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ABSTRACT
The purpose of this review is to evaluate the potential of traditional clay-based groundwater recharge systems for im-
proving groundwater sustainability in arid and semi-arid regions, with particular emphasis on the Adrar region of south-
ern Algeria, while considering their contribution to sustainable water management and the One Health framework. 
The review also aims to identify the hydrogeological conditions, operational requirements, advantages, and limitations 
that determine the long-term performance of clay-lined recharge basins. The study adopts a comprehensive literature 
review and comparative analytical approach by synthesizing recent findings on groundwater depletion, managed aquifer 
recharge (MAR), hydrogeology, irrigation practices, and traditional clay-based recharge systems. Published hydrogeo-
logical data for the Adrar region, including groundwater chemistry, local geological conditions, and engineering charac-
teristics of clay materials, are integrated with evidence from international studies to assess the applicability of this tra-
ditional technology under arid climatic conditions. The reviewed evidence indicates that clay-lined recharge basins can 
effectively increase groundwater recharge efficiency by extending water residence time, reducing evaporation losses, 
and promoting gradual infiltration where suitable hydrogeological conditions exist. The analysis further shows that the 
effectiveness of these systems depends on local soil properties, groundwater depth, sediment accumulation, mainte-
nance practices, and irrigation management. Comparative evaluation with other MAR techniques suggests that clay-
based recharge basins offer important advantages, including low construction cost, operational simplicity, and suitability 
for water-scarce regions, although their performance remains site-specific and requires continuous monitoring. The 
review is limited by the availability of published studies and the absence of long-term field validation under different 
hydrogeological settings. Future investigations should include quantitative monitoring, numerical modeling, and perfor-
mance assessment under varying climatic conditions. The practical value of this review lies in providing guidance for 
selecting, designing, and maintaining clay-based recharge systems as low-cost groundwater management solutions. The 
originality of the study is the integration of hydrogeological, engineering, environmental, and One Health perspectives 
into a unified assessment of traditional clay-based groundwater recharge technology applicable to arid environments.
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INTRODUCTION

Groundwater represents a central naturally 
stored reserve of freshwater, made available 
through the extraction of water that seeps to the 
Earth’s surface and accumulates in subsurface 
rock voids (Menon, 2007). This water is collected 
from subsurface geological formations of saturat-
ed rock and unconsolidated materials. The public 
water needs of many coastal cities and industrial 
areas depend on groundwater withdrawals. Re-
charge systems are the primary natural pathways 
for groundwater infiltration, including streams, 
lakes, stormwater infiltration, irrigation diver-
sions, canals, and groundwater movement from 
adjacent aquifers (Yu et al., 2025). Groundwa-
ter remains a reliable global resource, and more 
than a third of the world’s population depends 
on groundwater for their daily needs. Environ-
mentally, groundwater discharge maintains the 
baseline flow of inland springs, lakes, and river 
systems in most parts of the world (Li and Elum-
alai, 2025). The supply of freshwater available 
for human consumption continues to dwindle 
worldwide. In addition, rapid urbanization and 
climate-related thermal stress increasingly affect 
regional environmental conditions, reinforcing 
the need for integrated approaches to sustainable 
water resource management (Ejaz et al., 2026). 
Many are turning to water reuse, which can be a 
practical option, mainly when groundwater sys-
tems can be recharged with reused water (Torta-
jada et al., 2025). While water reuse is sometimes 
considered a temporary solution, it can also be an 
effective means of increasing tap water supplies 
and restoring hydrological integrity. Groundwa-
ter constitutes the most significant portion of the 
world’s freshwater supply, yet most people re-
main poorly aware of it and often misunderstand 
it. Protecting groundwater quality is a significant 
challenge because contamination is often invis-
ible and requires various tests to detect it. Clean-
up can also be challenging due to the difficulty 
in locating contamination and the high costs as-
sociated with it (Mester et al., 2025). Many im-
portant groundwater basins are suffering from 
severe depletion due to pumping rates that are 
much faster than natural recharge rates, which are 
occurring globally (Jakeman et al., 2016). A study 
by Amin et al. revealed that clay layers insulate 
aquifers, highlighting the role of clay in protect-
ing groundwater (Amin et al., 2025). Algeria, like 
many other countries, is experiencing a decline 

