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Abstract: Managed Aquifer Recharge (MAR) is a strategic approach to artificially replenishing groundwa-
ter supplies and has become an integral component of global water resource management. The number of
MAR projects has steadily increased in recent decades, yet many have failed to achieved their intended
outcomes, underscoring the complexity of project implementation. This review is dedicated to examine
existing research and reports on MAR performance and impacts, aiming to establish objective criteria for
gauging the success and identify key factors influencing the effectiveness of MAR project. Five critical
performance factors have been identified as major determinants of MAR performance: aquifer transmissiv-
ity, vertical permeability, availability of recharge water, recharge water quality, and aquifer thickness,
geometry and boundary conditions. These factors are directly related to project success and significantly
shape MAR outcomes. In addition, this review explores research-based strategies to improve MAR success,
including cutting-edge methodologies, technological innovations, and integrated management approaches to
address key challenges. The ultimate goal is to foster more efficient, effective, and sustainable MAR prac-
tices, thereby enhancing the resilience and sustainability of water resource management.

Keywords: Groundwater Management; Artificial Recharge; Permeability and Clogging; Climate Change
Adaptation; Flow Dynamics.

Received: 12 Sep 2024/ Accepted: 10 Mar 2025/ Published: 10 Jul 2025

discrepancies between water supply and demand
(Standen et al. 2020; Spinoni et al. 2017; Hankin et
al. 2017), providing strategic water storage for
emergency (Alam et al. 2019; Maliva and
Missimer, 2010; Pyne, 2005), elevating and stabi-
lizing groundwater levels (Gruetzmacher and
Kumar, 2012), mitigating land subsidence caused
by excessive groundwater extraction (Casanova et
al. 2016; Sheng and Zhao, 2015). Additionally,

Introduction

Managed Aquifer Recharge (MAR) is the inten-
tional process of replenishing aquifers with surface
water or treated recycled water, creating a sustain-
able resource for future extraction and use (Sherif
et al. 2023; Parimalarenganayaki, 2021; Gruetz-
macher and Kumar, 2012). This strategy is utilized

to address various environmental and water mana-
gement challenges, such as balancing seasonal
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MAR enhances groundwater quality (Van Houtte
and Verbauwhede, 2021; Parimalarenganayaki,
2021; Salameh et al. 2019; Alidina et al. 2014,
Dillon et al. 2009; Rivett et al. 2008), provides
ecological benefits (Ringleb et al. 2016; Dillon,
2005), reduces evaporation losses (Hartog and
Stuyfzand, 2017) and facilitates the disposal of
surplus water, such as in mining operations (Sloan
et al. 2023). Various water sources can be used for
MAR, including river water, stormwater, rainwa-
ter, excess desalinated seawater, and treated waste-
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water (Parimalarenganayaki, 2021; Zhang et al.
2020). As a vital component of global groundwa-
ter management, MAR projects have been steadily
increasing in number (Dillon et al. 2019; Wolf et
al. 2007; Bouwer, 2002). This growing trend
underscores the recognition of MAR's potential of
in addressing water scarcity, groundwater deple-
tion, and the demand for sustainable water
management strategies (Gale, 2006).

MAR is of particular importance in arid and
semi-arid regions, where groundwater often serves
as the primary, and sometimes the only, reliable
freshwater source (Fallatah et al. 2019). In these
challenging environments, MAR plays a crucial
role in mitigating the severe impacts of arid condi-
tions (Casanova et al. 2016; Dillon, 2005).
However, the performance and challenges of MAR
projects vary significantly between arid/semi-arid
and temperate or humid regions. In arid regions,
factors such as high evaporation rates, limited
surface water availability, and salinity issues pose
significant challenges to MAR efficiency. Addi-
tionally, variable rainfall patterns often lead to
prolonged periods of low recharge in MAR
systems (Sherif et al. 2023). Another critical issue
is intensified erosion, which results in substantial
sediment deposition during temporary flows trig-
gered by rainfall events, reducing recharge effi-
ciency and complicating MAR implementation (Al-
Othman, 2011; Alhaj et al. 2017). In contrast,
temperate and humid regions generally have
greater water availability, lower sediment deposi-
tion, and reduced evaporation rates. However,
these regions face their own challenges in imple-
menting MAR systems, including competition for
land use, risks of oversaturation, and a higher like-
lihood of water contamination from agricultural
runoff, pesticides, and urban pollutants. These
differences emphasize the need to tailor the
designs and operational strategies of MAR to the
unique hydroclimatic conditions of each region,
ensuring their long-term effectiveness and sustain-
ability.

Despite increasing investments in MAR, not all
projects have achieved their intended success
(Ajjur and Baalousha, 2021), highlighting the
complexity of implementing. While quantifying
the overall success rate is challenging, studies esti-
mate that 20-30% of MAR projects face signifi-
cant challenges, including operational inefficien-
cies and failure to meet performance objectives
(Ajjur and Baalousha, 2021). In some regions,
particularly those grappling with water quality
issues, inadequate infrastructure, or weak water
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governance, failure rates can be even higher
(Sherif et al. 2023; Salameh et al. 2019). MAR
failure can range from reduced operational effi-
ciency to complete facility shutdown. Partial fail-
ures involve issues that can be resolved in a short
timeframe, allowing MAR operations to resume. In
contrast, complete failures require substantial
modifications or repairs, and in some cases, result
in permanent facility closure. The reasons of MAR
projects failure are diverse, including insufficient
understanding of local hydrogeological context
(Dillon and Arshad, 2016; Shah, 2014), inade-
quate stakeholder engagement, and lack of regula-
tory support (Daher et al. 2011). These failures
carry significant financial, environmental and
water management consequences (Maliva, 2014;
Salameh, 2019).

Review objectives

This review provides a comprehensive synthesis of
existing research and case studies on the perfor-
mance and impacts of MAR projects. It focuses on
identifying key environmental, hydrological, and
operational factors that influence the success and
sustainability of MAR initiatives at different stages
of implementation. Particular emphasis is placed
on arid and semi-arid regions, where MAR plays a
crucial role in water security and sustainability
despite challenges such as high evaporation rates,
limited surface water availability, and salinity
issues. The review evaluates both benefits and
challenges of MAR, including its impacts on
groundwater levels, water quality, flow patterns,
clogging, and surface water dynamics. Case stud-
ies from diverse geographical regions are high-
lighted to illustrate the varying challenges and
successes associated with different MAR applica-
tions. Furthermore, the review underscores the
importance of detailed planning, continuous moni-
toring, and effective management practices in miti-
gating risks and optimizing MAR outcomes. It
covers a range of MAR techniques, including
recharge dams, Aquifer Storage and Recovery
(ASR) systems, and direct injection methods. It
also addresses persistent challenges such as clog-
ging, deterioration of water quality, and sedimenta-
tion, offering practical solutions and actionable
recommendations to enhance the outcomes of
MAR project on a global scale.

In recent years, several reviews have explored
different aspects of MAR projects. For example,
Sherif et al. (2023) analyses of groundwater
renewability and the effectiveness of recharge
dams, while Alam et al. (2021) provides a frame-
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work for selecting and implementing MAR types
at a site based on water availability and quality,
land use, source type, soil, and aquifer properties.
Some reviews concentrate on MAR projects within
specific regions, such as the Middle East and North
Africa (MENA) (Sherif et al. 2023; Alam et al.
2021; Ajjur and Baalousha, 2021; Missimer et al.
2014), while others examine MAR applications in
distinct contexts, such as surplus mine water
management (Sloan et al. 2023) or specific MAR
techniques (Parker et al. 2022).

This review distinguishes itself by focusing on
critical factors influencing MAR outcomes, provid-
ing insights into long-term sustainability and
project success. The paper begins with a detailed
methodology for reviewing MAR literature,
followed by an analysis of the key determinants of
MAR performance and its impacts on groundwa-
ter. It concludes with discussion on potential future
directions for MAR, summarizing key findings,
practical implications, and recommendations for
further research.

1 Review methodology

This review examines various research approaches
used to evaluate the performance, impacts, and
effectiveness of Managed Aquifer Recharge
(MAR) projects. These approaches can be catego-
rized as follows: (1) Post-implementation perfor-
mance and impact assessments: Evaluations
conducted after MAR projects are operational to
measure their effectiveness and environmental
impacts. (2) Numerical groundwater and ground-
water-surface  water  modeling:  Simulations
designed to predict and analyze the effects of MAR
on aquifer behavior, including changes in ground-
water levels, quality, and flow dynamics. (3) Water
quality monitoring: Systematic sampling and anal-
ysis performed before and after recharge activities
to assess the influence of MAR on groundwater
quality. (4) Remote sensing and satellite data anal-
ysis: Use of satellite imagery to monitor changes in
land use, vegetation cover, and surface water
bodies, providing information on MAR impacts
over time. (5) Tracer studies: Application of envi-
ronmental tracers and isotopes to track water
movement, identify recharge pathways, and under-
stand aquifer dynamics. (6) Recovery efficiency
evaluations: Assessments comparing the volume of
water injected into the aquifers with the volume
recovered, considering aquifer properties and water
quality factors.

