¢ water
]

Review

Managed Aquifer Recharge for Sustainable Groundwater
Management: New Developments, Challenges,
and Future Prospects

Muhammad Sufyan 1 Grazia Martelli 110, Pietro Teatini 2, Claudia Cherubini 3 and Daniele Goi 1*

check for
updates

Citation: Sufyan, M.; Martelli, G.;
Teatini, P.; Cherubini, C.; Goi, D.
Managed Aquifer Recharge for
Sustainable Groundwater
Management: New Developments,
Challenges, and Future Prospects.
Water 2024, 16, 3216. https://doi.org/
10.3390/w16223216

Academic Editors: Lucila Candela
and Chin H Wu

Received: 11 September 2024
Revised: 28 October 2024
Accepted: 7 November 2024
Published: 8 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Polytechnic Department of Engineering and Architecture (DPIA), University of Udine, 33100 Udine, Italy;
sufyan.muhammad@spes.uniud.it (M.S.); grazia.martelli@uniud.it (G.M.)

Department of Civil, Environmental, and Architectural Engineering, University of Padova,

35131 Padova, Italy; pietro.teatini@unipd.it

Department of Mathematics, Informatics and Geosciences, University of Trieste, 34127 Trieste, Italy;
claudia.cherubini@units.it

*  Correspondence: daniele.goi@uniud.it

Abstract: The combined effect of climate change and increased water demand has put significant
strain on groundwater resources globally. Managed aquifer recharge (MAR) has become an effective
approach for addressing groundwater depletion problems and sustainable management of groundwa-
ter resources. This review article provides an extensive insight into the existing knowledge of MAR,
including the main objectives and applications, implementation techniques (surface spreading, sub-
surface, and induced recharge) being practiced over the years, risks and challenges associated with
the MAR, and the developments in the field of MAR. This review also explores the potential of MAR
in the Friuli Venezia Giulia (FVG) region, north-eastern Italy. An average increase in temperature and
a decrease in precipitation and piezometric levels in the region suggest the development of a proper
MAR plan to manage water resources in the decades to come. Additionally, a comparative analysis
of studies published over the last 20 years, focusing on the quantitative and qualitative aspects of
water resource management, is conducted to analyze the research trends in the field of MAR. The
reviewed literature reveals a notable research trend towards the quantitative aspect compared to
the qualitative one. This review also identifies a notable disparity in qualitative studies during the
analysis of water quality parameters considered in different MAR studies. Based on this review, a
prospective viewpoint to address the challenges and expand the scope of the field is presented. This
calls for an optimized strategy that considers both water quality and quantity issues, along with
incorporating environmental and socio-economic aspects within the framework of MAR.

Keywords: managed aquifer recharge (MAR); water quantity; water quality; groundwater management;
MAR in the Friuli Venezia Giulia region

1. Introduction

Owing to increasing domestic, agricultural, and industrial demand, groundwater
resources are under immense pressure [1,2]. Populations in arid and semi-arid regions of
the world are highly dependent on groundwater to meet their freshwater needs because of
insufficient surface water resources [3-5]. Moreover, extreme events, such as floods and
droughts caused by climate change, often result in scarcity of water when required and
vice versa. These climate extremes are expected to further intensify by climate change [6].
Approximately 2 billion people worldwide are estimated to be affected by water shortage
problems [7]. Regions that are widely facing water scarcity challenges include India,
Pakistan, South Africa, China, the USA, and Australia [8].

Similarly, water demand in Europe has increased gradually over the last 50 years due to
climate change (frequent drought events), increased agricultural demand, urbanization, and
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growing tourism, etc. [9]. The water consumption by these sectors varies across different
regions. In Western and Eastern Europe, public water supply, industry, and electricity
production cause major stress to the freshwater resources, while in Southern Europe (the
most affected region), agriculture, public water supply, and tourism significantly contribute
to the pressure increase on water resources. In the year 2017, about 50% of Europe’s
public water supply was consumed by southern Europe, which is attributed to the growing
tourism impact in the region. In general, the water resources in most of the southern
countries come under strain during the spring and summer periods due to relatively dry
weather (reduced rainfall), increased agricultural abstractions, tourism, and other socio-
economic activities. However, these factors do not solely drive the water scarcity issue
in Europe. More than 20% of water in southern and eastern Europe is estimated to be
lost due to leakages in the supply system. Similarly, unauthorized withdrawals, lack of
water-saving technologies, and changes in dietary patterns have put groundwater resources
under pressure [10,11].

The industries also play a significant role in stressing the groundwater resources.
The manufacturing industry, including textiles, paper, food, iron and steel, and chemicals,
requires a lot of water for cooling, processing, cleaning, and washing purposes. These
industries also have the highest generation of wastewater in many countries, which may
be highly contaminated and may require additional treatments as compared to municipal
effluents before being released into the environment [11].

In the year 2020, Italy emerged as the leading country within the European Union
(Eu27) in terms of the absolute volume (9.2 billion m?) of fresh groundwater abstracted for
public water supply (Figure 1). In terms of per capita, there was a significant gap between
member states. Italy secured its first position with 129 m3 per inhabitant, followed by
Croatia (100), Slovenia (82), Austria (77), Greece (70), Denmark (68), Bulgaria (63) and
France (53), etc. [12]. Like the rest of the country, the Friuli Venezia Giulia (FVG) region in
northeastern Italy has also faced a decline in groundwater resources due to the combined
effect of climate change and overexploitation. Withdrawals are not equally distributed in
space and time; some areas are in a borderline balance between recharge and withdrawals,
and others, such as the western plain, where consumption is unbalanced to recharge. In
the eastern sector of the high plain, the increase in recent years in the frequency of drought
periods has resulted in the reduction of water availability for irrigation use [13].
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Figure 1. Fresh groundwater abstraction rate (m3 per inhabitant) as of 2020 in Eu27 countries [12].

The water scarcity also affects the water-dependent economic activities, i.e., agriculture,
industries, and tourism. The electricity generation in hydropower plants may be affected
due to low river discharges. The 2018 drought in central and northern Europe highly
affected the agricultural yield in northern Europe. Crops of cereals, sugar beet, and
potatoes were among the highly affected crops in northern Europe, whose yields in 2018
were much lower than in 2017. Also, the livestock and dairy industry was heavily affected
due to the impact of drought on pastureland [11].
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To overcome the impact of extreme climate events and the current pattern of ground-
water depletion, water management strategies need to be changed [14]. Surface reservoirs
are frequently used to store water, but they have many drawbacks, including substantial
evaporation losses, the need for a large area of land, accumulation of sediments, potential
for structural damage, and increased risk of contamination [15,16]. Conversely, an in-
creased groundwater recharge can mitigate groundwater droughts and lead to sustainable
groundwater management [17].

Managed aquifer recharge (MAR) is being increasingly practiced worldwide as a wa-
ter management strategy to increase surface water infiltration and storage in underground
space [18]. In contrast to the other methods of management of water resources, the MAR tech-
nique offers important advantages for protecting the aquifers from the impact of hydrological
and climate changes, restoring depleted aquifers, decreasing evaporation loss, improving
water quality, controlling land subsidence, and preventing saline intrusion [6,19,20].

