus reducing
negative effects of reservoir drawdown. The rented storage water could be diverted for MAR in the
off-season, when natural streamflow is sufficient without reservoir releases. The separation of physical
and administrative water that makes this possible is routine in Idaho under current administrative
procedures. Canal capacity to deliver water for MAR is greater in the winter, when canals are not
also delivering irrigation water, although the basin’s sub-freezing temperatures present challenges in
managing winter canal delivery and frozen soil can impede infiltration [76]. Canal seepage during the
winter adds recharge that would not otherwise occur and is not simply an administrative replacement
for historical seepage incidental to irrigation that occurs during the summer. Rental pool water is
available in larger quantities and at lower prices during wet years, potentially allowing for more MAR
during wet years, which would then contribute to streamflow in subsequent dry years. However,
changes to water rental rules are needed to allow storage water rented in one administrative year to be
diverted for MAR several months into the next administrative year [64]. In addition, conservation
organizations cannot implement MAR projects, but instead must partner with irrigation entities or
individual water rights holders. To fully capitalize on the high value anglers place on upper Snake
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River fisheries, new administrative and transfer mechanisms are required to allow conservation
organizations to participate directly in water transactions.

4.2. Physical and Administrative MAR Implications for other States in the Western USA

Most states in the western USA possess some of the physical and administrative features required
for MAR to benefit cold-water ecosystems, but few have all of the requisite ingredients. Arizona’s
progressive and flexible administrative systems have been highly successful in facilitating recharge of
Colorado River water, but the sole purpose of this MAR is to store the water for later recovery, not to
enhance streamflow [36]. On the other hand, restrictive administrative rules in Colorado limit use of
MAR in headwater alluvial aquifers [37], where snowmelt could be captured and recharged with the
intent of enhancing streamflow later in the summer, and where Colorado’s progressive water markets
would allow conservation organizations to obtain this water for environmental uses [40]. California is
now conducting “flood-MAR” in depleted aquifers using stormwater [38], but this water is junior to
other rights and is available for MAR only when existing water rights and required environmental
uses are fulfilled. Some regions of California are considering creating an environmental water account
using MAR, although this idea is currently untested.

4.3. MAR as Climate Adaptation Strategy for Fisheries Conservation

Cold-water fish habitat is anticipated to decline substantially with climate change. In fact,
brown trout are expected to lose 48% of their habitat in the interior western US by the 2080s [68].
These changes are driven by warmer stream temperature and increasing winter floods, and could have
major repercussions for a local economy reliant on a US $100 million recreational fishery. Additionally,
an increase in extreme climate events—i.e., a higher frequency of wet and dry years, with fewer ‘normal’
years is also expected [77]—which will alter instream conditions for biota [78]. Together, these changes
suggest that climate adaptation strategies that provide mechanisms to reduce winter flooding, increase
summer baseflow, cool summer stream temperature, and enhance thermal refugia are warranted. MAR
for fisheries conservation is one such strategy. MAR is a promising climate-adaptive water management
strategy because winter flows can be recharged to underlying aquifers to maintain baseflow and cold-water
fish habitat throughout the year. However, junior water right holders will have considerable uncertainty
from the increased inter-annual variability inherent with climate change [79]. Although this does not
inherently reduce the utility of MAR for fisheries conservation in a warming climate, it does suggest that
relaxing current administrative rules for greater flexibility to carry over reservoir rental water between
years would improve the utility of MAR for fisheries conservation in a changing climate. Since many
important recreational trout fisheries in the Western U.S. are located downstream of reservoirs, renting
reservoir storage not used for irrigation in a given season and using it for MAR during the subsequent
off-season is an innovative conservation mechanism that could have wide applicability.

5. Conclusions

MAR during spring and fall is expected to increase streamflow by around 5% during mid-summer,
but only after 20 years of consistent MAR. Developing MAR sites closer to the river than the existing
site would provide greater streamflow benefit per unit of water withdrawn and on shorter time frames.
However, even relatively small increases in streamflow could have disproportionately greater benefits
to trout, as streamflow response in our study area occurs in the form of increased groundwater inputs
rather than decreased losses to the aquifer. July water temperatures were locally 2 °C cooler where
groundwater flowed into the river. Because MAR is a new and junior water use in a priority system
with irrigation rights dating back to the 19th century, MAR water rights are generally in priority only
during late spring and early summer of years of above-average supply. However, administrative
exchange that allows reservoir storage to be used for MAR can make water available during spring
and fall, when MAR infrastructure capacity is greatest. Changes to current administrative rules could
increase the effectiveness of such exchange mechanisms in providing water for MAR.
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Appendix A. Streamflow and Temperature Graphs

—— Streamflow at St. Anthony
3 Streamflow downstream of diversions
o _|
. ©
nll)
E o |
ﬂ) ©
=
©
)
2 =
2 9
o _|
N
o

T T T T T T T
Oct 01 Dec 01 Feb 01 Apr 01 Jun 01 Aug 01 Oct 01

Figure Al. Streamflow at the St. Anthony gage (top of field study reach) and downstream of all
diversions (roughly at the upstream extent of the springs identified in Figure 2).
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Figure A2. July-August water temperature at the St. Anthony water quality station (top of field study
reach) and at the Parker-Salem water quality station (bottom of field study reach). Shaded polygon is
optimal thermal range for brown trout. Horizontal line is lethal temperature limit for brown trout. The
dates of the 2019 temperature observations are shown for reference.
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Figure A3. Net change in streamflow in a dry year for annual scenario in which diversion for MAR
from the study reach is 7.3 Mm? per month in each of March, April, and October, and 25.6 Mm? per
month in November. Top panel shows the 2016 water-year hydrograph and hypothetical effect of MAR
implemented 20 years prior. Bottom panel shows percent change in observed 2016 streamflow 5, 10,
and 20 years after initiation of annual MAR regime, respectively.

Appendix B. Statistical Methods

Appendix B.1. Time Series Analysis

Statistical hypothesis tests require independent observations for correct distribution of test
statistics [80]. In time series such as daily water temperatures, observations are not independent of one
another because of correlation between a given observation and the observations that precede it in
the time series. This is referred to as serial or temporal autocorrelation. Its effect must be removed to
obtain independence of observations before conducting hypothesis tests on time series. Autoregressive
(AR) models are used to accomplish this [81]. The simplest AR model is the first-order model:

ye=p+ o1y —p) e (A1)

where y; is the observation at time t, i is the mean of the time series, ¢ is the first-order autoregressive
coefficient, and ¢ is random, independent, normally distributed error. The autocorrelation term
¢1(ye—1 — 1) removes the dependence of y; on y;_1, allowing hypothesis tests to be conducted on the
mean u. In our case, serial autocorrelation was high enough that observations were correlated with
those one, two, and three time steps prior. The resulting third-order model has the same form as
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Equation (A1), but with three autocorrelation terms. Because observation y; in our time series was the
difference in temperature between the two locations, our null hypothesis was u = 0. If rejected, we
infer u # 0. We used a significance level of 0.05, which is the default standard in statistical hypothesis
testing. It represents the probability of having made an error in rejecting the null hypothesis, referred
to as Type 1 error [80].

Appendix B.2. Tukey'’s Post-Hoc Test

Analysis of variance tests the single null hypothesis that all group means are equal. If the null
hypothesis is rejected at a given significance level, the alternative hypothesis is simply that at least
one group mean differs from at least one other. Additional tests must be done to assess which group
mean(s) differ from which others. The probability of committing Type 1 error is compounded each time
an additional test is performed. In our case, testing all possible differences between three group means
requires three tests. If each is performed at a 0.05 significance level, the probability of committing
at least one Type 1 error across the three tests is roughly 0.14. Tukey’s post-hoc test is a method for
conducting the tests for differences across all pairs of groups while maintaining the desired level of
significance across the whole family of tests [80].
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Abstract: Suitability maps for managed aquifer recharge (MAR) are increasingly used and hold the
potential to be integrated into sustainable groundwater management plans. However, the quality of
the maps strongly depends on the input data quality as well as the expertise of the decision-maker.
The maps are commonly derived through GIS-based multi-criteria decision analysis (GIS-MCDA).
To date, there is no common understanding of how suitability mapping should be conducted, as there
is considerable variability concerning used GIS data and MCDA methodology. This study presents
two web-tools that were conceptualized based on a review of GIS-MCDA studies in the context
of MAR suitability mapping. The data retrieved from the review was compiled into a web-based
query tool making the MAR- and MCDA-relevant information easily accessible. Based on the most
commonly used MCDA practices in the assessed studies, we conceptualized and implemented a
second web tool that comprises a simplified web GIS as well as supporting tools for weight assignment
and standardization of the criteria. Both web tools will enable decision-makers to engage in MCDA for
MAR mapping in a more structured and informed way. As the tools are open-source and web-based,
they can facilitate the collaboration between multiple stakeholders and the easy sharing of results.