These study categories are not mutually exclu-
sive and often overlap in their objectives and
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methodologies. This review incorporates a mix of
empirical research, both quantitative and qualita-
tive, along with review articles, meta-analyses, and
detailed case studies, to provide a comprehensive
understanding of MAR projects. The information
extracted from each study encompasses the project
location, recharge technique used, project scale,
and local groundwater and climate conditions.
Assessment methods for project impacts are
detailed, covering changes in groundwater levels,
flow dynamics, recharge rates, and water quality
metrics. In addition, this review examines MAR's
impacts on surface flow, sedimentation, evapora-
tion rates, and technical challenges such as clog-
ging. Lessons learned, recommendations for future
projects, policy implications, and suggested direc-
tions for further research are also compiled. To
identify relevant studies, a keyword-based search
strategy is employed, combining 'MAR' or
'groundwater recharge' with secondary term from a
predefined list, including 'impact', 'effectiveness',
'environmental effects', 'ecosystem impacts', 'post-
construction assessment', 'water quality improve-
ment', 'technical challenges', 'policy implications',
'sustainability’, 'climate change adaptation', 'long-
term outcomes', 'lesson learned' and 'risk assess-
ment'.

Grey literature, including government reports,
company websites, and academic theses, is also
considered valuable for its unique insights beyond
peer-reviewed sources. These sources were
systematically identified through searches in
academic databases, government agency portals,
institutional repositories, and credible organiza-
tional websites, using keywords aligned with the
research objectives. For integration into the review,
grey literature was evaluated based on relevance,
credibility, and methodological rigor to ensure
alignment with the standards applied to peer-
reviewed sources. This review is confined to stud-
ies published in English.

1.1 Understanding manage aquifer re-
charge

Several types of MAR techniques are available,
and selecting the most appropriate method depends
on site-specific conditions. The key factors influ-
encing this decision include the availability of
surplus recharge water, which determines the feasi-
bility and sustainability of the recharge process.
Local geology plays a critical role in influencing
aquifer permeability, storage capacity, potential
barriers to water infiltration. The depth of the
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groundwater table affects both recharge efficiency
and energy requirements for water injection or
extraction. In addition, groundwater quality must
be evaluated to ensure compatibility with rech-
arged water and to prevent contamination risks.
Assessing site suitability for MAR requires hydro-
geological surveys, field investigations, and
numerical modeling to assess aquifer properties,
water movement, and long-term recharge
outcomes. Water quality assessments are essential
to ensure chemical compatibility between recharge
and aquifer water. Additionally, environmental and
socio-economic factors—such as land availability,
ecosystem impacts, regulatory requirements, and
economic feasibility—must be considered. A multi-
criteria assessment approach is often used to inte-
grate technical, environmental, and socio-
economic considerations, ensuring the selection of
the most suitable and sustainable MAR technique
for each site (Bailey et al. 2003; Rahman et al.
2012; Kaliraj et al. 2015).

For the effective selection of a MAR technique,
several key criteria should be considered (Manual,
2007). First, recharge dams should be positioned
upstream or upgradient of the target area to ensure
efficient capture and utilization of recharge water.
Second, groundwater levels must remain suffi-
ciently below the streambed during recharge peri-
ods, with a thick unsaturated zone to accommo-
date recharge without causing excessive ground-
water level rises or flooding. Third, the underlying
strata must have adequate permeability to facili-
tate efficient recharge while minimizing evapora-
tion losses. Low-permeability alluvial deposits
should be avoided or mitigated during construc-
tion. Fourth, the storage capacity of recharge struc-
tures should align with catchment inflow patterns
to optimize recharge volumes and maintain cost-
effectiveness, especially during peak flow events.
Fifth, river water quality must be assessed to
prevent contamination, and areas affected by
industrial discharges should be avoided, Addition-
ally, sediment input must be carefully managed to
prevent infiltration capacity reduction. Finally,
MAR projects should incorporate water demand
assessments and cost-benefit analyses to ensure
that they address both community needs and
economic viability. By integrating these criteria
into a multi-criteria assessment framework, MAR
projects can achieve greater technical efficiency,
environmental sustainability, and long-term socio-
economic benefits.

The scholarly discourse on MAR is well-estab-
lished, with numerous studies categorizing MAR
technologies based on their recharge and storage
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methodologies into five principal groups (Yang et
al. 2021; Standen et al. 2020; Zhang et al. 2020).
These categories are as follows:

1) Spreading Methods: These are among the
most widely use MAR techniques that include
infiltration ponds and basins, Soil Aquifer Treat-
ment (SAT), controlled flooding, and surplus irri-
gation (Parimalarenganayaki, 2021; Missimer et al.
2014; Wang et al. 2014; Van Steenbergen, 2010;
Parimala and Elango, 2014). Infiltration ponds or
basins are excavated reservoirs or open land struc-
tures enclosed by an embankment (Van Steenber-
gen, 2010), designed to store and gradually infil-
trate water—such as stormwater, rainwater, and
dam runoff—into wunderlying aquifers. SAT
systems utilize specialized ponds where intermit-
tent infiltration enhances water treatment and
aquifer recharge. Spreading methods are most
effective in areas where unconfined aquifer lies
near the surface, allowing water to percolate
through permeable materials (Zhang et al. 2020).

2) Well, Shaft, and Borehole Recharge: This
approach involves direct water injection into
aquifers, bypassing surface infiltration barriers. It
encompasses open wells, shafts, Aquifer Storage
and Recovery (ASR), and Aquifer Storage, Trans-
port, and Recovery (ASTR) systems. These tech-
niques are particularly beneficial in areas with
deep aquifers or low surface permeability, where
spreading methods are ineffective. Despite well-
based recharge can significantly enhance ground-
water reserves, it requires considerable investment
in pre-treatment processes, pumping, and mainte-
nance to mitigate issues like well clogging and
water contamination (Standen et al. 2020;
Mohamedzein et al. 2016; Alam et al. 2021).

3) In-Channel Modifications: This method
modifies waterways to boost vertical recharge,
through structures such as check dams, percola-
tion ponds, or subsurface barriers. In arid regions,
in-channel modifications prove to be particularly
valuable for capturing and storing floodwaters or
seasonal flows that would otherwise be lost to
runoff or evaporation. These interventions help
with flood mitigation, groundwater replenishment,
and erosion control. The effectiveness of in-chan-
nel modifications depends on local climatic,
geological, and hydrogeological conditions (Sherif
et al. 2023; Dillon et al. 2019; Alataway and El
Alfy, 2019; Kacimov et al. 2021).

4) Induced Bank Infiltration: This method
involves intentionally drawing water through river-
banks or dune systems to facilitate natural filtra-
tion and improve water quality. By drawing water
near surface bodies, this method not only provides
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indirect recharge but also enhances water quality.
The efficiency of bank and dune filtration
processes is dependent on the subsurface travel
time of water, typically requiring more than a
month to achieve significant purification (Maliva
and Missimer, 2010).

5) Run-off/Rainwater Harvesting (RWH): RWH
techniques focus on collecting and directing rain-
fall from urban surfaces into aquifers, serving as a
cost-effective solution for flood prevention and
urban water management. The impact of RWH on
groundwater storage depends on regional factors
like rainfall patterns and aquifer characteristics.
While RWH can significantly contribute to water
storage, its efficacy is contingent upon careful site
selection and hydrological assessments to avoid
water quality degradation during dry periods (Ajjur
and Mogheir, 2021; Maurya et al. 2020; Dillon et
al. 2019).

Table 1 provides an overview of the MAR clas-
sification along with examples of MAR technolo-
gies. The selection of a specific MAR technique
depends on site-specific conditions, including
geological and hydrogeological settings, aquifer
type, depth to groundwater table, implementation
costs, and groundwater quality (Sherif et al. 2023;
Zhang et al. 2020). In many cases, multiple MAR
options may be viable for a given aquifer, allow-
ing for the choice of the most effective and effi-
cient method based on these factors. Fig. 1
presents a schematic representation of diverse
MAR techniques, illustrating their structural
layouts and operational principles. While concep-
tual in nature, the figure provides insight into the
design and function of each method. However, in
practice, the scale and dimensions of MAR
systems can vary significantly depending on site-
specific factors such as hydrogeological condi-

Table 1 Classification and Examples of MAR Technologies

Principal Group Sub-groups

Examples of projects

Applications

Spreading Meth- Infiltration ponds and
ods basins

The Dan Region Sewage Reclamation Project, Used for enhancing shallow
Israel (Goren et al. 2015); Atlantis, South
Africa (Wright and du Toit, 1996)

Soil Aquifer Treatment The Baghmalek aquifer, southwest Iran

unconfined aquifer recharge,
increasing groundwater storage,
and mitigating flood risks.