The idea of MAR is to infiltrate water into partially depleted aquifers to enhance
sustainable groundwater supply from aquifers [21]. Recharged water can be stored in
both unconfined and confined aquifers [22]. Aquifer water storage capacity varies depend-
ing on the aquifer type. For example, unconsolidated and highly porous aquifers may
have a storage capacity of 30%, while highly consolidated aquifers may have a storage
capacity of 10%, which can be as low as 1% for crystalline rocks [23]. Stored water can
be recovered for various domestic, agricultural, and industrial applications. The design
of the MAR system depends on a variety of factors, including geological, hydrogeologi-
cal, geochemical, engineering, and biological [15]. Other important parameters, such as
distance between the source water and recharge structure, and associated costs should
be considered before selecting the source water [24]. An integral part of a MAR project is
the availability of high-quality source water. Various surface water sources can be used
for water storage in aquifers, including rainwater, water from rivers, streams, and lakes,
stormwater, desalinated seawater, and treated wastewater [25]. According to IGRAC [26],
the most widely used water source is river water, which accounts for 52% of the total usage,
followed by stormwater (18%), and treated wastewater with 8% of the total applications, as
shown in Figure 2.
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Figure 2. Water sources used worldwide in MAR applications [26].

Numerous MAR projects have been implemented over the years in water-stressed
areas of Europe, Asia, North America, and Africa. According to Dillon et al. [18], MAR
implementation has increased by 5% per year over the last few decades. More than
1200 MAR sites have been reported worldwide, as per IGRAC [26]. The global distribution
of the MAR sites is shown in Figure 3.
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Figure 3. Global distribution of MAR sites [26].

Review Framework

The review aims to provide a comprehensive overview of the existing knowledge on
MAR, including objectives, implementation techniques (with examples from different case
studies), and the role of numerical models in MAR studies. The technical and non-technical
challenges associated with MAR have been discussed in detail. The study also highlights
the MAR progress in Italy with a literature review of some existing and past projects,
followed by a detailed discussion on the case study of the Friuli Venezia Giulia (FVG)
region. The study later includes a comparative analysis of previous studies, focusing on
MAR'’s qualitative and quantitative aspects to explore trends in MAR research. Around
60 studies from the last two decades are considered for the analysis. Later, a detailed
examination of the qualitative studies on MAR is conducted to analyze the trend of water
quality parameters, including both physical and chemical ones in the previous studies.
Based on the review, conclusions and suggestions have been discussed in the final part of
the article.

2. Objectives of MAR

MAR serves multiple purposes, including improving groundwater availability, im-
proving groundwater quality, and facilitating environmental management. A brief overview
of MAR objectives is given below.

2.1. Water Resource Management

The primary objective of MAR is to restore groundwater levels to address the imbal-
ance between demand and supply in overexploited aquifers. It is also aimed at utilizing
and storing excess surface water during the surplus period (high rainfall or increased river
flow) for later recovery during the dry season or periods of high demand [19,25].

2.2. Water Quality Improvement

Enhancing the quality of groundwater resources is another primary objective of MAR.
Generally, water provided to groundwater recharge facilities exhibits diverse physical,
chemical, and biological properties [22]. Within groundwater recharge facilities, routine
inspections carried out on recharged water concentrate on the physicochemical attributes
of primary constituents, including nitrogen and phosphorus compounds, organic sub-
stances, heavy metals, bacteria, and radioactive molecules, etc. [27,28]. This approach
ensures the provision of high-quality water (by limiting contaminants and pathogens) to
replenish aquifers.
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2.3. Adaptation to Climate Change

The effect of climate change on water resources has become a widespread challenge.
Increased temperatures with reduced and variable precipitation patterns have significantly
impacted water resources globally. The decline in surface water supplies due to droughts
and evapotranspiration can put groundwater resources under stress due to overexploita-
tion [14,29,30]. Climate change can also cause sea level rise, resulting in the salinization
of coastal aquifers, which can make the groundwater unsuitable for use [11]. MAR is
considered one of the possible and effective strategies to combat the effect of climate change
on groundwater resources.

2.4. Natural Treatment of Wastewater

The treatment of recharged water, particularly treated wastewater, through natural
attenuation processes during the passage from the surface into the aquifers has widely been
practiced in various countries. This approach has demonstrated a decrease in treatment
expenses because of the soil’s inherent ability to act as a natural filter [27,31]. According to
different studies, more than 50% of organic matter can be removed during the flow through
the unsaturated zone [32,33]. This strategy of treated wastewater reuse is particularly
pertinent in arid and semiarid regions [34,35].

2.5. Prevent Seawater Intrusion

Seawater intrusion in coastal aquifers can be controlled by MAR. Introducing recharged
water into a coastal aquifer via trenches, wells, or other recharge structures like coastal
wetlands and recharge basins acts as a buffer by raising the freshwater head in the aquifer
to the point where saline water is stopped from moving inland. All this indicates the
viability of MAR as both a short- and long-term strategy for the prevention of seawater
intrusion [25].

2.6. Retain Excess Rainwater

The creation of artificial wetlands can also serve to hold excess rainwater and clean the
groundwater as it filters underground. The ponds and lakes, whether artificial or natural,
are linked with the nearby rivers and create above-ground and underground water systems
for the drainage and collection of excess water to create a dynamic barrier to saltwater
intrusion and also to manage extreme rainfall events. Moreover, one of the impacts of
climate change is the intensification of rainfall events, which do not allow the aquifers to be
properly recharged but often cause rainwater to flow into the sea. The realization of such
lagoon areas and artificial basins would prevent excess rainwater from flowing into the sea.
The Xichong, Nan’ao, Dapeng New District in Shenzhen (China) is an example of coastal
wetlands and fishponds designed using sponge city principles [36].

2.7. Reduce Land Subsidence

Land subsidence is the lowering of the land surface due to the intensive withdrawal of
groundwater from aquifer systems. This process is mainly caused by a decline in the pore
pressure, especially in unconsolidated sediments. Land subsidence is influenced by the
compressibility and thickness of depleted formations and the amount of pressure decline.
Land subsidence due to groundwater pumping can reach several meters [37,38]. Urban
areas have experienced flooding and damages to structures and infrastructures associated
with land subsidence, structural differential displacement, and earth fissures due to aquifer
overexploitation [39,40]. MAR helps effectively in mitigating or halting land subsidence
attributed to intensive aquifer exploitation [41,42].

3. Methods for Implementation of MAR

Different types of structures and methods can be employed to improve the water
recharge and storage in aquifers. The sustainable recharge of an aquifer system requires
the selection of the most suitable technique based on the hydrogeological characteristics
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of the aquifer, source water, and end-use of the recovered water [43]. Different MAR
implementation techniques have been discussed in the literature [25,44-46]. Figure 4 shows
the most common MAR techniques. MAR techniques are generally divided into two
groups: direct and indirect techniques. The details of different MAR techniques and their

applications are summarized in Table 1.

Table 1. MAR techniques and their applications [25,46].

MAR Approaches Types Sub-Types Suitable Conditions
Infiltration ponds;
Ag-MAR; Gently sloping topography (between 0 and 12%),
Surface spreadin SAT; underlain by an unconfined aquifer comprising
p & Flooding; permeable materials, i.e., alluvium and
Excess irrigation; sandstone, and located at a shallow depth.
Direct Ditches and furrows.
Where the aquifer system is overlain by an
Recharge wells (ASR/ASTR) impermeable layer, i.e., clay, and located at
Subsurface greater depths.
Recharge pits and shafts Shallow phreatic (ur}c'onflned) aquifer with a low
permeability surface layer.

An unconfined aquifer comprising coarse

Bank filtration materials (sand or gravel) and overlain by a river
Indirect Induced recharge or lake bank.

Dune filtration

An unconfined aquifer comprising coarse

materials (sand or gravel) and overlain by dunes.