Keywords: managed aquifer recharge; web GIS; web tools; multi-criteria decision analysis;
suitability mapping

1. Introduction

The application of managed aquifer recharge (MAR) is continuing to grow worldwide as a
measure for sustainable groundwater management [1,2]. Before MAR schemes can be developed,
comprehensive planning is required to ensure their long-term sustainability. While guidelines on
the planning of MAR schemes exist [3-6], they mostly focus on their design and operation and put
less focus on site selection. The selection of sites suitable for MAR is a critical step in the planning
phase of a MAR project, as the location influences the recharge technique as well as the operational
and maintenance parameters, such as the infiltration quantity and the recovery efficiency [7-10].
Site selection for MAR application is mostly conducted through field investigations. Suitability maps
that show the potential of a foreseen area for the application of a certain MAR type can be generated as
a preliminary step to field investigations. These maps are increasingly being used [11] and may fill a
void in missing strategic MAR site planning. Their advantages for water management plans lie within
the spatial display through maps [12], the quickness and simplicity of the analysis [13], the possibility
to include projections of climate scenarios, population growth or land-use changes [14] as well as the
assessment of different MAR techniques and their location [15].
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While these maps are increasingly being used, there are no common guidelines on how the
suitability mapping process should be conducted. The maps are generally generated by combining
geoinformation of the surface and the subsurface with socio-economic criteria. This can be achieved by
integrating multi-criteria decision analysis (MCDA) for solving spatial problems with GIS software [16].
A set of geospatial data must be chosen based on the study’s objectives. The different GIS criteria
are then weighted based on their importance for the study and combined into a suitability map.
MCDA comprises a variety of methods for criteria weighting and combining [17]. A study showed
that the GIS maps used and the methodologies applied for MCDA in the context of MAR, show a
great variety [11]. The choice of GIS data and how important each dataset is seen for each study is
dependent on the data availability and the local characteristics but also on the expert opinion and
the problem statement. Finding common ground is near impossible, as these aspects are highly
case-study dependent. However, the methodologies used for suitability mapping of MAR could
potentially be synthesized. Rahman et al. [8] developed a GIS-based tool for MCDA site selection
analysis and structured the methodology of site suitability mapping, making a first effort to standardize
the GIS-MCDA methodology for MAR site selection.

This study continues the work of Rahman et al. [8] to structure and simplify the decision-making
process for MAR suitability mapping. Our work is based on the knowledge generated from a previously
published review on GIS-MCDA application for MAR suitability mapping [11]. Findings from the
review were taken into consideration to design and implement the web tools presented in this paper.
Two related tools were designed to help with the standardization of the MAR mapping process. All data
collected from the review were implemented in a web-based query tool that makes the information
easily accessible. From the review, the most frequently used methodologies for map generation
were determined and included in a web GIS tool. This tool takes a systematic approach, engaging
decision-makers in the MCDA process in a structured way. Links between the web GIS tool and the
query tool support the decision-making process as they readily depict GIS criteria, criteria weighting,
and MCDA methodologies.

While the previous work was dedicated to structuring the suitability mapping process, the present
paper focuses on the development of user-friendly tools and their web-based implementation. Thereby,
this work aids the decision-makers in undertaking a standardized mapping procedure and, thus, can
help to increase the reliability of the method application for the generated maps. As the tools are
web-based, they enable the collaboration of multiple stakeholders, thus, potentially improving the
decision-making process as well as facilitating easy sharing of results. The web-based nature, as well as
the open-access availability, thrive to enhance the usability of the tools, a particularity distinguishing
them from existing desktop solutions.

2. Implications from Reviewing GIS-MCDA Studies

This section is based on an already published review on MAR suitability mapping [11] and
focusses on analyzing the relevant parameters and methods for the comprehensive approach to
GIS-based suitability mapping by Rahman et al. [8]. Their approach divides suitability mapping
into four main steps. It follows the scheme of (a) problem definition, (b) screening of suitable
areas (constraint mapping), (c) suitability mapping including the classification of thematic layers
or criteria, standardization, weighting of the criteria, and layer overlaying by decision rule, and (d)
sensitivity analysis.

Problem definition is the basis of choosing relevant GIS maps and weighting their importance for
solving the problem statement. As this part of the approach is highly problem-specific, no general
statement or implications could be formulated from the review.

Constraint mapping identifies the parts of the study area that are not suitable for the application
of MAR or need to be excluded from the analysis as they are, for instance, natural reserves or private
land. This is achieved through threshold values for the GIS criteria and by applying Boolean logic to
clip respective areas from the final map. Half of the analyzed studies used constraint mapping as a
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tool to exclude unsuitable areas. As this methodology is widely used, options to constrain single GIS
datasets or complete areas from the resulting map were envisaged for the web GIS tool.

Suitability mapping is the core of the MCDA process as it ranks the study area based on its suitability
for the application of MAR. This step comprises the standardization of GIS maps, the assignment of
weights to every map, and the combination of the weights and the standardized maps by decision rule.
The most commonly used weight assignment methods are the rating method, the ranking method,
the multi-influence factor (MIF), and the pairwise comparison. The rating and ranking methods are
very simple methods comprising manual weight assignment on a predetermined scale [17]. MIF is
a graphical weight assignment method where linkages between GIS datasets are drawn, and the
weights are calculated based on the number and the importance of linkages between the criteria [18,19].
Pairwise comparison is the most used method for GIS-MCDA in the context of MAR. The weights are
calculated through a matrix-based comparison of pairs of criteria [20]. The methods range from simple
(rating method) to more complex (pairwise comparison). The advantage of the simple methods lies in
the easiness of use, whereas the complex methods, such as pairwise comparison, offer a coefficient
indicating the consistency of the decision-maker’s choices. To account for the advantages of both the
simple and more complex methods, the rating and ranking method, MIF and pairwise comparison
were chosen to be incorporated into the web tool.

The decision rule states how the standardized datasets and their weights are combined to obtain
the suitability map [17]. This integration can be based on threshold values (Boolean logic) or more
elaborate integration rules, such as weighted linear combination (WLC). WLC comprises the summation
of the weighted and standardized criteria and is the most commonly used decision rule. It has been
developed further to its derivative analytical hierarchical process (AHP). AHP is the more structured
approach that categorizes the GIS maps into hierarchical levels before aggregating und summing
up the weighted criteria. It is used to solve more complex decision problems. The two most used
methodologies, WLC and AHP, were chosen to be incorporated into the web tool.

To verify the obtained map, a sensitivity analysis should be conducted. It is used to display the
effect of different standardization and weights on the final suitability map and indicates the robustness
of the obtain suitability map [16]. While this is an important factor for strengthening the reliability of
suitability maps, only 21% of the reviewed studies conducted this step.

All reviewed studies used desktop GIS software for their analysis. Some studies created their
own tools for the analysis, e.g., Rahman et al. [8] developed the GIS-based Gabardine desktop decision
support system. Other studies used tools available through standard software, e.g., an AHP tool has
been implemented as an extension for ArcGIS [21], which has been applied by Anane et al. [22].

3. Materials and Methods

The developed tools are embedded into the INOWAS online platform (https://inowas.com).
The INOWAS platform is an open-source collection of empirical, analytical, and numerical web-based
models focusing on the planning, management, and optimization of MAR applications. The INOWAS
platform and the tools are accessible with any state-of-the-art web browser. The platform works
account-based, enabling the user to store and share their work. One key feature of the platform and its
tools is the intuitive graphical user interface, guiding the users through the application of the tools.

The technical infrastructure of the platform is based on three components: the CLIENT, which is
the user’s internet device and browser, the SERVER, which is a standard Linux Server, and the
WORKER, which is a Linux cluster with connection to the server. These components communicate
with each other via a TCP/IP connection using standard protocols such as HTTP/HTTPS. The REST
interface developed by the INOWAS group specifies the individual API calls and their function between
the components.