(SAT) (Kalantari et al. 2010); Dan region, Israel
(Kanarek and Michail, 1996)

Controlled flooding

The Kuiseb River, Namibia (Morin et al.

2009); Kal-e-Shoor Rive, Iran (GHEZEL-

SOFLOO)
Surplus irrigation

al. 2018)
Well, Shaft, and Open wells
Borehole 2021)
Recharge Shafts

The Wala Reservoir, Jordan (Xanke et al.

The Arani River basin, India (Raicy and
Elango, 2020); Recharge shafts project in

The Kothapally watershed, India (Sishodia et

Directly recharges deep or clay-
covered unconfined aquifers
and confined aquifers, enhanc-
ing water availability.

the Village Anchalgao, India (Aher et al.

2015)

ASR The Wadi Watir Delta, Egypt (Sallam, 2019);
The Liwa Strategic Water Storage and
Recovery (SWSR) Project, Abu Dhabi
Emirate (Stuyfzand et al. 2017); The Merk
River watershed in the Sirik region, Iran

(Niazi et al. 2014);

Aquifer Storage, Trans- A pilot plant in the Samrak Park in the

port, and Recovery

The Cuddalore groundwater basin, India

Nakdong River delta, Korea (Ji and Lee,

Check Dams in Chennai, India (Renganayaki Increases water storage and

recharge potential in riverbeds
and adjacent aquifers.

The Kalangi River, Andhra Pradesh (Raju et

al. 2013); The Shahrekord aquifer, Iran

The holy Ganga River, India (Essl et al. 2014) Uses natural filtration processes

(ASTR) 2022)
In-Channel Modi- Check dams
fications and Elango, 2014)
Percolation ponds
(Abraham and Mohan, 2019)
Subsurface barriers
(Fakharinia et al. 2012)
Induced Bank Riverbank filtration
Infiltration

Dune filtration
2023)

Run-off/Rainwa- Urban surface runoff

ter Harvesting collection et al. 2016)

The Damour River, Lebanon (Stuyfzand,

along riverbanks to improve
water quality and increase
aquifer recharge.

The Gaza Coastal Aquifer, Palestine (Eshtawi Captures and uses urban runoff for

groundwater recharge, reduc-

(RWH) Direct aquifer recharge The Dharta watershed, India (Soni et al. 2020)  ing flood risk and improving
water sustainability.
316 http://gwse.iheg.org.cn
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Fig. 1 Schematic illustration of various MAR techniques. (a) Infiltration ponds, (b) Soil aquifer treatment, (c)
ASR, (d) ASTR, (e) Surplus irrigation, (f) Subsurface barriers, (g) Riverbank filtration (induced by groundwater

extraction), (h) Dune filtration

tions, water availability, recharge objectives, and
regulatory constraints. For example, infiltration
ponds may range from small experimental setups
spanning a few hundred square meters to large
recharge basins covering several hectares. Simi-
larly, ASR systems typically utilize deep wells,
with depths ranging from tens to hundreds of
meters, depending on the aquifer storage capacity
and recharge requirements. Riverbank filtration
systems, on the other hand, are generally located
within a few hundred meters of riverbanks, with
well depths tailored to aquifer characteristics.

2 Criteria for MAR success

This section introduces the key criteria used to
assess the success or failure of MAR projects.

http://gwse.iheg.org.cn

These criteria are derived from established princi-
ples and widely accepted guidelines for the imple-
mentation of MAR and are summarized in Table 2.
Although these criteria provide a robust founda-
tion for evaluating MAR performance, it is essen-
tial to recognize that individual projects may
require additional considerations or adaptations
based on site-specific objectives, hydrogeological
conditions, environmental constraints, and commu-
nity needs. Therefore, the application of these
criteria should remain flexible, allowing for adjust-
ments to address the unique design parameters and
goals of each MAR project. It is also important to
recognize that MAR success or failure is not an
absolute measure but rather exists along on a spec-
trum, influenced by varying degrees of success and
occasional setbacks. Furthermore, MAR outcomes
are dynamic, evolving over time in response to
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Table 2 Summary of Criteria and Measures for Assessing MAR Success

Criteria  Quantitative measures

Expected outcome

Potential challenges

Groundwa- Rate of recharge [L/T], volume To enhance groundwater recharge
rates, aiming for a positive
groundwater balance that
contributes to reducing or revers-

ter of infiltrated water [L*],
Recharge  groundwater balance [L’],
net groundwater depletion

Insufficient recharge rates that fail to
offset ongoing aquifer depletion under
continuous or specific circumstances
like significant climatic variations.

1541 ing net groundwater depletion.

Groundwa- Depth to groundwater table
ter Level  [L], rate of level change

Groundwa- Velocity [L/T] and patterns [-] To maintain or intentionally alter

groundwater flow patterns. Goals

[-1. include averting significant and
unpredictable shifts in groundwa-
ter flows on a regional level and
devising induced flow patterns to
combat seawater intrusion,
prevent contamination, and

ter Flow  of flow, directional changes

To stabilize or raise groundwater
levels, thereby reducing long-
[L/T]. term stress on the aquifer

Failure to halt declines in groundwater
levels, leads to potential aquifer stress
and depletion. Excessively raising
groundwater levels damages infrastruc-
ture and disrupts natural surface water-
groundwater interactions.

Unpredictability or variability of ground-
water flow patterns, might lead to unde-
sirable flow paths that facilitate contam-
ination spread or negatively impact
water accessibility. Inadvertent changes
in flow could disturb local ecosystems,
affect groundwater recharge, or inten-
sify problems such as seawater intru-

improve groundwater availability.  sion.

Groundwa- Contaminant levels [M/L"],

Enhance the overall quality of

Degradation of groundwater quality and

ter Qual-  biogeochemical indicators [-  groundwater or, at the very least, adverse effects on the quality of nearby
ity or M/L]. maintain the current quality stan- surface waters
dards.
Clogging  Efficiency of wells [or%], rate Sustained the recharge performance Accelerated clogging due to organic
of flow reduction [L*/T], with minimal intervention, ensur- matter, mineral precipitation, or micro-
frequency of maintenance ing long-term recharge efficiency ~ bial growth, leads to reduced recharge
interventions [1/T] rates and/or increased maintenance
Costs.
Surface Rates of streamflow [L*/T], More uniform surface water flow Disturbance of ecological balance result-
Water changes in water levels [L] rates by augmenting the consis- ing from modifications in streamflow
Flow tency of base flow contributions. rates or patterns, including alterations

Sedimentati Levels of sediment accumula- Decrease sediment presence in
downstream water bodies

on tion [L],
sediment concentration
[M/L?]

due to seasonal variability.

Alterations in sediment flow patterns lead
to uneven sediment distribution, local-
ized erosion, and excessive sediment
deposition.

external factors such as climate variability, land
use changes, and shifting water demand patterns
(Faunt et al. 2016; Famiglietti, 2014; Gruetz-
macher and Kumar, 2012; Tuinhof et al. 2011). In
addition to their intended objectives, MAR projects
can sometimes produce unintended negative
impacts. These may include disruptions to natural
surface flow regimes, leading to reduced river
flows and ecological disturbances for species
reliant on consistent water availability. Changes in
sediment transport patterns can disturb aquatic and
riparian habitats, affecting species dependent on
specific sedimentation rates for key lifecycle
processes. Furthermore, redirection of water flows
can cause localized erosion or sediment deposition
problems, potentially destabilizing riverbeds and
banks, and creating imbalances in aquatic ecosys-
tems. Although these unintended consequences are
not part of the planned objectives, they are impor-
tant considerations when evaluating the overall
success and sustainability of MAR initiatives.
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2.1 Groundwater recharge

Enhancing groundwater recharge is usually a
primary objective of MAR initiatives, aimed at
achieving a positive water balance and mitigating
groundwater depletion. Quantitative assessments
indicate that MAR can significantly increase
recharge rates, often surpassing those of natural
processes (Salameh et al. 2019; Page et al. 2018).
For example, in Al Bih Dam in the UAE facili-
tated the recharge of approximately 28 Million
Cubic Meters (MCM) of rainfall during 2015—
2020, increasing aquifer recharge by 49% (Sefel-
nasr et al. 2022). Similarly, spreading methods
applied in the Nile Delta Aquifer, Egypt, boosted
recharge by about 50% (Nofal et al. 2019), while
the Al-Fulaij Dam in Oman increased recharge rate
from 0.4 m/d to 1.8 m/d (Mohamedzein et al.
2016).