3.1. Direct Methods
3.1.1. Surface Spreading

Spreading methods are the most common and cost-effective approaches for imple-
menting MAR. These methods include infiltration ponds, basins, Ag-MAR, check dams,
bench terracing, soil aquifer treatment (SAT), flooding, and excessive irrigation [45,47]. The
purpose of these techniques is to enhance the contact area and duration of surface water
interaction with the soil, with the ultimate goal of increasing infiltration and enhancing
the storage of groundwater within phreatic aquifers [48]. Recharging through infiltration
ponds is regarded as a highly effective and advantageous groundwater recharge method,
primarily because of their ability to optimize space utilization and simple maintenance
requirements [45]. Infiltration ponds are basins excavated in the ground where surface
waters are released to favor subsurface infiltration [25,49]. Infiltration methods also offer
the advantage of the natural treatment of recharge water during migration through the un-
saturated zone. Water quality is improved by reducing the concentrations of organic matter,
trace metals, bacteria, etc., through physical, chemical, and biological processes [50-52].
The spreading method is preferable when dealing with an unconfined aquifer, such as allu-
vium or sandstone, as it facilitates infiltration through the permeable medium and when
the aquifer requiring recharge is located near the ground surface. However, the availability
of large open lands with different topographies is a major issue in the implementation of
these methods, particularly in urban environments [25,46].

In the Turku region of Finland, a water supply company, Turku Region Water Ltd.,
started a MAR project to meet the drinking water needs of 300,000 people. The MAR
project was built to replace the existing water supply plants because of their inability to
meet the Turku area’s demand in terms of quantity and quality. The MAR plant comprised
19 infiltration basins (700 to 1900 m?) and 13 pumping wells. The source water, coming
from the nearby Kokemdenjoki River, was first pre-treated before infiltration into the
sand/gravel esker aquifer through infiltration basins. Water production from the MAR
plant started in 2011 and reached its full production capacity in 2013 with a production rate
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of 64,000 m3/day. MAR increased the production capacity of the aquifer by 10-15 times
as compared with the natural yield. A maximum increase of 4 m in groundwater levels
was observed in the areas around the infiltration basins. The improvement in the quality
of the produced water quality was also ensured through natural purification processes
by optimizing the residence time of the recharged water, i.e., more than 3 months. This
allowed the consumption of the recovered water without any post-treatment processes.
The water quality parameters, such as iron, manganese, TOC, EC, and nutrient content,
were found to be within the threshold values [53].

3.1.2. Subsurface Techniques

Injection wells (also called recharge wells), gravity head recharge wells, recharge
pits, and recharge shafts are subsurface methodologies used to recharge deeper (confined)
aquifers [48]. Generally, two main approaches are employed for injection and recovery:
(i) aquifer storage and recovery (ASR); and (ii) aquifer storage, transfer, and recovery
(ASTR). In ASR, injection and recovery occur through the same wells. This method is used
to store high-quality excess water during wet seasons for later recovery in the dry seasons.
However, separate wells are employed in the case of ASTR, as one well is used for the
injection of water into the aquifer and the other well, located downgradient is used for
recovery [52]. ASTR represents an enhanced version of ASR and is effective in improving
the quality of the stored water owing to its longer residence time and pathway within the
porous system [25,44].

In the town of Payson, central Arizona, where groundwater is the main source of
potable water for the population and has experienced a significant decline in piezometric
head during the last 50 years, the potential of MAR has been tested with ASR by conducting
pilot injection tests. Two injection tests were conducted in 2006 and 2011-2012 using existing
production wells. The recharge capacity demonstrated by the pilot tests (230.9 L/s) was
three times greater than the required recharge capacity (81.7 L/s) of the city [54]. Moreover,
MAR has been successfully applied in Shanghai, China, to control land subsidence. The
long-term overexploitation of confined aquifers in Shanghai has caused more than 2 m of
land subsidence over the last century. The recharging of aquifers through the same deep
wells previously used for groundwater withdrawal, along with controlling the exploitation
of groundwater by replacing groundwater supply with surface water supply, resulted in
significant mitigation of subsidence (from an average subsidence of 12.7 mm/year in 1990
to 1.3 mm/year in 2009) in the Shanghai metropolitan area [40,41].

3.2. Indirect Methods

Indirect approaches to MAR aim to recharge aquifers using indirect methods rather
than providing aquifers with a direct source of water. Induced infiltration is a type of
indirect recharge that includes bank and dune filtration. Bank filtration refers to the practice
of extracting groundwater from a well located close to a surface water body such as a river or
a lake, which reduces the water level in the aquifer. The resulting head difference between
the surface water body and groundwater causes infiltration of water from the surface water
body into the aquifer. This ultimately results in the improvement of groundwater quality by
means of filtration of recharged water through riverbank sediments [52,55]. Dune filtration
operates on a principle similar to bank filtration. It works by infiltration of surface water
into the dune system followed by extraction from low-lying wells or ponds, resulting in
additional treatment and improvement of the infiltrated water quality [55,56].

A riverbank filtration project was carried out in Haridwar (India) in 2005 and 2006
during the monsoon and non-monsoon seasons to improve the water quality of river
Ganga by filtration through an unconfined sand-gravel aquifer. A production well, fed
by a nearby channel (new supply channel) from the Ganga River, was selected for the
implementation of bank filtration. Water samples collected from the production well
showed a significant reduction in turbidity and bacteria (coliforms). Compared to the source
water, a 1-log reduction in turbidity and a 3-log reduction in total and fecal coliforms were
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observed in well water during the non-monsoon months, while turbidity and coliforms
were reduced by more than two and four logs, respectively, during the monsoon period.
Moreover, approximately 70% of the organics were also found to be removed by riverbank
filtration [57].

Soil Aquifer Treatment (SAT) Infiltration Pond
Treatment Plant

>

Percolation Tank Aquifer Storage and Aquifer Storage, Transfer
Recovery (ASR) and Recovery (ASTR)
>

Bank Filtration Dune Filtration

Figure 4. Schematic diagrams of common MAR techniques, modified from [55,58].

4. Modeling-Based Estimation of MAR

Modeling studies play a crucial role in understanding and optimizing groundwater
recharge in aquifers, particularly under complex hydrogeological conditions. Recent ad-
vancements in the three-dimensional groundwater flow and solute transport modeling
have made it easier to simulate the effects of MAR schemes. Modeling studies are instru-
mental in selecting a suitable MAR method and assessing the feasibility of such methods
at specific locations [59-62]. Groundwater models also offer the opportunity to optimize
the MAR strategy and quantify recovery efficiency, which refers to the amount of water
that can be retrieved with the desired water quality [63-65]. Such models can also simulate
potential future variations in hydraulic head or groundwater flow rates, resulting from
changes in stresses on the aquifer system [66,67].

The models range from simple analytical models addressing one-dimensional flow in
uniform porous systems to complex numerical models designed to simulate the multiphase
movement of substances within three-dimensional, heterogeneous porous systems [68].
Accurate and reliable groundwater flow simulation requires a comprehensive understand-
ing of the hydrogeological characteristics of the area under investigation [66,69]. Figure 5
illustrates the steps involved in numerical modeling of a MAR project in detail.

Several modeling studies have been performed to investigate MAR under different
hydrogeological conditions. Hassan et al. [70] conducted a modeling study to simulate the
effect of MAR in a pond on the groundwater table and water quality in Dibdibba Aquifer,
Iraq, using groundwater flow (MODFLOW) and solute transport (MT3DMS) models. For
the groundwater level, two scenarios were performed for the period 2016-2030 by applying
recharge rates of 5000 and 10,000 m>/day, which predicted an increase in the groundwater
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= Specifying the objective of the MAR model, i.e., elevating the groundwater
Model Objectives :> levels or upgrading the water quality, etc.
= Important to assess the modelling effort required. )
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("« Ground surface elevations (DEM), Subsurface geology (boreholes data),\
. Aquifer properties, i.e., porosity and permeability, etc., Piezometric levels,
Data Collection Q Water quality, Recharge and pumping rates, etc.