For MAR suitability mapping, two tools were developed for the INOWAS platform. A query tool
to filter information from the database that resulted from reviewing related studies and a web GIS
system to obtain the suitability maps by following an integrated workflow.
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The web-based query tool was designed to grant easy access to the information gathered from the
GIS-MCDA review, namely data on different MAR related aspects as well as the MCDA methodology
used in the studies. It is based on a pivot table approach. Decision-makers can sort, average, or sum
up the database content by creating tables and graphs. Filters can be used to make specific queries,
e.g., search studies for a certain MAR technique. The review tool is developed with React]s and is
based on an open-source 3rd party project (https://github.com/nicolaskruchten/pivottable).

The INOWAS platform and web GIS system interfaces were created with React]S and Semantic
UI (https://semantic-ui.com/) using some open-source 3rd party projects. Geodata is displayed
in leaflet maps (https://leafletjs.com) and uses open street map layers as base layers (https://www.
openstreetmap.org). Charts are displayed with ReCharts (http://recharts.org/en-US/), sliders with
re-slider (http://react-component.github.io/slider/) and network diagrams with vis]S (http://visjs.org/).
Raster calculations are done in JavaScript, using the math]S library (http://mathjs.org). Users can save
and share projects via a connection to the INOWAS backend server and their API entry points.

The full code of the INOWAS platform and the tools for MAR suitability mapping with version
history is accessible through GitHub: https://github.com/inowas/inowas-dss-cra.

4. Results

All tools developed are available through https://inowas.com/tools/ using the “Start using now!”
button. The tools are open-access and free of charge, but user registration is required. The tools can
be accessed through the personal dashboard, which shows all available tools and stored projects.
The projects can be shared with other users or can be made publicly available so that various users
have access to the project and can edit it.

4.1. Database Query Tool

The database query tool is listed as tool T04 in the toolbox of the dashboard. Its basis is a database
with information accumulated from the reviewed GIS-MCDA studies. The tool enables the user to
research MAR specific information, such as the MAR type used, the water source, the objective of
MAR application, or the location of the study. The main information stored is focused on MCDA
related data, for example, the number and type of criteria used in the study, the weights assigned to
the criteria, and the criteria standardization. Furthermore, information on weight assignment methods,
decision rules, and the use of constraint mapping or sensitivity analysis by the authors of the study has
been accumulated.

The different attributes from the database can be chosen to be displayed by dragging them into the
column or the row fields of the tool, also enabling the display of combinations of attributes (Figure 1).
Each attribute is equipped with a filter function where specific information queries can be chosen
through class selection or conditional and numerical operators. The results can be visualized in
different forms of tables and heat maps as well as be exported. They can be further modified through
conditional and mathematical operators, including “Count”, “Count Unique Values”, “List Unique
Values”, and “Sum”. The tool is supported by documentation explaining the underlying database and
displaying three examples that help to get the user acquainted with the functionalities of the tool.

The database query tool can aid decision-makers at different steps along the MAR mapping
procedure. During the problem statement step, it allows the decision-makers to investigate GIS criteria
that are used often for certain MAR techniques or certain recharge water resources. During the weight
assignment step, the importance that other decision-makers have given to a criterion can be assessed.
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Figure 1. Interface of the database query tool showing the query for the most used criteria for the
suitability mapping of in-channel modifications.

Figure 1 shows an example of the tool where the query was set to find the most used GIS criteria
for suitability mapping of the in-channel method. Here, the filter was set to display the number
of studies that used each criterion for this MAR method and to visualize them as a table heatmap.
The results show that slope was the most used criterion, followed by land use and geomorphology.
By adapting the attribute selection, it is also possible to show the 14 papers using the slope criterion.
This enables the user to further study them regarding the use of the slope criterion, e.g., how it was
standardized or classified in the studies.

4.2. Web GIS for Suitability Mapping

The web GIS is listed as tool T05 in the toolbox of the dashboard. The user is guided through the
MCDA workflow with the help of a systematic approach indicated by the menu in the left column of the
tool structure (Figure 2). It follows the workflow introduced by Rahman et al. [8] but excludes the steps
of the problem statement and sensitivity analysis. The process starts with (1) the choice of GIS criteria,
and continues with (2) the weights assignment, (3) the data upload, the constraint mapping and the
reclassification, (4) the additional global constraint mapping, (5) the suitability mapping, and (6) the
results visualization. The user is guided through the workflow by small green or orange circles that
indicate whether the steps have been completed successfully. In case preceding information is required
for the subsequent steps, the link in the navigation menu might be disabled until all requirements have
been fulfilled.

A simplified example for MAR suitability mapping was prepared to depict the capabilities of the
tool. It comprised suitability mapping for surface infiltration methods in southern Africa with four GIS
criteria: geology, soil, land cover, and slope. A comprehensive example for MAR mapping in southern
Africa was prepared in [23], including geoinformation on water sources and water demand. In this
manuscript, the number of used criteria was reduced to account for better readability of the figures.
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Criteria a €  Back
Weight Assignment (]
crremeee ¢ fftence Crar
Global Constraints
Name
Suitability Multi-Influence Factor
MAR in southem Africa Resulting Weights
Criteria Sum Weight [%]
Geology 27.78

Soil 22.22
Land cover 16.67
Slope 33.33

\

Start Editing

Figure 2. Interface of web GIS tool, with workflow display on the left and the weight assignment tool
multi-influencing factor method. Here, the user can draw arrows between entities representing major
or minor influences of a criterion upon another entity.

The problem definition step suggested by Rahman et al. [8] was not directly included in the tool
approach. As this is a conceptual, case-specific step framing the project objectives and choosing criteria
based on those objectives, it could not be incorporated into a tool. However, the database tool can
deliver indications on the criteria choice based on the evaluation of previously conducted studies with
similar objectives. In the case of surface infiltration methods, the four aforementioned GIS criteria are
the most used criteria according to the database query tool.

Starting the tool, the user must choose whether to use the AHP or the WLC method as the decision
rule, the latter being the default method of the tool. In both cases, all GIS criteria to be used for the
suitability mapping need to be listed. Here, a link to tool T04 was included, enabling the user to
analyze other MAR mapping studies regarding their choice of criteria. For each GIS criterion, the user
needs to specify whether the criterion data is discrete or continuous and may set units to support their
visualization. If AHP is activated, the main criteria classes need to be defined, and all GIS data need to
be sorted by those main criteria classes. For this, a hierarchical tree is used and graphically presented.
Weight assignments are done for the main criteria and ensuing for each branch with the respective
sub-criteria. AHP is useful for complex problems with many GIS criteria. Dividing the procedure into
separate branches simplifies the weight assignment step.

The weight assignment step allows performing any number of weight assignments through the
integrated methods: ranking, rating, MIF, and pairwise comparison. This enables the user to try
out different methods and compare the results, choosing the method and the subsequent weights
most suitable for their project. All weighting methods are implemented in a visually appealing and
user-friendly way.

For the MIF method, the user must draw connections between the different criteria and the project
itself. Those connections represent the dependencies between the entities (Figure 2). The user can adapt
the direction and strength of the connections. This information is then used to calculate the associated
weights. In the example shown in Figure 2, the connections drawn between the four used criteria and
the project itself correspond to weights that emphasize the importance of slope and geology.
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For the ranking method, intuitive approaches, such as arrow buttons or the drag and drop method,
help to order the criteria in a list, starting with the most important criterion and ending with the least
important one. All ranks are summed up and then converted to weights in relation to the other criteria
input values. The rating method is the most basic method of all, enabling the user to choose their
own weight for each criterion. The fourth available weighting method is the pairwise comparison.
On a predefined scale, the criteria are compared to each other by moving a slider towards one side,
indicating the importance of a criterion compared to a second criterion (Figure 3). Based on these
pairwise preferences, the criteria weights are calculated. The sliders indicate a preference of geology
and slope over the other criteria, which is then depicted in the higher resulting weights. From the
weighting choices, a consistency coefficient is calculated. The coefficient indicates the consistency
of the user’s preferences, and if it surpasses a threshold value, the users are asked to re-check their
pairwise comparison choices. Again, a link to T04 is provided to the user, enabling the investigation of
previously conducted studies regarding their criteria weighting choices.