MAR also plays a significant role in water

http://gwse.iheg.org.cn
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conservation by mitigating losses due to evapora-
tion and transpiration. By channeling surface water
into underground aquifers, MAR minimizes expo-
sure to the evaporative forces, key advantage in
arid and semi-arid regions, where high tempera-
tures and dry weather accelerate water losses.
Furthermore, by replenishing groundwater levels,
MAR reduces the reliance on surface storage in
reservoirs and dams, which are highly susceptible
to evaporation.

The effectiveness of MAR varies across tech-
niques applied and is influenced by site-specific
conditions. Even though infiltration basins may
recharge more slowly than direct injection meth-
ods, they can still substantially surpass natural
percolation rates, especially when enhanced with
soil amendments or artificial recharge techniques
(Kourakos et al. 2019; Dahlke et al. 2018).
However, the effectiveness of these methods heav-
ily depends on soil texture and geological struc-
ture of the site, underscoring the need for thor-
ough subsurface characterization (Maples et al.
2019; Cabalar and Akbulut, 2016). Selecting an
appropriate site is crucial, with ideal locations
having soils that facilitate rapid infiltration and
substantial water storage while ensuring sufficient
residence time for natural pollutant filtration (Alam
et al. 2021).

2.2 Groundwater levels

Through deliberate introduction of water into
aquifers, MAR seeks to elevate groundwater levels
to their optimal state, mitigating water level
declines caused by over-extraction or prolonged
drought (Wendt et al. 2021; Kourakos et al. 2019).
For example, the Al Bih Dam in the UAE facili-
tated a groundwater levle increase of up to 15
meters (Sefelnasr et al. 2022).

China has implemented large-scale MAR
projects to combat groundwater depletion, particu-
larly in urban and agricultural areas. For example,
the Beijing Groundwater Recharge Project,
designed to counteract severe groundwater over-
draft caused by decades of excessive extraction,
employes treated wastewater as a recharge source
via infiltration basins and recharge wells. Long-
term monitoring shows that MAR has increased
groundwater levels by up to 1.5 meters per year in
critical areas, improving water availability during
droughts (He et al. 2021; Liu et al. 2022). Simi-
larly, the Shijiazhuang MAR Project in Hebei
Province was developed to address rapid ground-
water declines from irrigation and industrial use.
Using river water and treated wastewater, this
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project combines infiltration ponds and recharge
wells, which has achieved an increase in ground-
water levels of 2—5 meters over five years, signifi-
cantly mitigating the impact of over-extraction (Lu
et al. 2011). Beyond China, MAR has yielded posi-
tive results in other regions.in Jordan, the use of a
recharge dam in an alluvial aquifer raised water
levels by 1.96% to 3.12%, mitigating the adverse
effects of climate changes on groundwater supplies
(Alelaimat et al. 2023). A study in Wadi Araba,
Jordan, identified eight potential MAR locations as
viable solutions for improving water availability
and climate adaptation (Alelaimat et al. 2023). In
India, Raju et al. (2006) observed a 2-meter
groundwater level rise downstream of a subsur-
face dam in the Swarnamukhi river basin, Andhra
Pradesh.

Despite the successes of MAR, unintended
consequences can arise if projects are not carefully
planned and monitored. Excessive recharge can
result in waterlogging, which degrades soil struc-
ture, reduces aeration, and negatively affects agri-
cultural productivity and plant health. For example,
in the Om Laksab-Sidi aquifer in North Africa, a
recharge dam using treated wastewater paradoxi-
cally led to water level declines of 0.5 m to 10 m,
indicating potential waterlogging issues (Hamed et
al. 2022). Similarly, in Iran, the Meymand and
Tangeriz recharge dams experienced groundwater
level reductions due to high lateral recharge rates
through vertical sidewall pits, illustrating the
complex hydrological responses that can emerge
from MAR projects (Mohammadzadeh-Habili and
Khalili, 2020). These cases highlight the need for
detailed site assessment and continuous monitor-
ing to ensure MAR achieves its intended objec-
tives without depleting groundwater reserves. In
contrast, excessive recharge can also lead to infras-
tructure damage. Rising groundwater levels may
compromise underground structure, including
building foundations and sewer systems, by caus-
ing cracking and settlement (Hurst and Wilkinson,
1986). A notable instance occurred at the Al-Fulaij
Recharge Dam in Oman, where over-recharge
undermined the dam's foundation. Mohamedzein et
al. (2016) attributed this failure to the presence of
highly permeable alluvium and conglomerates
containing cavities, exacerbated by the dissolution
of the gypsum material. Furthermore, an insuffi-
ciently deep dam key led to seepage rates approxi-
mately twice as high as anticipated. In some areas,
rapid groundwater level increases in can also triger
saline water intrusion, increasing the risk of fresh-
water contamination and contributing to surface
flooding (Bosserelle et al. 2022).
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2.3 Groundwater flow patterns

MAR projects commonly affect groundwater
velocity and flow patterns, either continuously or
intermittently. For example, the introduction of
MAR through recharge dams and ASR systems has
been documented to dramatically change the direc-
tion and velocity of groundwater flow. Studies by
Standen et al. (2020) and Yaraghi et al. (2020)
highlight the capacity of MAR to create new
hydraulic gradients, fundamentally reshaping local
and regional groundwater flow patterns. Although
these alterations are often inevitable, the overarch-
ing goal is often to avoid drastic regional-scale
disruptions that could lead to unintended conse-
quences, such as the alteration of surface-ground-
water interactions. However, in certain cases,
MAR is intentionally used to modify groundwater
flow (Dahlke et al. 2018; Ward and Dillon, 2012).
For instance, targeted intervention can redirect
water to areas facing water scarcity or away from
regiones vulnerable to salinization, contamination,
or seawater intrusion (Cruz-Ayala and Megdal,
2020). By strategically manipulating groundwater
gradients, MAR enhances the spatial distribution
of groundwater resources, ensuring recharge
efforts align with local hydrogeological conditions
and water demand. Additionally, controlled flow
modifications can optimize groundwater move-
ment toward specific recharge zones, improving
overall water availability and resource manage-
ment.

2.4 Groundwater quality

MAR has significant implications for groundwater
quality, with both beneficial and potentially
adverse effects. On the positive side, MAR can
improve water quality by diluting contaminants
present in aquifers (Alam et al. 2021; Raicy and
Elango, 2020; Moeck et al. 2017; Moeck et al.
2016). However, if the recharge water contains
contaminants that are not adequately removed
through natural filtration (Regnery et al. 2017), or
if the recharge process mobilizes existing contami-
nants within the aquifer (Fakhreddine et al. 2021),
groundwater quality can deteriorate. Chemicals,
heavy metals or excess nutrients introduced
through MAR can pose risks to both human health
and the environment. For example, the use of
reclaimed municipal wastewater for MAR requires
a thorough evaluation of health and regulatory
considerations (Asano and Cotruvo, 2004). There-
fore, ensuring the quality of source water, imple-
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menting appropriate pretreatment processes, and
understanding the geochemical interactions within
the recharge site are essential to mitigate these
risks and maximize the benefits of MAR for water
quality enhancement (Alam et al. 2021).

Research from various countries and across
different MAR techniques highlight the significant
impact of MAR on water quality. In some cases,
MAR has led to water quality deterioration. For
example, in the Korba aquifer (Tunisia), a spread-
ing project using poor-quality treated wastewater
for recharge resulted in water quality deterioration,
evidenced by a boron isotopic composition in
recharged water samples that mirrored the signa-
ture of wastewater around the spreading basins
(Comte and Bachtouli, 2019; Cary et al. 2013).
Similarly, in the West Bank (Palestine), analyses
of harvested rainwater used for MAR revealed
significant contamination with total and fecal
coliforms. Total and fecal coliforms were absent in
fresh rainwater but were detected respectively in
100% and 86% of the tested harvested rainwater
samples (Adbul-Hamid, 2008). Other studies in the
West Bank area (Al-Khatib et al. 2019; Anabtawi,
2018) linked some local diseases, such as cancer,
to high concentrations of heavy metals in collected
rainwater. In Jordan, MAR sites where recharge
water was affected by farming activities and
human presence exhibited signs of groundwater
pollution. A vulnerability assessment of the Wala
catchment indicated that almost 96% of the area
showed low, while about 4% fell in the range of
moderate vulnerability. In contrast, in the Hidan
catchment displayed varying degree of vulnerabil-
ity: 42% low, 50% moderate, 6% high, and 2%
extreme (Xanke et al. 2017). in the Tunisia's
Grombalia aquifer, direct injection MAR led to
changes in groundwater quality, particularly nutri-
ent levels, highlighting the crucial role of hydroge-
ological and hydrogeochemical assessments in
aquifer protection (Kammoun et al. 2018). On the
positive side, MAR has been shown to improve
groundwater quality in certain cases. In Oman,
Bajjali (2012) reported that ASR in the Tanuf, Al
Kabir and Ma'awil dams led to a freshwater
increase in 19% to 57% of the watershed area,
gradually diluting groundwater salinity. Similarly,
in Kuwait, ASR resulted in recovered water with
reduced Total Dissolved Solids (TDS). AlRukaibi
and McKinney (2013) found that the injected
water, treated to a TDS level below 500 ppm,
yielded recovered water with a TDS of less than
1500 ppm in each well, which improved as the
time interval between injection cessation and
recovery initiation decreased.
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2.5 Clogging