in its groundwater reserves. Arid and semi-arid 
regions worldwide are more vulnerable to cli-
mate change and human activities, exposing lo-
cal socioeconomic environments to major crises. 
Recent ecological studies have also emphasized 
that environmental heterogeneity and landscape 
characteristics influence ecosystem resilience 
and should be considered when developing sus-
tainable natural resource management strategies 
(Vambol and Borowski, 2026). Recent environ-
mental studies have further demonstrated that im-
provements in environmental quality are closely 
associated with enhanced ecosystem functioning 
and public health, supporting the interdisciplin-
ary principles underlying the One Health concept 
(Ali et al., 2024). Since the 1970s, the Algerian 
government has implemented programs to pro-
vide water for agricultural development and pop-
ulation growth in southern Algeria. The northern 
regions of Algeria suffer from groundwater pol-
lution. A study by Ardjane et al. examined drink-
ing water pollution in several areas (Boumerdes, 
Tiaret) containing high levels of magnesium, ni-
trate, sodium, and calcium in the groundwater, 
exceeding World Health Organization standards. 
The researchers concluded that 81.25% of the 
water was of poor quality (Ardjane et al., 2025). 
Meanwhile, the southern regions are more abun-
dant and less polluted, making them more sus-
ceptible to exploitation. A study by Kendouci et 
al. examined the overexploitation of groundwater 
in the city of Bechar in southern Algeria. Inten-
sive pumping caused the groundwater level to 
drop from 3 to 12 meters, leading to the drying up 
of the Moghel spring. The study confirmed that 
overexploitation of groundwater in this region is 
leading to serious environmental consequences, 
including the drying up of the spring (Kendouci et 
al., 2023). Despite the growing body of research 
on groundwater depletion, artificial recharge, and 
sustainable water management in arid regions, 
the available literature remains fragmented. Most 
published studies have focused on hydrogeologi-
cal processes, groundwater quality, or engineer-
ing aspects of managed aquifer recharge indepen-
dently. Comparatively little attention has been 
paid to traditional clay-based recharge structures 
as nature-based solutions that integrate groundwa-
ter conservation with broader environmental sus-
tainability and ecosystem resilience (Zhang and 
Kanyerere, 2020; Standen et al., 2020; Kebede et 
al., 2024). In particular, there is a lack of com-
prehensive reviews evaluating the potential of 
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traditional clay aquifer technologies under the 
environmental and socio-economic conditions of 
the Algerian Sahara, while also considering their 
broader implications for sustainable water man-
agement and the One Health perspective linking 
human, animal, and ecosystem health.

Therefore, the purpose of this review is to crit-
ically analyze the current state of knowledge re-
garding the use of traditional clay-based ground-
water recharge systems for groundwater conser-
vation in arid regions, with particular emphasis 
on southern Algeria. The review identifies exist-
ing knowledge gaps, synthesizes available hydro-
geological and environmental evidence, evaluates 
the potential advantages and limitations of clay-
based recharge systems, and examines their con-
tribution to sustainable groundwater management 
and the One Health framework. It is hypothesized 
that integrating traditional clay recharge practices 
with contemporary groundwater management 
strategies may provide a cost-effective and envi-
ronmentally sustainable approach to improving 
groundwater resilience under increasing climatic 
and anthropogenic pressures. This hypothesis is 
examined through a critical synthesis of the avail-
able scientific literature, with particular emphasis 
on hydrogeological evidence, engineering perfor-
mance, environmental sustainability, and ground-
water management practices reported for arid 
regions. Ultimately, this review seeks to bridge 
traditional knowledge with contemporary scien-
tific understanding and to identify future research 
directions for the wider implementation of clay-
based groundwater recharge systems under arid 
environmental conditions.