¥

Model

Conceptualization

\___ represented, accurately. )
(= Building a numerical grid and assigning all the input data needed to develop a)
) ﬁ MAR model, i.e., layers elevations and thickness, hydraulic properties, initial
Model Design and boundary conditions, etc.
\_* Accurately placing the MAR structure within the model. Y,
& ) .
. = Conducting short-period MAR tests to understand the aquifer system response
Testing MAR :> to MAR (e.g., using piezometers, hydrogeophysics, etc).
. p/
( Comparing model output (simulated heads) with the field data (observed\
. X heads).
Model Calibration :> = Adjusting input parameters, i.e., hydraulic conductivity and boundary conditions
\___to minimize the difference between model output and field observations. )
‘t} - N
o = Checking the prediction potential of the calibrated model using independent
Model Validation =) sl
. J

level of 0.8 and 1.4 m, respectively. An improvement in groundwater quality was also
predicted for the period 2022-2030. The increased recharge applied with a recharge rate
of 5000 m®/day decreased the TDS of groundwater from 4320 ppm to 2400 ppm and the
electrical conductivity (EC) value from 4780 ps/cm to 1600 pus/cm in the vicinity of the
pond site. Similarly, increasing the recharge rate to 10,000 m®/day further reduced the TDS
to 1900 ppm and EC values up to 1200 ps/cm near the pond.

\_* Information about the placement and dimensions of MAR structure to be used. )

= |dentifying model domain and system boundaries. )

:> = Defining initial and boundary conditions.
= Simplifying the system complexities while ensuring the key aspects of MAR are

Figure 5. Steps involved in the numerical modeling of a MAR site, modified from [33,71].

Sathish et al. [72] used SEAWAT code to develop a 3D density-dependent flow
and solute transport model of the Abu Dhabi aquifer to study the effect of Strategic
Aquifer Storage and Recovery (SASR) using desalinated and nonconventional water
(salt concentration: 0.1-2 g/L). The results confirm the need to adopt a more rational use of
irrigation water or usage of desalinated water and recycled water, together with optimizing
groundwater pumping at locations vulnerable to quality degradation and depletion. The
long-term storage of desalinated freshwater with a maximum radial distance of 653 m is
ensured with the formation of the transition zone and change in the groundwater head up
to 5 km. The study also recommends rational use of nonconventional water, especially in
the coastal region.

Similarly, Pokhrel et al. [73] conducted a modeling study to propose a new MAR
system (comprised 10 infiltration ponds and 25 recovery wells) with a production capacity
of 27,400 m®/day in a lake area, near Amsterdam city. The model was constructed using
MODFLOW-2005 under steady-state conditions. The infiltration capacity of the ponds was
computed to 18,146 m3/day, with 17,892 m3/day (98%) captured by the recovery wells,
which is approximately 65.3% of the total target production (27,400 m®/day) of the wells.
Moreover, a heat transport model was built using MT3DMS to simulate variations in the
temperature of the recovered water. The results showed a relatively stable temperature of
the abstracted well water (9.8-12.5 °C) compared with the input pond water having high-



Water 2024, 16, 3216

10 of 28

temperature fluctuations. Temperature stability is useful for improving the performance of
post-treatment processes.

5. Challenges and Risks Associated with MAR
5.1. Challenges Related to MAR Operation

In MAR systems, several challenges and risks may arise during the implementation of
the project, which can affect the efficiency of MAR systems in terms of water quality and
recharge capacity.

Poor well design, insufficient source and receiving water characterization, subpar
engineering design, or a lack of clarity regarding the main goals of the MAR system are all
direct causes of failure for certain MAR systems. The MAR system may also be affected
by extreme climate events. For example, floods can increase the inflow of contaminants
in a MAR system and cause damage to MAR structures, ultimately affecting the water
supply and recovery system in the area. Similarly, landslides or soil erosion can affect MAR
operations due to damage to MAR infrastructure [74,75].

Acquiring an efficient and fast infiltration rate is one of the primary issues that have
emerged in the majority of MAR facilities. The technical nature of this challenge is to find a
way to improve the effectiveness of the MAR facilities and the rate at which water penetrates
the aquifer. Adopting soil and aquifer treatment methods along with other complementary
strategies is one potential way to address these problems. These methods are known as
“Tech sols”, or technical solutions. These solutions serve various advantages, but some
challenges are associated with each solution, which should be considered while selecting
the most suitable or combination of techniques. Subsurface storage helps to restore wetlands,
though runoff abstraction can negatively impact the downstream ecosystem. Temperature
reduction through urban designs like green roofs or parking lots can help increase runoff
infiltration and evaporation, yet it poses a risk of pollution from runoff in contaminated
areas. Increased soil humidity supports the soil’s ecosystem health and fertility with little
investment, along with good water purification. However, excessive humidity can lead to
flooding or freezing in colder climates. Infiltration of reclaimed water provides an alternative
to primary water sources; however, it can cause water quality issues due to the imbalance
in the recharged and aquifer water quality and the legal limitations. Punctual recharge
manages peak flows through filtering systems but can cause clogging issues, and the
excessive recharge might also limit the system’s ability to handle any additional flow from
extreme events, i.e., unexpected storms. Restoration of temporary wetlands through slow
infiltration into infiltration ponds can help support the ecosystem, but this strategy may
pose health risks if reclaimed water is involved. Forested watersheds to control erosion and
forest hydrological restoration may limit the downstream runoff, affecting the associated
wetlands. Lastly, Intrusion barrier wells that allow the use of low-quality water can affect the
aquifer’s storage potential due to the presence of pollutants in the recharged water [30].

MAR implementation or selection is challenging because it depends on many interre-
lated factors, including source water availability for recharge [76]. The balance between
enhancing the storage capacity of aquifers and maintaining water quality is a serious chal-
lenge in MAR projects [24]. The mixing of source (recharged) and groundwater might result
in the alteration of the abstracted water quality [52,74]. For example, injecting oxygenated
water into a reducing aquifer can lead to the mobilization and precipitation of manganese,
iron, and arsenic, which can result not only in contamination but also clogging of the
wells [77]. Pretreatment of the source water is important to improve the quality of the
abstracted water. However, there is still a risk of water quality deterioration due to the
dissolution of minerals caused by the interaction of treated source water and the aquifer
matrix, which poses a serious risk to water quality [77,78]. Moreover, wastewater from
different sources such as households, industry, agriculture, and hospitals can contain other
emerging pollutants, also known as contaminants of emerging concerns (CECs), which
can have harmful effects on human health and the environment. These CECs may range
in concentrations from a few pg m~3 to several mg m 2, which continue to build up in
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water bodies due to their uncontrolled emission and resistance to degradation [79,80]. Also,
most conventional WWTPs are inefficient in removing these micropollutants [81,82]. The
most common CECs in recharged water include microplastics, pesticides, pharmaceuticals,
personal care products, endocrine-disrupting compounds (EDCs), and per- and polyflu-
oroalkyl substances (PFAS) [83-87]. The EU Directive 2013/39/EU expanded the list of
priority substances to be monitored to 45, initially set out to 33 substances in Directive
2008/105/EC [82,88]. Moreover, a watchlist of 17 emerging substances, requiring monitor-
ing data for future priority purposes, was proposed in EU Directive 2013/39/EU, which
was made available in the decision 2015/495/EU. The watchlist includes some estrogens,
pharmaceuticals (diclofenac, erythromycin, azithromycin, clarithromycin), anti-oxidants,
UV filters, some pesticides (methiocarb, imidacloprid, thiamethoxam, acetamiprid, thi-
acloprid, and clothianidin), and some herbicides (oxadiazon and triallate) [82,89]. The
mechanism by which CECs enter and interact with the aquifer system during MAR is still
not well characterized. Since the source water used for the MAR application might be
polluted by the CECs, the MAR systems can facilitate the migration of these contaminants
into the groundwater [90].