Clogging is a significant challenge in MAR
projects, affecting both efficiency and long-term
sustainability (Dillon et al. 2022; Zhang et al.
2020; Bouwer, 2002). It occurs when pore spaces
in the aquifer or infiltration system become
obstructed, reducing water infiltration rates and
overall recharge efficiency (Bekele et al. 2018).
Clogging arises from various processes: physical
clogging results from the accumulation of
suspended solids (Lippera et al. 2023; Barry et al.
2017; Hutchison et al. 2013; Martin, 2013); chemi-
cal clogging occurs due to the precipitation of
minerals (Gruetzmacher and Kumar, 2012); and
biological clogging results from the growth of
microbial biofilms (Zhiteneva et al. 2023; Esfa-
hani et al. 2020; Eom et al. 2020). These processes
can significantly reduce recharge efficiency and
overall effectiveness of MAR projects.

Several documented cases illustrate the impact
of clogging in MAR projects. A case of physical
clogging was observed at Malham Dam in Saudi
Arabia, where silt accumulation reached depths of
up to 120 cm on the reservoir bed (Stande et al.
2020). Similarly, the Al-Amalih Dam in Saudi
Arabia faced challenges with reduced infiltration
rates attributed to mud sedimentation, further
demonstrating the impact of sediment accumula-
tion on MAR efficiency (Al-Muttair et al. 1994).
In the UAE, recent studies revealed that only 7-
49% of the water stored in dam ponding areas
successfully infiltrates the target aquifer, primarily
due to clogging exacerbated by local physio-
graphic conditions and variable precipitation
patterns (Sherif and Sturchio, 2021; Sherif and
Hussnain, 2017).

Beyond physical clogging, biological clogging
has also been observed. In the Atlantis area of
South Africa, recovery wells experienced biologi-
cal clogging due to high levels of iron and sulfate
in the groundwater, which facilitated microbial
growth (Tredoux and Cain, 2010). Generally, clog-
ging decreases the recharge capacity and can lead
to system failure (Jeong et al. 2018). More broadly,
research by Du et al. (2014) identified physical
clogging as the most common type encountered in
MAR projects, categorizing it into surface clog-
ging, inner clogging, and mixed clogging
(Rankgomo, 2020).

A large-scale example of clogging management
can be found in the Yangtze River Managed
Aquifer Recharge Project in Jiangsu Province,
China. Designed to address seasonal water short-
ages and groundwater depletion, the project
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employs riverbank filtration, recharge wells and
infiltration ponds. However, it has faced substan-
tial physical and biological clogging, especially in
infiltration basins, where suspended solids and
microbial growth markedly reduced recharge effi-
ciency. To combat these challenges, various
measures were implemented, including pre-treat-
ment techniques such as sand filtration and sedi-
mentation basins, periodic backflushing of
recharge wells, and targeted microbial biofilm
control methods. These interventions ultimately
improved infiltration rates by 30-50%, emphasiz-
ing the necessity of proactive clogging manage-
ment in sustaining the efficiency of large-scale
MAR systems (Zou et al. 2019).

Effective management of MAR systems requires
proactive measures to anticipate and mitigate clog-
ging, which often arises from blockages caused by
artificial groundwater replenishment. This involves
the selection of appropriate pretreatment processes
for recharge water (Page et al. 2018; Gruetz-
macher and Kumar, 2012; Bouwer, 2002), sedi-
ment removal techniques (Gruetzmacher and
Kumar, 2012), regular maintenance and monitor-
ing of recharge facilities (Alam et al. 2021), and
system design that facilitate easy access and clean-
ing (Sloan et al. 2023). Pre-treatment methods,
such as filtration, sedimentation basins, and chemi-
cal treatments help remove suspended solids and
prevent mineral precipitation before recharge.
Biological clogging can be minimized through
disinfection, nutrient reduction, and bacterial
control using techniques like UV radiation. For
instance, a study at BHP Billiton's Mining Area C
outlined measures to combat well-clogging in
MAR trials, including targeted screening and injec-
tivity tests (Sloan et al. 2023). Similarly, Cloud
Break Iron Ore Mine utilized down-hole valves
and a rotation system for bore usage, effectively
reducing clogging risks (Windsor et al. 2012). At
Cobre Las Cruces Copper Mine, reverse-osmosis
treatment effectively prevented clogging, allowing
recharge wells to function efficiently with mini-
mal cleaning for over a decade (Sloan et al. 2023).
Infiltration basin management, recharge shafts, and
optimized well spacing can enhance MAR effi-
ciency by reducing clogging risks. Vymazal (2018)
found that using suitable porous filtration materi-
als and maintaining pretreatment units signifi-
cantly slow clogging process. Additionally, stud-
ies by Jeong et al. (2018) and Fernandez Escalante,
(2015) demonstrate that clogging can be physi-
cally removed through brushing or injecting
compressed air or water, or chemically treated by
injecting strong oxidizing agents such as acids.
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Smart monitoring systems, including real-time
sensors and machine learning models, play an
increasingly vital role in detecting early signs of
clogging and enabling proactive management
strategies. These technologies help ensure the long-
term sustainability of MAR projects by allowing
operators to rapidly respond to clogging risks
before they compromise recharge efficiency.

2.6 Surface water flow and sedimenta-
tion

MAR may have notable impacts on surface flow
and sedimentation patterns. By increasing ground-
water levels, MAR can lead to changes in ground-
water-surface  water interactions, potentially
increasing base flows in rivers and streams. This
enhancement can stabilize surface water ecosys-
tems, support biodiversity, and improve habitat
conditions. Furthermore, by altering how water
infiltrates the ground, MAR can affect sedimenta-
tion rates and patterns. In areas where water is
deliberately infiltrated through basins, trenches, or
wells, MAR can reduce surface runoff velocity,
thereby decreasing sediment transport to water
bodies. This reduction in sedimentation can lead to
clearer waterways and reduce siltation problems in
reservoirs and dams, ultimately enhancing water
quality and storage capacity.

Several case studies illustrate these impacts. At
Wala Dam in Jordan, MAR reduced sedimentation
from 9.3-7.7 Million Cubic Meters (MCM) due to
increased dam capacity, reducing the need for sedi-
ment removal techniques such as dredging (Xanke
et al. 2021). Similarly, in Iran, sedimentation
control measures at Meymand and Tangeriz
recharge dams resulted in the formation of a
uniform low-permeability silt layer, significantly
impacting both surface flow and sedimentation
dynamics (Mohammadzadeh-Habili and Khalili,
2020). In Oman, strategies at the Al-Khoud Dam
involved surface scraping used to combat sedi-
ment accumulation, which improved storage

capacity and infiltration rates but also reduced dam
capacity by 3.7 MCM (Al-Sagqri et al. 2016). These
cases highlighthow MAR can both mitigate sedi-
mentation challenges and reshape local hydrologi-
cal conditions.

However, these interventions can also have
unintended consequences. Altering natural surface
flow regimes may reduce river flows, affecting
water dependent ecosystems. Changes in sediment
transport can disrupt aquatic and riparian habitats,
particularly for species reliant on specific sedimen-
tation rates for lifecycle processes. Additionally,
localized erosion or sediment deposition problems
can arise due to water redirection, leading to
imbalances that may affect riverbeds and banks
and aquatic ecosystems. These potential negative
impacts highlight the need for careful planning,
implementation and monitoring of MAR projects
to ensure that groundwater recharge benefits do not
come at the expense of surface water ecosystems
and sedimentation balance.

3 Factors affecting MAR performance

In Section 3, I explored the criteria and measures
used to assess the success and failure of MAR
projects, establishing a foundation for evaluating
their outcomes However, a pivotal question
remains: What distinguishes successful MAR
projects from unsuccessful ones based onthese
criteria?

To address this, this section analyzes the key
factors that influence MAR performance, linking
them to the criteria discussed early. Through a
review of the literature, I have identified five key
factors that profoundly influence MAR efficiency
and long-term sustainability, as outlined in Table
3. These factors shape various aspects of MAR
operations, from water absorption capacities to
sustainable aquifer management, ultimately deter-
mining the feasibility and effectiveness of recharge
efforts.