< Back
“
Name
Geology (o} Soil
Pairwise Comparison
Geology O Land cover
Resulting Weights
Geology (o) Slope
Soil ®) Land cover Criteria Sum Weight [%]
Geology 42.21
Soil o] Slope Soil 13.95
Land cover 10.59
Land cover (o] Slope Slope 33.25

Consistency Ratio

CR =0.053 < 0.100
Your comparisons are reasonably consistent.

Figure 3. Interface of web GIS tool, with weight assignment tool pairwise comparison where user
can set criteria preferences via sliders and indication of the robustness of the decision is given via
consistency ratio.

During the third step, “Criteria data”, data upload, constraining, and reclassification are performed
for each GIS dataset. At the beginning, the final grid size of the project must be set. Then for each
criterion, a GIS raster file must be uploaded. Uploaded raster files may be resampled through
nearest-neighbor interpolation if the raster size differs from the final grid size. Constraints can be set in
the second step, indicating the criterion classes that will not be used for the suitability mapping process.
With discrete data, the automatically created classes can be disabled. For continuous data, ranges not
to be considered in the final calculation can be defined by Boolean logic. Afterward, reclassification
and normalization of the criterion data are performed. For continuous criteria, classes can be defined
by indicating the minimum and maximum value and their respective reclassified value or by using a
reclassification function. The reclassified values should be between zero and one. For discrete datasets,
every existing criterion class is assigned a normalized value, with the possibility of several criterion
classes forming one normalized class. All classes can be named and given a color for geo-visualization.
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Finally, the results of the reclassification are displayed. It is possible to switch between the original,
reclassified, constraint, and resulting data.

In the fourth, optional step, global constraints can be set by drawing polygons in a project area,
which will then be disregarded from the final calculation of the suitability map.

For the fifth step, “Suitability mapping”, the user must select one of the obtained weight assignment
calculations. Then, the calculation is performed, combining all information on constraint mapping,
criteria standardization, weighting, and decision rules. For the resulting map, the suitability classes
can be redefined or left as default. Finally, the suitability map is displayed and can be downloaded as a
text file for further processing in other GIS software (Figure 4). The map for southern Africa shows
the geographic distribution of areas that, based on the criteria evaluated, are more suitability for the
implementation of MAR schemes.

n Show on map (might take a while to render because of big grid size)

e Suitability

Color Scheme

®) Reclassified

Default heat map

Barrier-free colors

Turn on base map

£ ownload Raster

N Unsuitable [ Very low suitable [] Low suitable [l Moderately suitable
N Suitable M Very suitable []Not Classified

Figure 4. Interface of web-GIS tool, showing the final suitability map with redefined suitability classes.

The tool is supported by documentation explaining the tool functionalities as well as the underlying
concepts and methodologies (https://inowas.com/tools/t05-gis-mcda/). One example case study is used
to help to get the user acquainted with the functionalities of the tool. It is incorporated into a tutorial
that provides the user with a step-by-step guide on how to generate a simple suitability map, also
providing an example dataset (https://inowas.com/#tutorials, Tutorial 4).

To validate the correctness of the web-tool and the methodology incorporated, a case study was
both prepared with ArcGIS and our web tool for comparison [23]. Minor differences occurred with a
normalized root mean square error below 0.1. These differences were not attributed to the MCDA
methodology but to the resampling during the data upload step. The nearest-neighbor algorithm
was found to shift the raster by one half-pixel [24]. This caused a slight divergence between the map
obtained from this tool and the map obtained through ArcGIS.
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5. Discussion

This study indicates a trend in MCDA methodology applied for MAR suitability mapping, namely
constraint mapping, suitability mapping by using pairwise comparison, and WLC or AHP, and less
often a subsequent sensitivity analysis. Based on these findings, we designed an open-source web
tool to guide the user through the MCDA process. We included several weight assignment methods
so that next to pairwise comparison, the decision-maker can use rating and ranking method as well
as MIF. While we kept those methods for their simplicity or advantage in visual decision-making,
the combination of pairwise comparison with AHP must be highlighted as the methodology with the
highest increase in usage [11] and the most benefits.

AHP offers a clear, systematic procedure that represents all aspects of the problem statement
enforcing robust decision-making. In combination with pairwise comparison, the decision-maker must
only give priorities considering two criteria at a time. Through a designated index, the methodology
offers an indication of the consistency of the decision-maker’s choices. The shortcomings of this method
include the inability to include threshold values, no direct measure to assess the robustness of the
criteria standardization values, and possible rank reverse issues [25]. Nevertheless, it can be asserted
that, currently, AHP, in combination with pairwise comparison, is the state-of-the-art methodology for
MAR suitability mapping. This can be further underlined by its frequent use in other environmental
MCDA studies [25-27].

The established web tools cover all aspects of the suitability mapping process apart from the
sensitivity analysis. A structured GIS-MCDA process should include a sensitivity analysis as it
can help to generate more robust and reliable suitability maps. A future prospect of the web tool
will be the integration of the sensitivity analysis process, which is relatively more complex and
computation-intensive and, thus, was not included in the workflow yet. Furthermore, it is planned to
improve the tool by increasing the possible maximum resolution of projects and by providing more
flexibility for handling input raster data as well as supporting vector files.

The web-based implementation of the tools offers advantages over standard desktop GIS solutions.
The user does not require advanced GIS-specific knowledge and does not need to install any GIS
software unless pre-processing of the GIS data is necessary. Nevertheless, the platform provides an
interface for data exchange with standard GIS software to allow for pre- or post-processing with
conventional desktop-based software. The entire system works in a standard web browser, with no
specific system requirements. The input data, as well as the resulting maps, are available online and
can be easily shared among stakeholders allowing for collaboration on the mapping procedure as
well as flexible sharing of the results. The web tools can be run in two operating modes (private and
public), which offers a high degree of flexibility in data sharing as well as adequate privacy. The entire
workflow is very transparent, with the possibility to revise and reverse steps. It provides a pre-defined
workflow for inexperienced users while offering a comparison of several MCDA methods for more
advanced users.

While MAR suitability mapping can be seen as a viable source for strategic water management, it is
not a sufficient technology to point down to actual locations for MAR implementation. Maps can deliver
an indication of areas of interest, but those need to be further assessed by numerical modeling [10,28] or
on-site measurements of the local hydrology and hydrogeology [13,29,30]. For the numerical modeling
and MAR scheme design and optimization, the INOWAS platform can be used as well, as it further
offers numerical groundwater flow modeling tools as well as algorithms for MAR scheme optimization.

6. Conclusions

The developed web tools can help planners of MAR sites by increasing knowledge on MAR
suitability mapping as well as by engaging in the MCDA processes in a structured and cooperative
way. The tools are further envisioned to aid in capacity building measures as well as the education of
water practitioners by accumulating knowledge on GIS-MCDA in the context of MAR and translating
them into easy-to-use web tools. The clearly outlined process of map generation enforces standard
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methodology and can help to generate maps that are comparable due to a common methodological
approach. Since MAR mapping has been increasingly used in recent years, the quality of the maps
produced should be critically evaluated, and analysis and categorization of the methodologies used is
one first step to improve the reliability of the maps.

While the tools can outline the map generation process, they cannot standardize one of the main
sources of uncertainty—the datasets and respective weights assigned. Putting individual choices into
perspective with similar studies retrieved from the database tool is a step towards decreasing the
subjectivity of their weighting and standardization process. However, the problem statement and
its specifics define the importance of a GIS dataset for each individual case study. Thus, the weights
assigned to the criteria cannot be defined by rules. Furthermore, data availability and quality are
major constraints in the mapping process. Thus, the tools at hand standardize and simplify the MAR
suitability mapping process but cannot substitute the decision-maker’s expertise in choosing relevant
datasets and their importance for the specific study.
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Abstract: The Island of Gotland (3000 km?), east of mainland Sweden, suffers from insufficient water
availability each summer. Thin soils and lack of coherent reservoirs in the sedimentary bedrock lead
to limited reservoir capacity. The feasibility of Managed Aquifer Recharge (MAR) is explored by
identifying suitable areas and estimating their possible contribution to an increased water availability.
MAR is compared to alternative water management measures, e.g., increased groundwater abstraction,
in terms of costs and water availability potential. Results from GIS analyses of infiltration areas
and groundwater storage, respectively proximity to surface water sources and surface water storage
were classified into three categories of MAR suitability. An area of ca 7700 ha (2.5% of Gotland) was
found to have good local conditions for MAR and an area of ca 22,700 ha (7.5% of Gotland) was
found to have moderate local conditions for MAR. These results reveal the MAR potential on Gotland.
The water supply potential of MAR in existing well fields was estimated to be about 35% of the
forecasted drinking water supply and 7% of the total water demand gap in year 2045. It is similar in
costs and water supply potential to increased surface water extraction.