Another significant challenge associated with MAR is the clogging of recharge sys-
tems. Physical clogging occurs by the obstruction of the pore network, resulting from the
deposition of organic and inorganic matter within the infiltration medium [91]. The accu-
mulation of silt is a serious challenge, particularly for check dams and percolation tanks
that can retard the infiltration in MAR systems and hence reduce the recharge and storage
efficiency [92]. Sometimes, biological and chemical clogging occurs along with physical
clogging. Biological clogging is caused by the growth of microorganisms, i.e., bacteria
within the aquifer system. These microbes form biofilms, which tend to grow and adsorb
on the surface of aquifer material, such as soil or rock, over time, resulting in the partial or
complete obstruction of pore spaces, reducing the water flow through the system [93,94].
Chemical clogging results from the precipitation and dissolution of minerals, leading to
changes in water quality and aquifer permeability [25]. Typically, this process involves the
precipitation resulting from geochemical reactions involving minerals such as carbonates,
sulfates, phosphates, and iron [15,95].

In addition to reducing the recovery rate, clogging also increases the pressure within
the MAR structure, particularly in the case of recharge/recovery wells, which increase the
energy requirements and may cause rupture of the aquitard. Mitigation measures such as
pre-treating the water using sand filters, sedimentation tanks, or metal screens are used to
address the issue of clogging in MAR systems. However, pretreatment measures sometimes
may not work to avoid clogging because clogging can also occur during recovery due to
water quality changes during the storage stage. This is an important risk related to MAR
operation, which can lead to high maintenance expenses [77].

5.2. Legislative and Social Challenges

Apart from the aforementioned technical constraints, there are some legal and reg-
ulatory barriers to the implementation of MAR. This includes construction licenses and
permissions from government agencies [74]. Sometimes, government authorities do not
provide legal permissions to water management agencies to abstract recharge water, which
discourages water supply agencies from investing in MAR [24]. A lack of proper legislation
and clear regulations can result in unnecessary delays or even the failure of a project in
the planning phase [77]. For example, in Italy, large-scale MAR was not allowed until
2016 owing to a lack of proper legislation and has been performed previously as pilot
experiments without any significant contribution to the water supply [96]. Similarly, there
are some gaps in the legal framework of Mexico regarding the development of MAR. All
the water in the country is controlled by the state authority that assigns water rights to
the local agencies for the water supply. The local agencies have the right to recharge the
water, but the legal framework does not allow them to recover the recharged water, which
discourages the local agencies from investing in MAR. There is also a gap in the legal frame-
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work regarding reclaimed water, which restricts the local agencies from recharging the
treated wastewater [24]. Some regulatory challenges related to the MAR development have
also been identified in the state of Virginia, USA. The key challenges highlighted include
lack of regulatory authority for groundwater injection, complex monitoring requirements,
and uncertainties of stakeholders regarding the funding and approval of amendments in
consent decrees by the authorities [97].

Achieving social acceptance of MAR projects is also a serious challenge. For example,
in Muscat (Oman), local consumers did not allow the recharging of treated wastewater into
existing groundwater resources despite the economic feasibility of the project. Similarly,
the farmers in Qatar, Palestine, and Tunisia considered using treated wastewater unsafe
for reuse in agriculture [98]. In Mexico, the lack of involvement of stakeholders and local
communities in decision-making has been found to be one of the factors behind the slow
development of MAR in the country [24]. Therefore, public involvement and awareness are
crucial to the success of MAR projects. Local communities and other stakeholders should
be involved throughout the project, from the planning phase to its completion [24,44].

6. MAR in Italy

As discussed earlier, Italy is among the leading Eu27 countries in terms of the total
volume of freshwater abstracted for potable use. The southern part of the country is mainly
affected by water scarcity. Over the years, several pilot experiments have been conducted
in different parts of the country but without making a contribution to the water supply.
The primary reason behind the delayed and limited development of MAR in the country
has been the absence of specific legislation regarding the licensing of MAR schemes. In
2016, the legislation (DM 100/2016) regarding the permission and licensing of recharge
plants was introduced, which now provides the possibility of implementing controlled
recharge practices to sustain groundwater resources in the country. Therefore, MAR is still
in the initial stage of development in Italy. Currently, induced riverbank filtration is the
widely used (though not mostly considered as MAR type) MAR scheme. Other mostly
used methods are infiltration ponds followed by wells and forested recharge areas [96].

A notable example of a successful MAR project in Italy can be seen in the Emilia-
Romagna Region, which is the first legally authorized MAR scheme in the country. The
water resources of the Marecchia River’s alluvial fan are strategically important for the
supply of drinking water for the entire Rimini area. About 28 million cubic meters of
water are withdrawn every year from the aquifers of this alluvial fan, 19 million cubic
meters of which are used for drinking water purposes. The succession, starting in 2007,
of several droughts led the Emilia-Romagna Region to begin the MAR in 2017 after a
period of experimentation (2014-2016, that consisted of conveying an additional volume
of water through a channel into a quarry lake, located in the recharge area of the alluvial
fan. Overall, in the period 2014-2019, recharge contributed a total of 9.19 million m> to the
natural recharge of the aquifer, with an increase in recharge of about 6% [99].

Several MAR projects have been completed and are in progress in Italy with the
support of the European Commission. In 20092011, the TRUST project “Tool for Regional-
Scale Assessment of Groundwater Storage Improvement in Adaptation to Climate Change” was
initiated to implement the artificial aquifer recharge in the Veneto and Friuli Plain using the
excess surface water to mitigate the continuously declining piezometric levels and impacts
of drought. The project demonstrated the effectiveness of MAR not just for the aquifer
recovery but also for the agricultural economy [100].

The AQUOR project “Implementation of a Water Saving and Artificial Recharging Partici-
pated Strateqy for the Quantitative Groundwater Layer Rebalance of the Upper Vicenza’s Plain”
was conducted from 2011 to 2015 to mitigate the negative impact of climate change by
improving the infiltration processes in the upper Vicenza’s plain. The project was con-
ducted at seven different sites in the Vicenza area with different recharge techniques (wells,
recharge fields and forests, river restoration). The contribution of the recharge system to
the water supply was predicted between 5 and 10%, particularly in the case of dry summer
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periods. Additionally, a 1% to 3% reduction in the water uptake was estimated due to the
flow regulator installations on irrigation lines [101].

A riverbank filtration project in the Sant’Alessio along the Serchio River supplies
good-quality water to meet the drinking water demand of 300,000 people in Lucca, Pisa,
and Livorno. The scheme is managed by a public-private partnership company, GEAL SpA.
The water is pumped from 12 wells located at a distance of 30-100 m along the Serchio
River to induce riverbank filtration into coarse sand and gravel aquifers. In 2013, the EU
MARSOL project “Demonstrating Managed Aquifer Recharge as a Solution to Water Scarcity
and Drought” included the Serchio River scheme in one of the eight demonstration sites
of MAR in the Mediterranean basin. The MARSOL project enhanced the effectiveness of
the RBF scheme by characterizing the hydrodynamics of the scheme through in-depth
investigations using advanced monitoring and management technologies [102,103].

The Life REWAT project “Sustainable Water Management in the Lower Cornia Valley
through Demand Reduction, Aquifer Recharge, and River Restoration” was started in 2015,
aiming to develop strategic measures to restore the lowering head and reduce salinity
in the lower Cornia valley. The project is aimed at implementing both structural (pilot
experiments) and non-structural measures (public awareness). A set of demonstration
actions such as the MAR facility, river restoration, and water-saving measures in civil and
agricultural sectors are included in the project [104].

Similarly, the University of Udine started an EU WARBO project “Water Re-Born-
Artificial Recharge: Innovative Technologies for the Sustainable Management of Water Resources”
in 2012. The project aimed at mitigating the continuous deepening of piezometric levels
by conducting MAR tests in the Mereto di Tomba area of the upper Friuli plain. The
plant consists of a settling basin and two recharge wells, but due to the absence of specific
legislation at that time, the wells were not used for the recharge, and the tests were
conducted using the settling basin as an infiltration basin. The pilot experiments continued
from December 2013 to October 2014 in three phases using the water diverted from a
nearby San Vito channel. The details and outcomes of the pilot tests are discussed in the
following section.