Real-world MAR projects further illustrate how

Table 3 Summary of Factors Influencing MAR Performance

Factors Quantitative measures Expected range/conditions Potential problems

Aquifer transmissivity ~ Transmissivity [L*/T] High transmissivity for effi- Low transmissivity leads to slow

cient recharge recharge rates

Vertical permeability Permeability [L/T] Adequate vertical perme- Insufficient vertical permeability
ability hindering recharge
Water availability for Volume of Water [L’] Sufficient water availability Limited water availability leads to
recharge for recharge low recharge

Contaminant concentration [M/L’] High-quality recharge water Poor water quality compromising
recharge efficacy
Optimal aquifer characteris- Inadequate aquifer properties
tics for recharge impeding recharge

Recharge water quality

Aquifer thickness, geom- Thickness [L], geometry [-],
etry, boundary boundary condition [-]
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these factors interact and influence outcomes. For
example, in the Al-Ahsa Oasis MAR Project in
Saudi Arabia, early challenges with clogging due
to water quality issues led to improvements in
water quality monitoring and pre-treatment
processes, significantly enhancing recharge effi-
ciency (Aly et al. 2013). Similarly, the Gafsa MAR
Project in Tunisia addressed high salinity concerns
by implementing stricter water quality standards
and localized hydrogeological studies to optimize
recharge site selection (Ferchichi et al. 2018). In
Marrakech, Morocco, MAR Projects initially
struggled with poorly located recharge wells but
overcame these challenges by employing advanced
hydrogeological surveys and improved water treat-
ment systems (Ait Brahim et al. 2017). These cases
underscore the interconnected nature of MAR
performance factors and demonstrate how the
lessons from past challenges can guide future
improvements in MAR design, implementation,
and management.

To further illustrate these relationships, Fig. 2
illustrates the conceptual relationships between
MAR factors and criteria through a Sankey dia-
gram, where the width of each band represents the
strength of a factor's impact on a given criterion.
The diagram visually maps these influences, using
color-coded factors to depict their significance in
determining MAR success. By integrating these
real-world insights, this section bridges the gap
between theoretical frameworks and practical
experiences, providing a comprehensive perspec-
tive on how critical factors collectively shape the
success and sustainability of MAR initiatives.

Groundwater Recharge!
Water; Availability for; Recharge'

SUrace Water ﬂow[
Transmissivity:
Groundwater Flow[
DVertical Permeability. ‘
Clogging|
IAquifer Thickness;, Geometry; Boundary Groundwater Level{
Sedimentationl”"]

| Recharge Water Quality Groundwater Quality
|-

Fig. 2 The conceptual relationships between MAR
factors and criteria through a Sankey diagram. The
factors are positioned on the left, flowing towards the
criteria on the right, visually depicting how each
factor contributes to affects various criteria

3.1 Aquifer transmissivity

Transmissivity, a measure of how much water can
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move through an aquifer horizontally (Garba et al.
2018), is a critical factor in determining the
success of MAR projects. It directly influences the
capacity of an aquifer to accept, store and transmit
injected or infiltrated water efficiently (Dhakate,
2020). For a MAR project to be successful, the
aquifer must have appropriate transmissivity
levels, typically from 100 m*/d to 10,000 m*/d. The
exact value is dependent on the specific require-
ments and objectives of the project (Smith et al.
2018). If transmissivity is below this range, the
aquifer may struggle to absorb and distribute
recharged water effectively, leading to inefficien-
cies in water storage and potential over-saturation
near the injection point (Perzan et al. 2023).
Conversely, if transmissivity exceeds this preferred
range, the aquifer may accept large volumes of
water rapidly but could also lead to water disper-
sion away from the recharge zone, reducing the
effectiveness of water storage and retrieval (Dillon
etal. 2019).

Real-world examples highlight the challenges
posed by transmissivity variations. In a Califor-
nian ASR project, Smith et al. (2018) found that
low transmissivity resulted in aquifer over-satura-
tion which restricted lateral water spread and
reduced the efficiency of the recharge and recov-
ery processes. This case emphasized the impor-
tance of thorough site characterization and hydro-
geological assessments to optimize MAR out-
comes. On the other hand, a study in Australia
revealed that transmissivity levels exceeding the
optimal range led to difficulties in managing the
rapid spread of injected water, which compro-
mised both water storage and retrieval efficiency.

To ensure an aquifer has sufficient transmissiv-
ity for MAR site selection, various methods are
employed, including pumping tests (Utom et al.
2012; Butler, 1990; Sanchez, 1996), tracer tests
(Oborie and Udom, 2014) and geophysical investi-
gations (Parker et al. 2022). However, even with
initial evaluations, several factors can still pose
challenges to the success of MAR projects. The
heterogeneity of an aquifer, along with the pres-
ence of fractures and conduits, can significantly
affect the predictability and uniformity of water
movement within the system. One such example
occurred at the Al-Khoud dam MAR project in
Oman, where infiltration ponds were used in an
arid environment. Here, the variability in soil types
and permeability across different layers signifi-
cantly affected the recharge efficiency. Some areas
experienced rapid water absorption, while others
saw a decrease in permeability due to the move-
ment of silt carried by the infiltrating water into the
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coarser original alluvium (Al-Ismaily et al. 2015).
This underscores the impact of heterogeneity on
the effectiveness of MAR initiatives.

Fractures and conduits, on the other hand, can
create pathways that allow water to move too
quickly through the aquifer, bypassing intended
storage zones. This can lead to the loss of
recharged water to unintended areas (Maples et al.
2019; Hollénder et al. 2009). A notable example is
seen in ASR projects in the Karst regions of south-
eastern Europe, where extensive underground
channels and fractures allowed injected water to
travel significant distances from the recharge site.
This not only reduced the efficiency of water
recovery but also raised concerns about the poten-
tial contamination of distant water bodies. These
examples highlight the need for detailed geologi-
cal mapping and the development of predictive
models to understand water movement in frac-
tured aquifers. Such efforts are essential for ensur-
ing that MAR initiatives enhance groundwater
supplies while minimizing unintended
mental impacts.

environ-

3.2 Vertical permeability

The impact of vertical permeability on the perfor-
mance of the MAR project varies depending on the
techniques used. Infiltration basins rely on high
vertical permeability in the unsaturated zone to
facilitate effective water percolation from the
surface to the aquifer (Standen et al. 2020). An
optimal range of vertical permeability for infiltra-
tion basins is typically between 10° m/s and 10
m/s, ensuring efficient water infiltration
(Masciopinto, 2013). Lower values can lead to
surface pooling and runoff, reducing recharge effi-
ciency and potentially causing erosion or localized
flooding. For example, Su (2013) conducted an in-
situ infiltration test on a reclaimed abandoned
riverbed in Shijiazhuang City, China, which helped
inform a tailored artificial recharge strategy.
Furthermore, Yasa (2020) demonstrated the poten-
tial of infiltration wells to mitigate flooding by
effectively reducing surface runoff. These cases
highlight the importance of considering vertical
permeability, among other factor, in the planning
and execution of MAR projects.

For ASR systems, which primarily engage the
saturated zone, vertical permeability is crucial for
the injection, movement, and storage of water. The
ideal vertical permeability range for ASR wells is
typically between 10 m/s and 10~ m/s. Exces-
sively high vertical permeability might lead to
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rapid vertical dispersion of water, complicating
recovery efforts, while low permeability may
hinder the injection process, reduce recharge
volumes, and can lead to clogging and higher
maintenance costs (Masciopinto, 2013). These
issues have been reported in several ASR studies
examining across different regions (Smith et al.
2018).

The success of rainwater harvesting projects is
closely related to the vertical permeability of the
unsaturated zone, which should support rapid infil-
tration to prevent surface runoff during intense
rainfall (Markovi¢ and Vranayova, 2015). An ideal
vertical permeability range is typically between
10° and 10 m/s (Sanford, 2017; Masciopinto,
2013). Insufficient vertical permeability can hinder
the efficient infiltration of collected rainwater,
leading to waste and reduce recharge capabilities.
A case in point is Taking Murwani Dam, built in
2011 within the Wadi Khulays basin in western
Saudi Arabia, aimed at capturing and storing
stormwater (Lemaire, 2009). However, the dam's
ability to recharge the Wadi channel into the
underlying alluvial aquifer is limited. This limita-
tion stems from several factors, including the swift
onset of flood events, water losses due to evapora-
tion and transpiration from the vadose zone, and
the aquifer's heterogeneity, notably its low vertical
hydraulic conductivity (Missimer et al. 2014).
These challenges underscore the complex dynam-
ics involved in managing stormwater recharge in
arid regions.