Keywords: MAR; groundwater; mapping; Sweden; decision-support

1. Introduction

The Island of Gotland (3000 km?), situated in the Baltic Sea 100 km from the mainland of Sweden
(Figure 1a), suffers from insufficient water availability to supply the ever-increasing demand from
society, especially during the tourist season (June—August, [1]). The annual precipitation on the
island (ca 550 mmy/year) is sufficient to cover a forecasted increase in water demand. However,
intensive drainage of arable land, thin soil layers, and relatively impermeable rock lead to precipitation
run-off and limited reservoir capacity in both surface water and groundwater reservoirs [2]. The already
constrained water supply will be further aggravated in the future because the total water demand on
the island is estimated to increase by 40% by 2045 [1]. The current water resources on the island will
not meet this projected increase in demand. A high availability of water during the winter and a high
demand for water in the summer makes MAR a suitable way to increase the water resources. Due to
these factors, it is important to investigate the potential for MAR on Gotland.

The bedrock on Gotland consists mainly of Silurian limestone and marlstone, which represents the
upper part of a 250-800-m-thick sequence with Palaeozoic sedimentary rocks overlying the crystalline
basement [3]. The Quaternary overburden is generally thin (less than 2 m) and is largely composed
of till and postglacial sand deposits. The relief is low, and the highest point is 82 m a.s.l. The main
land uses are agricultural and forestry. The main aquifers on Gotland are situated within the bedrock
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where cracks, fractures and dissolution cavities store and transport the groundwater. Nevertheless,
the soil layers have an important role to play because areas with soil, especially sand and gravel,
act as infiltration and storage systems for the bedrock aquifer. The island may be considered one large
aquifer, but with groundwater divides (created by relief) producing 7 (sub)aquifers, according to the
European water framework directive. Saline groundwater is a problem because relict saltwater occurs
under the entire island at a depth of 20-100 m b.s.1.

The total water demand on the island is estimated to increase by more than 40% by 2045,
with increases of 30% in tourism, 20% in domestic demand, 20% in animal keeping, 15% in industry,
and 100% in irrigation [1]. To enhance water resource security, and close the water supply and demand
gap, several alternative water management measures are being examined. Managed Aquifer Recharge
(MAR) is one of them. Today, the public water supply on Gotland relies on 14 well fields, two surface
water catchments and a desalinisation plant. MAR is currently not used in any public water supply on
Gotland, but may play an important role in the future if suitable areas can be found. Conversely, on
the Swedish mainland, MAR has been in use for over 100 years, and accounts for approximately 20%
of the public water supply [1,4]. MAR can be explained as the intended recharge into and storage of
water in an aquifer [5]. It may be used to increase water security for uses including drinking water
supply, irrigation, preventing saltwater intrusions, as well as providing environmental benefits [6].
MAR is widely distributed and applied on various scales around the globe, as well as in Europe [7].
The water source can be of varied origin, e.g., river water, seawater or sewer water. In some cases, there
is a need for pre-treatment before groundwater recharge to minimize the risk of pollution or aquifer
clogging [8]. The recharge can be made by spreading methods in areas with high infiltration capacity;
by deep infiltration direct into the aquifers via wells; or as induced infiltration due to withdrawal [9].
Since the different MAR types are suitable for different conditions within hydrogeological settings
(e.g., confined or unconfined aquifers), treatment opportunities, and land use, the selection of suitable
recharge sites is crucial [10,11]. In this study, we focus on areas suitable for recharge through infiltration
basins and natural conditions for storage. Conditions for well or induced infiltration are expected to
be of minor importance because of the geomorphology, geology and hydrology of the island. Hence,
the suitability of those MAR types is not investigated in this study.

To prioritize between alternative measures to improve water resources security (e.g., increased
groundwater abstraction and desalination), useful decision support is needed. GIS-MCDA
(Geographical Information System Multi Criteria Decision Analysis) [12] is a regularly applied
method in MAR suitability assessment [13]. There are several possible criteria for mapping MAR
suitability, the three most common being aquifer storage capacity, geomorphology and soil [13].
There are also concerns on limitations and discussion on the uncertainties of these GIS approach made
visible by e.g., [14]. Although a GIS analysis will show where MAR might be successful, field work and
numerical modelling will be important tools for increasing the success of MAR [15-19]. The economic
assessment of MAR is an important question that has been studied previously [20-22]. The aim of this
paper is to explore the feasibility of MAR on the island of Gotland by: identifying potential areas for
MAR in proximity to a fresh water source and which are available for recharge; estimate the possible
increase in groundwater recharge and groundwater extraction at existing wellfields; and compare
MAR to other alternative measures in terms of costs and water availability potential.

2. Materials and Methods

2.1. Materials

Mapping of potential MAR locations on Gotland is based mainly on the existing data listed
as follows: Intensive hydrogeological investigations from two campaigns of airborne transient
electromagnetic surveys (2013-2015, SkyTEM resistivity measurements along flight lines covering
30% of the island, with 200 m spacing and geophysical soundings every 30 m) [23,24]; a site-specific
overview in 2016 of groundwater catchments of the 14 existing well fields that showed that 30% of
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those well fields had a favorable geology and hydrology for spreading and induced infiltration-based
MAR types [2]; 3D geological and hydrogeological models (Geoscene 3D by I-GIS) of the entire island
(20152019, available online in 2020) based on resistivity models from the SkyTEM survey; existing
geological information such as bedrock and soil maps (regional scale); seismic profiles and information
from water wells; and national scale mapping (2018) of groundwater recharge and storage capacity [25]
provide comprehensive additional data for assessing the potential of MAR on Gotland.

Fr

GOTLAND

River

Stream

- Lake

Figure 1. GIS maps and results from GIS analysis to identify areas with potential for MAR. (a) Map of
Sweden and location of Island of Gotland. (b) Groundwater storage capacity (mm/year) [25]; (c) Ratio of
groundwater recharge/storage capacity; only values below 1.0 are shown (GS); (d) Closed depressions
(>1 ha) in the bedrock with no contact with the Baltic Sea (CD); (e) Areas from the lithological 3D
model, blue: areas >4 m sand and/or gravel (IA) suitable for infiltration, red areas >4 m till and/or clay
(ST) suitable for construction of surface storage dams; (f) Surface waters, i.e., raw water source (S).

2.2. Methods

A GIS-based (Boolean logic) approach was used to find suitable locations for MAR systems (in
this study focusing on areas suitable for recharge through infiltration on the surface) on Gotland.
No parameter weighting was included. Several mapping projects assessing suitability for MAR have
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been made globally [13]. GIS was used for analysis of 5 surface and subsurface datasets, which are
presented below. Three of these (1-3) concern the MAR location, and two (4 and 5) further explore the
MAR location to determine if there are local sources of water supply for the MAR site.

1.

The aquifer storage capacity of the soil and bedrock were previously estimated by the Geological
Survey of Sweden (SGU) on a national scale (Figure 1b) and should be used with caution on
scales below 1:100,000 on Gotland. The groundwater storage capacity is based on assessments of
porosity of soil and bedrock types, soil thickness, groundwater surface and possible drawdown
caused by groundwater withdrawal [25]. A modeled annual groundwater recharge map for
Sweden (national scale, coarse resolution) was made in 2006 [26]. Values of natural groundwater
recharge on Gotland used in this analysis were either 200 or 260 mm/year, depending on location.
A raster containing the ratio between groundwater recharge and groundwater storage capacity
was created, and values below 1.0 indicate areas with potential to store more groundwater than
the natural recharge, i.e., they might be suitable for MAR. This raster is abbreviated as GS and is
shown in Figure 1c.