MAR Perspective in the Friuli-Venezia Giulia Region of Italy

The FVG region in northeastern Italy has also experienced an imbalance in its hy-
drogeological system over the years, resulting in a decrease in groundwater levels. The
Friuli Plain covers an area of approximately 2900 km? and contains a thick, unconfined,
and multilayer aquifer system. Several rivers, i.e., Torre, Natisone, Cormor, Tagliamento,
Meduna, and Cellina, flow through the Friuli plain. The sediment distribution resulting
from the flow of currents from north to south towards the Adriatic Sea divides the Friuli
region into two distinct plains, (a) high plain and (b) low plain. The high plain contains an
unconfined aquifer system comprising mainly gravels with some fractured conglomerates,
which mainly relies on precipitation and surface water as its water sources. The low plain,
on the other hand, consists of silty-clayey and sandy deposits forming the multilayer
confined aquifer system, which is primarily fed by the water released from the unconfined
aquifer of the high plain. The transition between the two aquifers is highlighted by the
“springs line” that extends in an east-west direction for about 100 km [105,106].

Water consumption in the FVG region constitutes various socio-economic sectors. The
total well withdrawals have reached remarkable values of 59.3 m3/s and 56.7 m3/s of these
come from aquifers. As shown in Table 2, the domestic sector, with approximately 51.9% of
the total water abstraction, constitutes the largest consumption. The high withdrawal for
domestic use comes from about 48,000 wells, 99% of which are in the multilayer confined
aquifer of the lower plain. Domestic consumption is followed by ichthyogenic activities
(fish farming), accounting for 19.7% of the total withdrawals. The other major sectors
consuming the region’s water resources include agriculture, which accounts for 14.8%,
followed by drinking and industrial use, consuming 7.5% and 4.5% of the total water
withdrawal in the region, respectively [107]. The withdrawals are not equally distributed
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in space and time; there are areas that are in a borderline balance between recharge and
withdrawals, and others, such as the western plain, where consumption is unbalanced to
recharge. In the eastern sector of the high plain, which is affected by the Torre-Natisone
hydrographic system, the increase in recent years in the frequency of drought periods
has resulted in the reduction of water availability for irrigation use, which, compared to
average summer withdrawals of 3,700,000 cubic meters, is reduced by 50% in 2022 [13].

Table 2. Water consumption by different sectors in the FVG region.

Withdrawals
Type of Use 3
m°/s Percentage (%)

Domestic 30.79 51.9
Agriculture 8.79 14.8
Hygienic 0.41 0.7
Industrial 2.67 45
Drinking 4.46 7.5
Ichthyogenic 11.7 19.7
Geothermal 0.45 0.8
Others 0.08 0.1
Total 59.34 100

According to the statistics of the Italian National Institute of Statistics (ISTAT) for
the year 2020, around 175 million cubic meters of wastewater from the FVG region was
treated in urban treatment plants, and approximately 82% (143 million cubic meters) of the
water flowing into the treatment plants underwent advanced-type treatment, which can be
considered a potential resource for future reuse [108].

The present study is focused on the upper plain of the FVG region. The lowering of
piezometric levels in the phreatic aquifers of the FVG plain resulted mainly from climate
change impacts, including reduced and variable precipitation patterns and temperature
increases [106]. The analysis of piezometric data, conducted on three wells of the regional
monitoring network (Ufficio Idrografico) in the Mereto di Tomba area for the period
19762022, showed an average decrease in piezometric levels of 3 m (Figure 6).
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Figure 6. Trend of piezometric levels (1976-2022) in FVG region.

The analysis of climate data collected by the regional network for the FVG plain
and processed by ARPA FVG—OSMER [109] for the 1974-2022 period shows the average
temperature increase was 0.3 °C every 10 years, with a clear accelerating trend in the most
recent decades, with a summer rate of increase of 0.4° per decade (Figure 7).
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Figure 7. Average annual temperature variations (1974-2022) in the FVG region.

The precipitation data showed a statistically significant average decrease in eastern
areas (Udine district). For these areas, a decrease in precipitation of up to 15-20% can be
estimated for the period. Considering the Udine weather station, the analysis of climate
indicators shows with regard to precipitation, a decreasing trend with values of—90 mm
in the period 1961-2022 (Figure 8), an increase in the frequency of negative deviations
(Figure 9) from the average of the 30-year reference period 1991-2020 [110], a reduction in
spring and summer precipitation, an increase in intense rainfall, and long drought periods.
These changes in the hydrologic regime have resulted in a decrease in direct infiltration
and an increase in the surface runoff and evapotranspiration rate, thus affecting both the
surface and groundwater resources in the region.
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Figure 8. Precipitation pattern (1961-2022) in FVG region.
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Figure 9. Precipitation deviations from the mean (Climate Normal, 1991-2020).

To deal with the declining water resources and enhance the underground storage of
high-quality surface waters, three recharge plants (Carpeneto, Mereto di Tomba, and Sam-
mardenchia, shown in Figure 10), located to the east of Tagliamento River in the upper FVG
plain, were built by the local water reclamation authority in 2001. However, the systems
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could not become functional because of a lack of reference legislation (DM 100/2016) on
MAR at that time, which now provides the possibility of implementing controlled recharge
practices to sustain groundwater resources in the region.
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Figure 10. Map of upper Friuli plain, northern Italy, showing three recharge sites (Mereto di Tomba,
Carpeneto, Sammardenchia).

The potential of MAR in this pre-Alpine region is characterized by the availability of
high-quality surface waters (mainly by rivers), a number of existing structures, i.e., pits and
large-diameter wells, and a highly permeable, thick aquifer system, primarily comprising
gravels cemented irregularly into conglomerate layers and interbedded sand and very
few clay layers. For example, the aquifer in the Mereto di Tomba area comprises fissured
conglomerates. The on-site tests conducted in the area gave the hydraulic conductivity and
transmissivity values of 1.3 x 1073 m/s and 2.56 x 10~2 m?/s, respectively. Several rivers
flow in the upper plain of the FVG region, which collect and convey the alpine water into
the Adriatic Sea. During the high discharge periods between autumn and spring, the water
flowing into the sea could be diverted to store in the aquifer system [111].

The study conducted by Teatini et al. [111] at the Mereto di Tomba site (one of the
three proposed MAR sites) of the FVG region of Italy highlights the potential of MAR
in the region in terms of improving both the aquifer storage capacity and groundwater
quality. An infiltration pond was used as a recharge structure, and the water diverted
from a nearby San Vito channel was used as source water for recharge activity. First, a
preliminary test aiming to verify the infrastructure started in December 2013 for a period
of 39 days. Then, two recharge tests were performed from March to October 2014. The
volume of water infiltrated during the MAR test amounted to 210,000 m?3, which accounts
for an approximately 11% increase in groundwater supply when compared to the natural
recharge (1,920,000 m3) due to precipitation.

MAR also impacted the water quality, resulting in a significant reduction in the
electrical conductivity (EC) from ~700 to 490 puS/cm and nitrate content from ~60 to 4 mg/1
in the groundwater, particularly in the vicinity of the recharge site. A modeling study was
also performed to simulate the effect of MAR on the regional aquifer. Initially, a local model
(500 x 800 m) was built to compute the amount of water infiltrated through the MAR
site, which was computed as 1000 m®/day. The results from the local model were used
to simulate the effect of MAR on the regional model (24 x 35 km). The MAR through the
infiltration pond produced a local effect on the regional aquifer, with only a few centimeters
of rise in the water table close to the pond site. To have a reasonable effect of MAR on the
regional aquifer, another infiltration pond located in Carpeneto at about 10 km distance
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from the already existing pond, along with a number of recharge wells (two wells in Mereto
di Tomba and 10 wells in Carpeneto), were simulated simultaneously. The resultant water
table was observed to rise to 0.4 m near the MAR site, with 0.1 m rise on nearly 20 km? area
around Carpeneto.