Floodwater spreading benefits from high verti-
cal permeability in both the unsaturated and satu-
rated zones to manage large-scale recharge effec-
tively during flood events (Smith and Jones, 2018).
The desired vertical permeability ranges could vary
depending on the project's goals but generally fall
within 10° m/s to 10° m/s for unsaturated zones
(Brown et al. 2010) and 10 m/s to 10~ m/s for
saturated zones (Garcia et al. 2020). Unsuitable
permeability can result in inadequate recharge,
flooding, or unintended rapid water movement
away from the recharge area (Johnson et al. 2022).

Efficient transfer of water into the aquifer
through bank filtration also requires adequate verti-
cal permeability along riverbanks and adjacent
saturated zones. Although primarily influenced by
horizontal movement, suitable vertical permeabil-
ity, possibly in the range of 10 m/s to 10 m/s
(Jones and Smith 2018), ensures that water can
infiltrate through riverbank materials into the
aquifer. Too low vertical permeability could
restrict water movement, reducing the effective-
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ness of bank filtration and potentially leading to
riverbank saturation or erosion (Garcia et al. 2020).
This issue has been reported in several bank filtra-
tion projects across various regions (Patel and
Nguyen, 2021; Brown et al. 2020).

3.3 Water availability for recharge

Accurate assessment of water availability is criti-
cal for the success of MAR projects, as these initia-
tives rely on precise estimates of both the quantity
and the quality of water that can be sustainably
recharged (White and Howe, 2004). Overestimat-
ing water availability can lead to the development
of MAR systems that are too large or ambitious,
resulting in inefficient use of resources, potential
depletion of water sources, and ecological damage
due to excessive water extraction (Parish et al.
2012). In contrast, underestimating water availabil-
ity can result in underutilization of MAR facilities,
missed opportunities to improve water security,
and insufficient mitigation of water scarcity
(Amarasinghe and Smakhtin, 2014). Miscalcula-
tions often arise from several factors, including
inadequate assessment of hydrological cycles
(White and Howe, 2004), changes in land use or
climate patterns that affect water recharge and
runoff (Nasonova et al. 2011), unforeseen incr-
eases in water demand (Sordo-Ward et al. 2016),
and the variability in water yield due to seasonal
fluctuations or extreme weather events (Gober et
al. 2010). Accurate prediction of water availability
is further complicated by the dynamics of surface-
water-groundwater interactions (Haque et al. 2021;
Rassam et al. 2013).

An illustrative example of the implications of
recharge volume miscalculation occurred in a
MAR project in the semi-arid region of Jordan,
where an aquifer recharge scheme based on flood-
water capture was established. Initial assessments
overestimated the average annual floodwater
volume due to insufficient analysis of long-term
hydrological data and the failure to account for
increased upstream water use. As a result, the
MAR system was designed to handle water
volumes that rarely occurred, leading to substan-
tial underutilization of the recharge infrastructure.
Additionally, the oversized infrastructure strained
financial resources that could have been better
allocated elsewhere. During years with minimal
flooding, the overreliance on expected recharge
volumes exacerbated local water scarcity, as alter-
native water sources were not adequately devel-
oped in anticipation of the MAR system's contribu-
tion.
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3.4 Recharge water quality

Recharge water quality is a key factor in MAR
projects. Regulations typically mandate that water
introduced into aquifers through MAR must meet
or exceed the quality of the receiving groundwater
to avoid contamination and ensure the sustainabil-
ity of the water source (Waterhouse et al. 2017). In
many cases, water considered to be clean is
directed to injection wellfields or infiltration struc-
tures without the need for pre-treatment (Regnery
et al. 2017). However, when the recharge water is
contaminated, treatment becomes necessary,
contingent upon the quality standards set by rele-
vant regulatory authorities (Alam et al. 2021).
Water treatment can represents a significant finan-
cial burden, as it is often one of the costliest
components of MAR projects (Ross and Hasnain,
2018). Although hydrogeological assessments can
sometimes argue against the need for treatment,
citing the natural dilution capabilities of the
subsurface (Maliva, 2014), the reality of meeting
quality requirements can significantly affect the
feasibility and implementation of MAR initiatives.

3.5 Aquifer thickness, geometry, and
boundary conditions

The thickness, geometry and boundary conditions
of the aquifer play crucial roles in determining the
performance of MAR projects, particularly in
terms of water storage capacity and the potential
for water loss from the system (Nicolas et al. 2019;
Milanovi¢ et al. 2015). The thickness of an aquifer
directly influences its storage capacity, with
thicker aquifers typically offering greater volumes
for water storage, thus facilitating larger recharge
and extraction operations. Moreover, increased
aquifer thickness not only enhances resource avail-
ability but also enables the installation of longer
well screens (Abd-Elmaboud et al. 2024; Vouil-
lamoz et al. 2015). The geometry of an aquifer,
including its shape and spatial orientation, can
affect how water is distributed within the system
and its recharge or extraction efficiently (Yoshi-
taka and Makoto, 2021; Nury et al. 2009; Shah-
bazi et al. 1968). Complex or irregular geometries
can lead to uneven recharge rates, posing chal-
lenges for water management (Behroozmand et al.
2017). Furthermore, aquifer boundary conditions,
such as confining layers or hydrological connec-
tions to rivers or seas, significantly influence the
potential for water to remain within the system or
escape (Qian et al. 2020; Cau et al. 2002). Aquifers
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with permeable boundaries may experience water
loss through lateral flow, reducing the effective-
ness of recharge efforts and potentially leading to
contamination of adjacent water bodies (Jasechko
et al. 2021; Nicolas et al. 2019). In contrast,
aquifers with impermeable boundaries or well-
designed artificial barriers are better equipped to
retain recharged water, thereby improving MAR
efficiency (De Giglio et al. 2018). Understanding
these characteristics is essential for designing
MAR projects that optimize water storage and
minimize water loss, ensuring sustainable manage-
ment of groundwater resources.

4 Future of managed aquifer rech-
arge

Building on the key criteria for the success of
MAR and the factors influencing the performance
of MAR, this section explores actionable strate-
gies within scientific research aimed at enhancing
the success of future MAR projects. These strate-
gies encompass advanced methodologies, innova-
tive technologies, and integrated management
practices that can effectively address the chal-
lenges posed by aquifer characteristics, climate
variability, and water resource constraints. The
overarching goal is to develop practical, sustain-
able solutions that optimize MAR efficiency while
ensuring the resilience of groundwater systems
amid increasing water scarcity and climate change.

4.1 Climate change adaptation

As climate change intensifies, adaptation strate-
gies are becoming essential to the long-term
success of MAR initiatives (Magnan et al. 2020).
Arid and semi-arid regions are particularly vulner-
able to rising temperatures, shifting precipitation
patterns, and the increasing frequency and severity
of droughts (Hu et al. 2023; Soares et al. 2021;
Moreira et al. 2020). One of the most pressing
concerns is the transition from snow to rain-domi-
nated precipitation regimes, which leads to reduced
snowpack and diminished water availability during
peak demand periods in the dry season (Soomro et
al. 2024; Asif et al. 2023; Alam et al. 2019). Fail-
ure to account for these climatic shifts can compro-
mise aquifer management, reduce MAR effective-
ness, and exacerbate water scarcity, particularly in
already water-stressed regions (Kohlitz et al. 2024;
Mukuhlani, 2023). Incorporating climate adapta-
tion into MAR initiatives involves several strate-
gic actions, including:
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1) Employing regional climate change projec-
tion models to improve forecasts of precipitation
and temperature fluctuations relevant to the MAR
location (Christensen et al. 2020; Araya-Osses et
al. 2020).

2) Utilizing advanced hydrological models to
simulate the impact of varying climate scenarios
on groundwater recharge processes is essential
(Ngo et al. 2024). This helps in understanding how
changes in precipitation and temperature may
affect groundwater levels and recharge rates
(Nourani et al. 2023; Epting et al. 2021).

3) Conducting sensitivity and risk assessments
to gauge MAR systems' vulnerability to hydrologi-
cal variability is vital. These assessments inform
the development of contingency plans and adap-
tive measures, enhancing the resilience of MAR
projects to unforeseen climatic shifts (Ajjur and Al-
Ghamdi, 2022; Maliva, 2021).

4) Designing resilient MAR systems to with-
stand extreme weather events, including prolonged
droughts and intense flooding (Pietersen, 2021).
This includes identifying alternative sources for
recharge during drought periods (Scanlon et al.
2023). Effective stormwater management requires
facilities for rapid stormwater capture, conveyance,
and pre-treatment to meet water quality standards
before recharge (Noori and Singh, 2023;
Hernandez-Hernandez et al. 2020).

5) For coastal MAR projects, planning for sea
level rise is imperative to prevent saltwater intru-
sion into freshwater aquifers. Potential adaptation
strategies include constructing physical barriers,
optimizing recharge site placement, and develop-
ing aquifer replenishment techniques that counter-
act seawater encroachment (Stein et al. 2022;
Logan, 2020).