The geological 3D model for Gotland includes a bedrock surface. A GIS analysis identified
depressions in the bedrock surface, assuming that these areas are generally favorable for storage
of groundwater. Some of these areas coincide with lakes, whereas others are “hidden” depressions
with little or no surface expression because they have been infilled by soils. A selection was
made to show only closed depressions larger than 1 hectare and with no contact with the Baltic
Sea. Water has a higher potential in these areas for storage without being lost as a shallow
groundwater outflow through the permeable soil (Figure 1d). The resulting raster is named
Closed Depressions (CD).

Through selection from the lithological 3D model of Gotland, areas with >4 m thickness of sand
and/or gravel (Figure 1e) were identified. This geological environment is important on both local
and regional scales because these high permeability deposits increase infiltration to the bedrock
aquifer. The resulting raster is abbreviated as IA.

To assess the possibility of storing surface water in dams, areas with over 4 m thickness of till and
or clay were selected from the lithological 3D model of Gotland (Figure 1le). In these areas the
construction of sufficiently large storage dams will be a relatively easy and cheap operation since
the construction material can be sourced on site. The resulting raster is abbreviated as ST (Surface
water storage).

Because of arable land drainage, thin soil cover and relatively impermeable bedrock, most streams
and rivers on Gotland have high flow rates during the winter (November-March; [1]). Even small
streams can serve as good sources of water supply if the water can be stored (e.g., in man-made
dams or wetlands) until the spring and summer. Lakes are rare on the island and mostly very
shallow. Lakes and streams may both be regulated to increase the available source but that is
not discussed in this paper. A GIS-based analysis of proximity to surface waters was made with
a buffer of 0.2 km on smaller streams (sometimes intermittent) and 0.5 km for perennial rivers
and lakes (Figure 1f, raster abbreviation S). This difference in distance reflects a variation in the
estimation of cost effectiveness and can be further explored.

In addition to the above analyses, two further GIS analyses were completed with a combination

(overlap with no priority weight) of data on favorable areas for infiltration (Figure 2a) and surface
water source and storage (Figure 2b).
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Figure 2. Maps of the combined GIS analysis. (a) Areas suitable as infiltration areas and for groundwater
storage; (b) Areas close to a natural source (intermittent stream, perennial river, lake) and for construction
of surface storage areas (dams). Data has been reclassified into classes; lower numbers more suitable.

To make estimations of possible increases in groundwater recharge and groundwater extraction
through MAR, in relation to current well fields, favorable groundwater catchments were identified [5].
This was done using a GIS-aided and analytical approach. The values presented here for potential
infiltration rate and increased withdrawal volumes are estimations with an inherent uncertainty.
The estimates are based on access to surface waters of adequate size, presence and sufficient
thickness of permeable sediments, the possibility of creating dams with local material, and current
withdrawal capacity.

MAR was compared to other alternative measures (i.e., increased groundwater abstraction,
enhanced water reuse for irrigation, increased surface water extraction, metered leak detection and
desalination) in terms of annual water availability potential and economic viability. The measures
were selected for inclusion in the analysis based on the outcome of a multidisciplinary stakeholder
workshop, in which the participants were asked to identify measures with potential to improve the
water resource security on the island. The comparative method was based on marginal abatement
cost curves [27,28], including cost-benefit and cost-effectiveness analyses. The costs of the measures
included investment costs, operating costs and cost savings. The measure costs were described by
present values (PVs) [29], analyzed with a 3.5% discount rate over the 27-year time horizon from
year 2019 to 2045 (corresponding to the current water plan period applied at Gotland) and based
on 2018 prices. The NPVs were then expressed as equivalent annual costs (EACs) in SEK (Swedish
krona) per year [30]. A theoretical maximum level of implementation was assumed for each measure
category, except for desalination, which instead was based on estimates of one new desalination plant.
The estimated cost and water availability input variables were based on a combination of literature
data, expert judgements and GIS-based analyses. The unit cost of each measure was calculated as the
ratio of the measure’s EAC and annual water availability potential.
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3. Results

3.1. Mapping of Suitable MAR and Source Areas

Results are described in three parts; areas where the geology is favorable for infiltration and/or
groundwater storage (IA (Infiltration Areas) + GS (Groundwater Storage) + CD (Closed Depressions));
areas with proximity to a surface water source and/or suitable for surface water storage (S (Source) +
ST Surface water storage)); and areas where these overlap (IA + GS + CD + S + ST).

3.1.1. Infiltration Areas and Areas for Groundwater Storage (IA + GS + CD)

Three data sets regarding the possibility for an area to be suitable for artificial groundwater
recharge were combined into a raster set (Figure 2a). The resulting raster was divided into three classes:
areas with three (class 1), two (class 2) or one (class 3) of the included favorable attributes. A raster
with class 1 has a good potential for both infiltration and groundwater storage. Areas with class 2 or 3
are less suitable because one or two of the included raster sets (IA, GS, CD) is absent. Class 1 is present
in 2068 ha (0.7% of Gotland), class 2 in 14,437 ha (4.8% of Gotland), and class 3 in 43,453 ha (14.4% of
Gotland).

3.1.2. Source and Suitable Areas for Surface Water Storage (S + ST)

The source for artificial groundwater recharge in this investigation is natural surface waters from
streams, rivers and lakes. To regulate and decide where there are favorable infiltration conditions there
is also a need for a seasonal surface storage, in this investigation in the form of man-made dams. In this
study, we do not discuss present land use and slope—two factors that might influence outcomes—but
we regard them as having a minor influence (see Discussion) on Gotland. The combination of these
sources with possibilities of constructing storage capacity is shown in Figure 2b. The resulting dataset
is divided into three classes: (1) areas with both a nearby raw water source and good conditions
for storage in surface dams (10,271 ha, 3.4% of Gotland); (2) areas with good conditions for dams,
but more than 0.2 km (smaller intermittent streams) or 0.5 km (perennial rivers and lakes) from a
source (10,345 ha, 3.5% of Gotland); and (3) areas with a source but the distance to a suitable storage
area (dam) is more than 0.2 km (smaller intermittent streams) or 0.5 km (perennial rivers and lakes,
112,468 ha, 37% of Gotland).

3.1.3. Areas with Combination of Infiltration, Groundwater Storage, Source and Surface Water Storage
(IA+GS+CD+S+ST)

To narrow down the selection of promising areas for MAR a raster set with different combinations
of IA + GS + CD + S + ST is shown in Table 1 and Figure 3b. These are the best-adapted areas for MAR
construction (recharge through infiltration) based on this study. There are a few stream catchment
areas that appear more promising to work in. Please note that because the raster set with surface water
source/storage is made with a buffer there will be areas with overlapping datasets (Figure 3a).

Class 1 (Table 1) is not present on Gotland in this analysis. The reason is in the construction of the
analysis these conditions cannot exist in the same raster (ha scale). Class 2 is present in ca 7719 ha
(2.5% of Gotland). Areas in this class have good conditions for successful MAR. Class 3 is present in
22,710 ha (7.6% of Gotland). In these areas, there are probably moderate conditions for successful MAR.
Class 4 is present in 2765 ha (0.9% of Gotland). In these areas, there is no surface water source within
the chosen distance.
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Table 1. Synthesis from final step in GIS analyses. GS = Ratio >1.0 groundwater recharge/storage

capacity; CD = Closed depression; IA = sand/gravel >4m; S = Raw water Source; ST = Storage. Location
of mapped classes see Figure 3b.

Class Groundwater Surface Water Area (ha)
1 IA +GS + CD S+ST Not present due to construction of analysis 0
2:1 IA +GS + CD S Good local conditions for MAR 980
1 IA +GS+ CD ST Not present, due to construction of analysis 0
2:2 Two of IA, GS, CD S+ST Good local conditions for MAR 512
2:3 Two of IA, GS, CD S Good local conditions for MAR 7207
4:1 Two of IA, GS, CD ST No source within chosen distance 209
3:1 One of IA, GS, CD S+ST Probable local conditions for MAR 3579
3:2 One of IA, GS, CD S Probable local conditions for MAR 19,131
4:2 One of IA, GS, CD ST No source within chosen distance 2556

Class 2

Class 3
El
Class 4

[ S :
O0Km 15 30

Figure 3. Maps from combined GIS analysis. (a) Combination of overlapping datasets from Figure 2a,b.
Please note that since the raster set with surface water source/storage is made with a buffer there will
be areas with overlapping datasets. (b) Map with the best areas for infiltration/groundwater storage
and source/surface water storage. Classes are defined in the text and summarized in Table 1.