7. Exploring the Trends in MAR Research: Quantity vs. Quality

Enhancing the storage capacity of aquifers while maintaining groundwater quality
is an important challenge for the sustainable management of groundwater resources.
Therefore, both quantity and quality are considered the primary objectives of a MAR
scheme [19,24]. Recently, substantial emphasis has been placed on addressing water
quantity and quality issues for sustainable water resource management. A review of
previous research on MAR was included in this study to analyze research trends in the
field of MAR in terms of quantity and quality. A comparative analysis of 60 MAR studies
conducted over the last 20 years was performed. As shown in Table 3, 42 (70%) of the
60 studies focused solely on the quantitative aspect of MAR, whereas the water quality
aspect was addressed in 18 studies. Such a MAR perspective has rarely been discussed
earlier in the literature. For example, the study conducted by Zheng et al. [112] mentioned
the number of qualitative studies on MAR; however, the details of water quality parameters
considered over the years have not been discussed. Therefore, this study also includes a
detailed examination of the qualitative studies on MAR, which have been discussed below.

Table 3. Comparative analysis of the MAR literature on water quality and quantity assessment.

. Quantity (Q)/
Title Approach Quality (q) Year References
Hydraulic evaluation of aquifer storage and recovery
(ASR) with urban stormwater in a brackish limestone Experimental q 2006 [113]
aquifer.
Groundwater modeling for sustainable resource .
management in the Musi catchment, India. Modeling Q 2007 [114]
Remediating over-produced and contaminated Modeling Q 2009 [115]

aquifers by artificial recharge from surface waters.

Water quality changes in the dunes of the western
Belgian coastal plain due to artificial recharge of Experimental q 2009 [116]
tertiary treated wastewater.

Simulation of groundwater flow in a sedimentary
aquifer system subjected to overexploitation.
River bank filtration in Haridwar, India: removal of
turbidity, organics and bacteria.

Modeling Q 2010 [117]

Experimental q 2010 [57]

A comparison of the geochemical response to
different managed aquifer recharge operations for Experimental q 2010 [50]
injection of urban stormwater in a carbonate aquifer.

Artificial recharge via boreholes using treated
wastewater: Possibilities and Prospects.
Trench infiltration for managed aquifer recharge to
permeable bedrock

Experimental q 2011 [118]

Experimental Q 2011 [119]

Managed aquifer recharge of treated wastewater:
Water quality changes resulting from infiltration Experimental q 2011 [51]
through the vadose zone.

Monitoring and modeling of two alluvial aquifers in Experimental and 2012 [120]
lower Nestos river basin, Northern Greece. Modeling q
Restoration of Wadi aquifers by artificial recharge Experimental q 2012 [121]

with treated wastewater.




Water 2024, 16, 3216 18 of 28
Table 3. Cont.
. Quantity (Q)/
Title Approach Quality (q) Year References
Artificial recharge of phreatic aquifer in the Mereto di Experimental and Q 2014 [122]
Tomba area (Upper Friuli Plain). Modeling
Managed aquifer recharge in South India: What to Experimental and Q 2014 [123]
expect from small percolation tanks in hard rock? Modeling
Large-scale aquifer replenishment and seawater Experimental and
intrusion control using recycled water in Southern p . Q 2014 [124]
. - Modeling
California.
Managed aquifer recharge: potential component of Experimental and Q 2014 [60]
water management in the Syrdarya River Basin. Modeling
Estimating groundwater recharge for an arid karst .
. . . Experimental and
system using a combined approach of time-lapse . Q 2015 [125]
o ; Modeling
camera monitoring and water balance modelling.
Pathogen decay during managed aquifer recharge at
four sites with different geochemical characteristics Experimental q 2015 [28]
and recharge water sources.
Managed aquifer recharge via infiltration ditches in .
short rotation afforested areas. Experimental Q 2016 [126]
Enhancing drought resilience with conjunctive use .
. . : . Experimental and
and managed aquifer recharge in California and . Q 2016 [6]
. Modeling
Arizona.
Manag.ed. aqt.lleI.' rechzflrge through off-season Modeling Q 2017 [127]
irrigation in agricultural regions.
Monitoring and modeling infiltration-recharge .
. . . Experimental and
dynamics of managed aquifer recharge with . Q 2017 [128]
. Modeling
desalinated seawater.
Design and assessment of borewell recharge
technique for groundwater enhancement and .
recharge in assured rainfall zone of Marathwada Experimental Q 2017 [129]
Region.
GIS-based groundwater modeling study to assess the
effect of artificial recharge: A case study from .
Kodaganar river basin, Dindigul district, Tamil Modeling Q 2017 [62]
Nadu.
The reuse of treated wastewater via groundwater
recharge for the development of sustainable water Experimental q 2018 [130]
resources.
Seasonal water storage and replenishment of a .
fractured granitic aquifer using ASR wells. Experimental Q 2018 (541
Managed aquifer recharge as a strategic storage and
urban water management tool in Darwin, Northern Modeling Q 2019 [131]
Territory, Australia.
Modehng managed aqu1fgr recharge processes in a Modeling 2019 [132]
highly heterogeneous, semi-confined aquifer system.
Potential benefits of managed aquifer recharge .
(MAR) on the Island of Gotland, Sweden. Modeling 2019 [133]
Artificial recharge of a shallow hard rock aquifer as a
climate change mitigation method: model solution Modeling Q 2019 [29]
from the Czech Republic.
Analysis of pote.ntlal risks assoc1ateq with urban Modeling q 2019 [91]
stormwater quality for managed aquifer recharge.
Effectiveness of check dam and pond with
percolation wells for artificial groundwater recharge Modeling Q 2019 [66]
using groundwater models.
An integrated approach toward sustainability via
groundwater banking in the southern central valley, Modeling Q 2019 [47]

California.
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Title Approach Qéls;lltllg ((3)/ Year References
Managed aquife.r recha.rge asa drough.t mitigation Analytical Q 2020 [134]
strategy in heavily stressed aquifers.
Can managed aquifer recharge mitigate the .
groundwater O\gzerdrgft in Califon%ia’s ceitral valley? Modeling Q 2020 [155]
Managed aquifer recharge of monsoon runoff using
village ponds: performance assessment of a pilot trial Experimental Q 2020 [136]
in the Ramganga basin, India.
A quantitative and qualitative assessment of
groundwater resources in the Shourdasht basin of Analytical q 2020 [137]
Ghahavand.
Climate change effec'ts on groundV\'/ater re'charge and Modeling Q 2020 [138]
temperatures in Swiss alluvial aquifers.
Potential areas for managed aquifer recharge in the Experimental q 2020 [139]
eastern lower Jordan valley area.
Managed aquifer recharge at a farm level: evaluatin .
the pirforgqance of dir;gct well recharge struc’cures.g Experimental ! 2020 [140]
Percolation pond with recharge shaft as a method of
managed aquifer recharge for improving the Experimental q 2020 [141]
groundwater quality in the saline coastal aquifer.
Managed vs. natural recharge of pre-Alpine phreatic Experimental and 2020
; ; [111]
aquifers. Modeling
Numerical modeling as an effective tool for artificial Modeling Q 2021 [67]
groundwater recharge assessment.
Enhancing groundwater recharge in the main Karoo,
South Africa during periods of drought through Experimental q 2021 [142]
managed aquifer recharge.
Assessment of the need and potential for
groundwater artificial recharge l?ased on thg wfater Experimental Q 2021 [143]
supply, water demand, and aquifer properties in a
water shortage region of South Korea.
The Possibility of Managed Aquifer Recharge (MAR)
for Normal Functioning of the Public Water-Supply Modeling Q 2021 [144]
of Zagreb, Croatia.
Hydrologic assessment of check dam performances .
in semi-arid areas: A case study from Gujarat, India. Modeling Q 2021 [145]
Potential use of treated wastewater as groundwater
recharge using GIS techniques and modeling tools in Modeling Q 2021 [33]
Dhuleil-Halabat well-field /Jordan.
Performance evaluation of artificial recharge-water .
intake system using 3D numerical modgeling. Modeling Q 2022 [146]
Improving the sustainability of urban water
management through innovative Groundwater Modeling Q 2022 [46]
Recharge System (GRS).
Managing aquifer recharge to overcome overdraft in .
thge L%w(zzr AmericangRiver, California, USA. Modeling Q 2022 [147]
A numerical assessment on the managed aquifer
recharge to achieve sustainable groundwater Modeling Q 2022 [148]
development in Chaobai River area, Beijing, China.
Managed aquifer recharge as a low-regret measure
for climate change adaptation: Insights from Los Analytical Q 2022 [149]
Arenales, Spain.
Impact of high-density managed aquifer recharge
implementation on groundwater storage, food Analytical Q 2022 [150]
production and resilience: A case from Gujarat, India.
Enhancement of groundwater recharge from Wadi Al Modeling Q 2022 [151]