4.2 Adaptive management

Adaptive management of MAR is paramount for
long-term success of MAR projects, given the
uncertainties posed by climate change and evolv-
ing socio-economic conditions, such as changes in
land use (Subramanian et al. 2023; Wolka et al.
2023). This approach follows a systematic, itera-
tive process that continuously refines MAR opera-
tions by learning from real-world outcomes, moni-
toring groundwater systems and assessing their
interactions with ecosystems (Sacco et al. 2024;
Huggins et al. 2023). Effective adaptive manage-
ment involves several key components:

1) Flexible Infrastructure Design: Constructing
MAR infrastructure with built-in adaptability to
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accommodate fluctuating water availability and
environmental conditions. This encompasses the
use of adjustable structures such as weirs, gates,
and modular recharge basins that can be dynami-
cally altered to optimize recharge efficiency under
varying hydrological scenarios (Alelaimat et al.
2023; Sikka et al. 2021).

2) Integrated Monitoring and Assessment:
Establishing a comprehensive monitoring frame-
work to track groundwater levels, water quality,
and ecosystem responses in real time. Leveraging
advanced technologies for data collection and anal-
ysis enhances decision-making, ensuring that
MAR systems remain responsive to changing envi-
ronmental conditions (Shaikh and Birajdar, 2024b;
Ataei et al. 2024).

3) Iterative Decision-Making Process: Imple-
menting a cyclical management approach that
includes planning, execution, continuous monitor-
ing, and evaluation. Refining MAR strategies
based on empirical data ensures that management
practices remain agile, evidence-based, and aligned
with evolving environmental and and operational
requirements (Rao et al. 2024).

4.3 Emerging technologies in MAR

Recent advancements in in MAR technologies
have significantly enhanced water security,
improved recharge efficiency, and increased adapt-
ability to changing environmental conditions
(Sabale et al. 2023). These advancements address
key challenges such as climate variability, urban-
ization, and sustainability by optimizing recharge
methods and integrating cutting-edge technologies
(Mohammad-Hosseinpour and Molina, 2022).
Some notable advancements include:

1) Enhanced Infiltration Techniques: The devel-
opment of soil amendment practices and infiltra-
tion systems has improved the permeability of
recharge areas (Snoussi et al. 2024; Moham-
madzadeh-Habili and Khalili, 2020). This includes
biochar amendment (Chen et al. 2023), the use of
surfactants (Tiwari and Tripathy, 2023), and engi-
neered soils designed to accelerate infiltration and
minimize clogging (Poozan et al. 2024).

2) Nature-Based Solutions (NBS) for MAR:
Incorporating NBS into MAR projects enhances
recharge while providing ecological benefits.
Examples include the restoration of wetlands and
floodplains, which naturally increase groundwater
recharge while supporting biodiversity (Szabo et
al. 2023).

3) Smart MAR Systems: Leveraging Internet of
Things (IoT) devices, real-time data analytics, and
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machine learning algorithms is transforming MAR
operations (Senthilkumar et al. 2024). Automated
recharge systems optimize water injection and
extraction based on real-time monitoring of
groundwater level and quality data, improving effi-
ciency and resource management (Jones and
Smith, 2018).

4) Urban MAR: Adapting MAR techniques for
urban environments helps manage stormwater and
reduce urban flooding. Innovative approaches
include permeable pavements, urban recharge
basins, and green infrastructure that facilitate rain-
water infiltration and groundwater recharge (John-
son et al. 2022).

5) Agricultural managed aquifer recharge (Ag-
MAR): Ag-MAR is gaining recognition as a
sustainable groundwater management strategy,
leveraging surplus irrigation water or seasonal
runoff for recharge. While promising, further
research is needed to address knowledge gaps and
assess tradeoffs (Levintal et al. 2023).

6) Advanced ASR Technologies: Innovations in
ASR focus on improving well designs and pump-
ing strategies to optimize the storage and recovery
of water in aquifers (Ma et al. 2024; Ismail and
Gaganis, 2023). A notable advancement is the use
of horizontal wells, which enhance recharge effi-
ciency by distributing water across different aqui-
fer layers, reducing clogging risks and enabling
more effective water extraction (Al-Mudhafar et al.
2023; Stober et al. 2023). Compared to traditional
vertical wells, horizontal wells offer improved
control over water input and output, better match-
ing demand fluctuations and minimizing aquifer
disturbances (Zhang et al. 2024; Zekri et al. 2023).

4.4 Enhancing MAR
machine learning

initiatives with

Advancements in Machine Learning (ML) and
deep neural networks offer significant potential to
enhance MAR projects by improving accurate
predictions, optimization, and real-time decision-
making. These technologies can analyze vast
datasets from various sources, including satellite
imagery, climate models, soil and water quality
sensors, and historical recharge data, to identify
patterns and predict future conditions with high
accuracy. For example, ML algorithms can predict
changes in aquifer levels, water demand, and
potential contamination risks, facilitating proac-
tive management strategies (Shaikh and Birajdar,
2024a; Bai and Tahmasebi, 2023; Elzain et al.
2023). Deep neural networks, capable of modeling
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complex nonlinear relationships, optimize recharge
strategies by determining the most effective timing
and locations for water injections, based on precip-
itation patterns, water availability, and usage trends
(Chen et al. 2023; Masroor et al. 2023; Bhat-
tacharyya et al. 2023). Additionally, ML-driven
automation improves the efficiency of MAR
systems by dynamically controlling gates and
pumps in response to real-time data, ensuring opti-
mal recharge rates and minimizing the risk of
aquifer overexploitation or contamination. By inte-
grating these cutting-edge technologies, MAR
projects can achieve a higher level of adaptability
and resilience, making them more effective in
addressing the challenges of water scarcity and
climate change.

5 Conclusions

This review critically examined the key factors that
influence the performance of MAR projects,
particularly in arid regions, with the objective of
establishing success criteria and identifying key
performance indicators. By synthesizing a broad
spectrum of literature, we highlighted criticalfac-
tors such as aquifer transmissivity, vertical perme-
ability, water availability for recharge, recharge
water quality, and physical characteristics of the
aquifer. These factors are closely interlinked with
key success criteria, including groundwater
recharge rate, groundwater level, flow dynamics,
water quality, and issues like clogging, surface
water flow, and sedimentation control.

The interdependencies among these factors
significantly shape MAR outcomes, often amplify-
ing or mitigating each other's effects. For example,
aquifer transmissivity and vertical permeability
jointly determine water infiltration efficiency and
lateral distribution, while recharge water must be
compatible with aquifer properties to prevent
mineral precipitation and pore clogging. As illus-
trated in Fig. 2, the Sankey diagram visually repre-
sents these complex relationships, reinforcing the
need for integrated approaches in MAR design.
Optimizing individual factors in isolation may not
be sufficient, highlighting the importance of holis-
tic planning. Looking ahead, MAR initiatives must
incorporate advanced methodologies, cutting-edge
technologies, and comprehensive management
strategies to enhance efficiency and long-term
sustainability. As global water scarcity intensifies,
particularly in arid and semi-arid regions, the
insights provided a roadmap for more resilient and
adaptive MAR practices.

Based on the insights from this comprehensive
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review, specific recommendations for future MAR
development are herewith proposed, with inten-
tion of promoting more effective and sustainable
MAR practices.

First, a systems-based perspective should guide
MAR planning, considering interactions among
factors such as transmissivity, permeability, and
recharge water quality. Conceptual models and
Sankey diagrams can help map these interdepen-
dencies, ensuring holistic decision-making.

Second, real-time monitoring of recharge rates,
water quality, and clogging dynamics should be
prioritized to enable timely interventions. In addi-
tion, numerical models and machine learning algo-
rithms can optimize recharge strategies by predict-
ing long-term performance under varying condi-
tions.

Third, in arid and semi-arid regions, unconven-
tional recharge techniques such as treated waste-
water reuse and stormwater harvesting should be
explored. Aquifer storage and recovery (ASR) can
further enhance operational flexibility and maxi-
mize resource utilization.

Fourth, recharge water should undergo pretreat-
ment to minimize clogging and ensure compatibil-
ity with aquifer conditions. Regular monitoring of
both recharge water and groundwater quality is
essential to mitigate contamination risks and main-
tain long-term MAR sustainability.

Fifth, MAR systems must be designed to accom-
modate variability in water availability caused by
extreme weather events. Scenario-based modeling
can help assess climate impacts on recharge rates
and aquifer storage, allowing for proactive adjust-
ments in MAR operation.

Finally, training programs should equip practi-
tioners and policymakers with expertise in cutting-
edge MAR technologies. In addition, knowledge-
sharing platforms should facilitate the dissemina-
tion of best practices and lessons learned from
successful MAR project s worldwide.
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