3.2. Estimation of Increased Groundwater Recharge and Groundwater Extraction at MAR Favorable
Groundwater Catchments in Use Today

The presented values for potential infiltration rate and increased withdrawal volumes are
estimations with considerable inherent uncertainty. Furthermore, there are large differences between
the well fields. Site-specific conditions at existing abstraction areas differ due to, e.g., hydrogeology,
number of wells, local water supply demand, quality, abstraction volume, etc. The abstraction volume
in different well fields varies between 25 and 3300 m>/day. There are also differences in estimation
of infiltration capacity between 50-660 m?/day (mostly based on local infiltration capacity) and the
estimated increase in abstraction volume between 25-330 m3/day (also includes the possibility of
adding new wells). The percentage of predicted increased abstraction volume versus mean abstraction
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volume varies between 20-300% for estimated infiltration volume, and 10-150% of increased abstraction
volume, in comparison to numbers for each well field, respectively.

3.3. Comparative Study of Alternative Measures

Figure 4 shows a marginal abatement cost curve for the analyzed measures, in which each measure
is represented by a bar showing its unit cost (bar height) and annual water availability potential (bar
width). As displayed, increased groundwater extraction and desalination had the largest potentials
to improve water availability on Gotland. The water availability potential of desalination can be
much larger, but the calculations here were based on assumptions of one new desalination plant.
Increased groundwater extraction was associated with the lowest costs per cubic meter water provided,
whereas desalination was associated with the highest unit costs. One reason for the high unit cost of
desalination was the long pipelines needed to reach demand centers. In this comparative analysis,
MAR was limited to groundwater recharge in the municipality’s existing well fields. Hence, the
water availability potential of MAR on Gotland may be significantly higher when not constraining the
analysis to those areas. The unit cost of MAR in existing well fields on Gotland was in the same range
as that for increased surface water extraction.
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Figure 4. Marginal abatement cost curve for alternative measures to improve water resource security
on the island of Gotland (100 SEK ~ 11 USD).

4. Discussion

The presented data and analysis represent an early stage of mapping of MAR areas (focused on
spreading methods in areas with high infiltration capacity) and estimates of potential and feasibility of
this type of MAR on Gotland. Our project also includes mapping of good local conditions for a local
source, e.g., water supply, which we believe further increases the utility of these study results for water
management on the island. Mapping of suitable MAR areas with GIS is a widely used method [13].
There are uncertainties in both data and accuracy in the analysis, but within these limitations there
is now a detailed picture on possible MAR and source areas which can be used by the municipality,
farmers, and other stakeholders. Concerns regarding the limitations of these GIS analyses have been
raised by, e.g., [14], who suggested that the use of sensitivity analyses of the factors used for MAR
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feasibility studies. In 2016, SGU made a first attempt to apply an overall assessment of the possibilities
of MAR at existing abstraction areas [2]. Results from the present study can now improve the prior
prioritization between MAR and alternative water measures for the island. The results should also be
addressed on more than the water quantity. Increased groundwater recharge by MAR may influence
the quality of the groundwater, e.g., by dilution effects, but also change the salinity levels in the bedrock
aquifers. The municipality can analyze the results and compare with areas that are not used today but
where the presented method shows good potential for MAR. There will be need for validation with
numerical modelling and field tests to increase the strength and substance of the results, as shown in,
e.g., [15-19].

This paper does not use any restrictions on unsuitable areas due to land use, a criterion that has
been used in several analyses [13]. This can preferably be made by water management authorities,
who are more suited to deciding between conflicting interests. Mainly because of the low relief
of Gotland, the often-used parameter “slope” [13] is also not used here. A potentially much more
important criterion is “closed depressions”. This criterion uses the bedrock surface and the slope to
calculate where there are bedrock depressions where water has more time to infiltrate and be stored
as groundwater.

Even though there s a clear picture of the best areas from the perspective of infiltration/groundwater
storage and source/dam, other areas can also take advantage of the presented data. Local conditions—for
example, where the distance to the public water network is long—can make MAR solutions profitable
in those more remote areas. The outcome of favorable areas (from 2000 ha (20 km?) up to at most
43,000 ha (430 km?)) in the analysis of infiltration areas, source areas and the combination of these
should be compared to the area of the island (3000 km?). The designated areas constitute only a small
part of the island, and therefore care must be taken so that these are not destroyed by over-exploitation.

The degree of detail in the results is determined by the available data sets. SGU is working on
an update on a few of the data sets, which will improve the certainty of the result. There are also
several ongoing and future investigations associated with some of the data sets. For example, a few
of the designated areas with a closed depression may be particularly suitable areas for groundwater
dams. This is also the case with depressions that are not completely closed, not used in our
investigation, and hence an interesting subject for future analysis for the viability of this MAR
technique on Gotland. A groundwater dam is a man-made structure that obstructs the natural flow
of groundwater and thereby can store larger quantities of water in the aquifer [31]. The results
from this study are not validated by field studies. The data sets are; however, delivered to the
local authorities for water resources and water management, and for analyses. Once the data sets
are updated, the results may be integrated into the hydrogeological 3D model and calibration of
parameters from field studies may improve future work with MAR on Gotland. The presented
data sets may be tested in the newly developed online tools for suitability mapping, e.g., https:
//dss.inowas.com/tools [32,33]. The resulting suitability maps will be shared at the international MAR
portal (https://apps.geodan.nl/igrac/ggis-viewer/viewer/globalmar/public/default).

The economic aspect of implementing MAR systems to improve potable and agricultural water
supply has previously been investigated in different parts of the world (e.g., [21,22,34]). The associated
capital costs are highly system specific, influenced by, e.g., hydrogeological, socioeconomic and
legal factors [35]. As the economic analysis of MAR in this paper was based on rather small-scale
complimentary infiltration of surface water at existing municipal well fields, no additional costs for
new wells, treatment plants or pre-treatment were considered. The economic analysis was based on
cost estimates associated with infiltration basins, raw water intake and new piping, resulting in a unit
cost of approximately 5 SEK/m3. This can be compared to cost estimates for MAR in Spain ranging
between €0.08-0.58 per m? [20] (approximately 0.8-6 SEK/m?).

The total water demand on Gotland is forecasted to increase by more than 40% by the year 2045 [1].
This will require water currently not available on the island. To make well-founded decisions on
how to meet this forecasted demand and concurrently increase the preparedness for water scarcity
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situations, thorough decision support is needed. The presented data and analyses can be used to
inform decision-making on measures to increase the amount of water that can be recharged on the
island. Considering the entire island as a single groundwater aquifer would permit a holistic approach
to groundwater management, and the water situation more robust. This is particularly important for
the forecasted increase in public water demand but also for individuals, industry and farmers relying
on private wells. By comparing MAR to alternative measures, in terms of costs and water availability
potential, this paper also provides support in assessments of the measures’ economic viability, usually
an important decision criterion for municipalities, corporations and individuals alike.

5. Conclusions

This paper contributes results from analyses of possible MAR areas and their potential to
increase water availability on the island of Gotland, Sweden. The method can be used to evaluate
the MAR potential in similar areas with the same data sets. The results can be used on different
scales, by authorities, the public water producer, farmers, industry and by people with private wells,
for improved water resource security and further validated with field tests and more detailed models
such as the afore mentioned hydrogeological model. Comprehensive field tests are probably the best
for better understanding the problems in general. However, they are time consuming, and only a
limited number of sites are available to accommodate the tests. In contrast, the GIS analysis allows us
to explore and assess multiple sites with relative ease, yet the validity needs to be carefully checked.
The main results are listed below.

e  The best conditions for infiltration and groundwater storage occur in a total area of ca 2000 ha
(0.7% of Gotland), second best in 14,400 ha (4.8% of Gotland), and third best in 43,000 ha (14%
of Gotland).

e  Areas with both proximity to a raw water source and conditions for storage in dams occur in a
total area of ca 10,000 ha (3.3% of Gotland).

e Anarea of ca 7700 ha (2.5% of Gotland) has good local conditions for MAR and an area of ca
22,700 ha (7.5% of Gotland) has moderate local conditions for MAR.

e Decision support is provided by comparing MAR with other measures in a marginal abatement
cost curve, contributing to informed prioritizations and decisions on water resource improvement
on Gotland.