Bih dam, UAE.
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Table 3. Cont.

Title

Quantity (Q)/

Quality (q) Year References

Approach

Managing groundwater demand through surface
water and reuse strategies in an overexploited Modeling Q 2022 [152]
aquifer of Indian Punjab.
Numerical simulation of a managed aquifer recharge
system designed to supply drinking water to the city Modeling Q 2023 [73]
of Amsterdam, The Netherlands.
Managed aquifer recharge assessment in the Nabogo
Basin of Ghana using a combined electrical resistivity Experimental Q 2023 [153]
tomography infiltration method.
Managed aquifer recharge using a borrow pit in
connection with the Mississippi River Valley alluvial Experimental Q 2023 [154]
aquifer in northeastern Arkansas.

Transport and transformation of arsenic in coastal
aquifer at the scenario of seawater intrusion followed
by managed aquifer recharge.

Experimental and

Modeling q 2023 [155]

Analysis of Water Quality Parameters

Following the above considerations, a comprehensive analysis of the water quality
parameters considered in previous studies was carried out. Unmanaged recharge may lead
to the interaction of various contaminants with groundwater, resulting in a widespread
decline in water quality [51]. Therefore, qualitative analysis of water is important for
aquifer and source water characterization and for understanding the potential impact of
geochemical reactions on the aquifer system [112]. The purpose of studying these water
quality parameters is to examine research trends in the field and identify the parameters
crucial to the qualitative characterization of water.

Figure 11a,b represent the physical (pH; total dissolved solids—TDS; total suspended
solids—TSS; temperature—T; and electrical conductivity—EC) and chemical (inorganic
and organic) water quality parameters that are considered in the aforementioned quali-
tative studies. Among the chemical parameters, most studies have focused on inorganic
parameters, dominated by anions (chloride, sulfate, bicarbonate, nitrate, fluoride, and
phosphate) and cations (sodium, potassium, calcium, magnesium, and ammonia). Out of
18 studies that contain water quality information, C1~ has been considered the most in
14 studies, followed by SO42~ (13), HCO®—,NO%~, Na*, K*, Ca?*, Mg2+ (11), and F~ and
NH** (7). Some nutrients (N and P) and heavy metals (Fe, Mn, Zn, Pb, Cu, Cd, Ni, As, Se,
and Co) have also been considered in some studies. Organic parameters on the other hand,
are considered in only a few studies, with dissolved organic carbon (DOC), total organic
carbon (TOC), chemical oxygen demand (COD), and biochemical oxygen demand (BOD)
considered in studies 5, 4, 3, and 1, respectively. The organic parameters are important
indicators of organic pollutants in the water, especially where the treated wastewater is
involved in the MAR process, and ignoring these parameters may underestimate the risks
associated with organic contamination, i.e., formation of harmful byproducts or clogging
of the infiltration medium. Therefore, a detailed examination of organic compounds in
qualitative studies is crucial for the safe and effective management of water resources.
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Figure 11. (a) Physical and (b) chemical water quality parameters considered in previous studies.

8. Conclusions and Recommendations

This review includes a detailed discussion of the needs, methods, challenges, and
developments in the field of MAR. Different methods for the implementation of MAR,
including direct (surface spreading and subsurface) and indirect (induced recharge and
aquifer modification techniques) techniques have been reviewed. The review of the lit-
erature indicates that the selection of a MAR scheme is site-specific and depends on the
hydrogeological conditions of the region. Different factors, such as land availability, aquifer
type, available source water, and the existing infrastructure, contribute to the selection of a
suitable MAR method. For example, dry wells require less land but involve more technical
and maintenance requirements, while infiltration basins are simple and cost-effective but
are not suitable for confined aquifer systems. The availability of large open land is also
a challenge in the implementation of these methods, especially in urban environments.
Similarly, riverbank filtration is effective where the riverbed allows the infiltration of water
into the surrounding aquifer, especially in the case of alluvial aquifers.

Furthermore, the MAR potential in the FVG region, northern Italy, was explored by
analyzing the historical hydrogeological and climate change trends (temperature, precip-
itation, groundwater levels) at possible sites already in place for MAR activation. The
presented data underscore the region’s capacity for MAR implementation.
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The analysis conducted on existing studies revealed an imbalance in MAR research,
with a focus on the quantitative aspect of water resource management compared to the
qualitative. A detailed analysis of qualitative studies was also conducted to identify the
water quality parameters considered over the years, revealing a notable neglect of organic
parameters (COD, BOD, and DOC) compared to inorganic ones (anions, cations, nutrients,
and heavy metals).

Based on the review findings, a few recommendations that can be considered to ensure
the effectiveness of a MAR project are as follows:

1.  The development of an optimized MAR system that considers multiple objectives such
as recharge and storage enhancement, water quality improvement, and environmental
sustainability should be considered.

2. The significance of the management of the source water quality should be stressed. If
the water quality is addressed prior to entering the aquifer, it is possible to minimize
the introduction of pollutants into the aquifers and avoid post-recharge remedial
treatments.

3. The geochemical reactions, i.e., ion exchange, mineral dissolution, and precipitation,
occurring between the aquifer system and recharged water, which can affect the water
quality during the recharge and storage phase, should be carefully analyzed.

4.  To analyze water quality, most previous studies have focused on inorganic chemicals,
while organic parameters have been comparatively considered in a few studies. A
detailed study of the organics should be considered in qualitative investigations to
ensure the effectiveness of the MAR system for water quality improvement.

5. Micropollutants containing contaminants of emerging concern, i.e., pharmaceuticals,
pesticides, microplastics, and personal-care products, which can have toxic effects
on human and environmental health, along with the toxic compounds determined
by the in silico methods, can also exist within the source water. Most conventional
water treatment plants are not designed to remove these micropollutants. Therefore,
the study of micropollutants should also be incorporated into qualitative studies to
ensure the safety of water resources as directed by the EU Directive 2013/39/EU.

6.  Inthe near future, the micropollutants will need to be monitored more continuously
after the new amendments in the Italian legislation about drinking water (Decree
18/2023), which include PFAS, bisphenol A and disinfection by-products (chlorate),
and the revised EU legislation (91/271/EEC) for treated wastewater, i.e., microplastics.
This new amended EU legislation still needs to be implemented in Italy.
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