e  MAR is not the alternative with the largest water availability potential, but it has significantly
lower marginal costs compared, for example, with desalination, and the potential will increase if
also considering new well fields and in preventing adverse consequences of increased abstraction.

e  The water supply potential of MAR in existing well fields (public water supply) was estimated to
be about 35% of the forecasted drinking water supply and 7% of the total water demand gap in
year 2045. The total water supply potential of MAR on Gotland is much larger and is expected to
exceed the demand.
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Abstract: Population growth and increased irrigation demand have caused a decline in groundwater
levels that limit water supply in the Darwin rural area. Managed Aquifer Recharge (MAR) is a
practical solution that can be adopted to augment stressed groundwater systems and subsequently
increase the security of water supply. Aquifer storage capacity is considered to be the primary
constraint to MAR where unconfined dolostone aquifers rapidly recharge during the tropical, wet
season and drain again in the dry season. As a result, there is a general understanding that aquifers
of this nature recharge to full capacity each wet season. However, the aquifer storage capacity
and the potential for niche opportunities for MAR to alleviate declining groundwater levels has
not previously been examined. This paper uses the Darwin rural area’s Proterozoic Koolpinyah
Dolostone aquifer and the existing Koolpinyah Groundwater System to evaluate the prospects of
MAR using both infiltration and injection techniques. Direct injection wells in an aquifer storage
transfer and recovery (ASTR) scheme were favoured in this area, as injection wells occupy a smaller
surface footprint than infiltration basins. This assessment suggested MAR during the early to mid-dry
season could alleviate the impact of the dry season decline in groundwater levels in the Darwin
rural area. The use of a larger aquifer storage and recovery (ASR) system (5,000,000 m3/year) was
also assessed as a potentially viable technical solution in the northern part of the aquifer where it is
understood to be confined. The ASR scheme could potentially be scaleable to augment the urban
water system and provide strategic long-term storage. Consideration must also be given not only to
the strategic positioning of the ASR water bank, but also to the hydrogeology of the aquifers in which
the systems would be developed. Not all locations or aquifer systems can successfully support a
strategic storage ASR system. Scheme-scale feasibility assessment of an ASR water bank is required.
The study reported here is an early phase of a series of investigations that would typically be required
to demonstrate the viability of any proposal to apply MAR to increase the reliability of conjunctive
groundwater and surface water supplies in stressed water resources systems. It focusses on assessing
suitable storage areas in a lateritic aquifer.

Keywords: Managed Aquifer Recharge (MAR); aquifer storage and recovery (ASR); strategic storage;
Northern Australia

1. Introduction

Urban potable water supply systems require a high degree of reliability and security. This can be
challenging where rainfall is seasonal such as in the vicinity of the city of Darwin, Northern Territory,
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Australia. Darwin experiences distinct wet and dry seasons, with 95% of rain falling in the wet-season
months (November to April). The annual average rainfall is 1423 mm.

Darwin’s reticulated water network has traditionally relied upon surface water reservoirs with
a minor component (~15%) from groundwater [1]. Borefields used for urban water supply are in
the peri-urban Darwin rural area and target the Koolpinyah Dolostone aquifer [2]. Reticulated
water demand by urban and industrial users has produced an immediate system yield shortfall of
approximately 5,000,000 m3/year [1]. Locally, the water from this dolostone aquifer is also relied upon
heavily for drinking and irrigation as the Darwin rural area is not connected to reticulated water
supply. A consequence of this is that the residents of the Darwin rural area are particularly vulnerable
to consecutive years of poor rainfall.

In 2016, the groundwater levels for the most part were low if not the lowest recorded for the past
ten years for most of the Darwin rural area in the vicinity of the municipal borefield area (Figure 1).
End of dry-season water levels can result in risk to the water supply for many groundwater users in
this area and to nearby groundwater dependent ecosystems, such as Howard Springs. Figure 1b shows
that the dry season groundwater levels approach the level at which Howard Springs reportedly ceases
to flow [1,3]. MAR has been put forward as an option to help augment the stressed groundwater
resource in the Darwin rural area. Previously, the potential for MAR in this area has been dismissed [4]
without any technical assessment of viability using available data.
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Figure 1. Hydrographs of bores in the Darwin rural area: (a) RN009266 at Middle Pointand (b) RN009421
at Howard Springs.

This study investigates the potential for managed aquifer recharge (MAR) to: (i) reduce the risk
of water stress for residents in the Darwin Rural Area; and (ii) provide addition storage capacity for
reticulated supplies for urban and industrial use in Darwin. It examines how the options can interact to
provide urban water supply security for the Darwin rural area and the potential for the development
of a strategic storage for the City of Darwin. Specifically, it considers the potential for MAR into the
most water stressed parts of the Koolpinyah Dolostone aquifer (e.g., MAR1-5 in Figure 2).
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Figure 2. Location of modelling scenarios: Infiltration basin and well injection scenarios where
aquifer is unconfined at MAR1-5; ASR Water bank scenarios where aquifer is confined in the northern
section. White and black circles indicate a prospective location for a strategic ASR water bank (1.5 and
5 Mm®/year). MAR scenarios are described in detail in Table 1.

Both the augmentation of the Darwin rural peri-urban system and a strategic ASR scheme are
favoured in an aquifer that has generally high hydraulic conductivity, low specific yields, a suitably
large volume of unsaturated sediments, natural boundaries that limit vertical and horizontal losses of
the stored water, and low salinity of the native groundwater. For the ASR scheme to be successful,
the hydraulic conductivity of the storage aquifer must be high to allow high rates of infiltration or
injection over a relatively short wet season period as well as enabling high rates of extraction of the
stored water to meet urban requirements.

The general understanding is that unconfined aquifers in the Darwin catchments rapidly recharge
to full capacity during the wet season and drain again in the dry season [4], a common occurrence
in unconfined, shallow aquifers. Aquifer storage capacity in the wet season, when there is access
to a source of water for recharge, is considered to be the primary constraint to replenishing these
unconfined aquifers via MAR [5]. However, the aquifer storage capacity of the Koolpinyah Dolostone
and the potential for MAR have not previously been examined. This study addresses this knowledge
gap by considering niche opportunities for MAR, by assessing the additional volume of water that
could be recharged to alleviate the impact of current pumping for urban water supply, rural residential
use and horticultural water supply. This study can be considered as a pre-feasibility assessment using
available information and has the following objectives:
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e Can MAR be used to reduce the groundwater stress (reduce the decline in groundwater levels
during the dry season) in the Darwin rural area?

e Which MAR type is most effective (i.e., infiltration or injection)?

e s there potential for well injection in the confined part of the aquifer for a strategic urban storage
during the wet season?

Table 1. Howard East modelling scenarios.

Modelling A
Scenario Description Summary of Key Results
Base case without MAR, simulated 1996-2014
Groundwater contours on 30 November 2009 (end of dry season) used for
Base Case

comparison to MAR scenarios
Base case groundwater levels on 30 November 2009 were used to set trigger
values for MAR scenarios

MAR scenarios,
detailed below:

MAR scenarios, simulated 1996-2014
Groundwater contours 30 November 2009 (end of dry season) compared to the
base case

SCla infiltration
mid-dry season

Infiltration basins in five stressed locations, infiltration rate of 0.015 m/d, recharge
targets layer 1 in the model, recharge triggered by water level (MARI, 2, 4 and
5~18 mAHD; MAR3~10 mAHD)

Infiltration rate limited by storage capacity of the
aquifer in locations tested

Model discretization too coarse to represent the cone
of depression and limits the trigger to recharge in
MAR?2, 4 & 5

Evaluation focuses on MAR1 & 3, where recharge
was triggered

SC1b injection
mid-dry season

ASTR wells in five stressed locations, injection rate of 1370 m%/d, recharge targets
layer 3 in the model, recharge triggered by water level (MAR1, 2, 4 & 5~18
mAHD; MAR3~10 mAHD)

Recharge triggered mainly between August and
December

Model discretization too coarse to represent the cone
of depression and limits the trigger to recharge in
MAR2,4 &5

Evaluation focuses on MAR1 & 3, where recharge
was triggered

SClc injection
wet season

ASR bores in the confined part of the aquifer, to the north of the stressed
locations, recharge targets layer 3 in the model

Five ASR bores, approximately 100 m deep were located around 20 km to the
north of the stressed area, injection rate of 2,740 m3/d/bore for 120 days
Particle tracking with random walk (longitudinal d