WATER RESOURCES

Groundwater has become the cornerstone of 
global water security because it provides the larg-
est accessible reserve of freshwater for drinking 
water supply, irrigation, industrial production, 
and ecosystem maintenance, particularly in re-
gions where surface water resources are limited 
or highly variable (Menon, 2007). Approximately 
22 million km³ of groundwater accounts for near-
ly 99% of the planet’s readily available freshwa-
ter resources, whereas surface waters constitute 
only a minor fraction (UNESCO, 2022; Glee-
son et al., 2016; Taylor et al., 2013). Owing to 
its substantial storage capacity, relatively stable 
physicochemical characteristics, and resilience 

to short-term climatic variability, groundwater 
is increasingly recognized as a strategic resource 
for ensuring long-term water security under con-
ditions of population growth, agricultural expan-
sion, and climate change (Fryar and Mukherjee, 
2020; Ortega Guerrero, 2024).Beyond serving as 
a water supply, groundwater performs multiple 
ecological and hydrogeochemical functions that 
are fundamental to environmental sustainability. 
It maintains river baseflow during dry periods, 
supports wetlands and groundwater-dependent 
ecosystems, and regulates hydrogeochemical 
processes that influence water quality (UNES-
CO, 2022). However, increasing groundwater 
abstraction, climate change, urbanization, and 
agricultural intensification have progressively 
disrupted the natural balance between recharge 
and discharge in aquifer systems worldwide (Tay-
lor et al., 2013; Gleeson et al., 2020; UNESCO, 
2022). In addition, hydrogeochemical alterations 
associated with anthropogenic activities repre-
sent an additional threat to groundwater sustain-
ability, emphasizing that sustainable groundwa-
ter management must simultaneously address 
both quantitative depletion and water-quality 
deterioration (Chinemerem et al., 2026). Conse-
quently, contemporary groundwater management 
has shifted from maximizing water extraction to-
ward integrated strategies that combine aquifer 
protection, groundwater recharge, and long-term 
ecosystem sustainability. Although groundwater 
generally benefits from natural filtration pro-
cesses and longer residence times than surface 
water, these characteristics do not eliminate its 
vulnerability to anthropogenic and geogenic con-
tamination (Jain, 2023; Mukherjee et al., 2024). 
Once contaminants enter aquifer systems, their 
persistence, slow transport, and limited ground-
water circulation often make remediation tech-
nically complex and economically expensive 
(Lapworth et al., 2022). Therefore, protecting 
groundwater quality requires not only sustain-
able recharge strategies but also continuous en-
vironmental monitoring using modern analytical 
technologies (Oladosu et al., 2026). From the 
One Health perspective, maintaining ground-
water quality is essential because groundwater 
contamination directly threatens human health 
through drinking-water exposure, affects live-
stock water supplies, and alters the functioning 
of groundwater-dependent ecosystems (Xie et 
al., 2023; WHO, 2022). This relationship is par-
ticularly important in arid and semi-arid regions, 
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where deterioration of groundwater quality is as-
sociated with an increased burden of waterborne 
diseases, including diarrhoeal diseases, cholera, 
typhoid fever, and viral hepatitis, further empha-
sizing the importance of sustainable groundwater 
management within the One Health framework 
(El Morabet et al., 2023). The Adrar region il-
lustrates these challenges. The chemical compo-
sition of local groundwater (Table 1) indicates 
relatively elevated salinity and nitrate concentra-
tions, which may reflect natural hydrogeological 
conditions together with increasing anthropogen-
ic pressures. These hydrochemical parameters 
indicate progressive groundwater mineralization 
and reflect the combined influence of prolonged 
residence time, water–rock interactions, hydro-
geological conditions, and anthropogenic inputs. 
Such processes may gradually reduce groundwa-
ter quality, particularly in arid regions where nat-
ural recharge rates are limited and groundwater 
renewal is slow (Appelo and Postma, 2005; Gül-
er et al., 2002). Therefore, sustainable groundwa-
ter management should focus not only on main-
taining water availability but also on preserving 
chemical quality. Elevated salinity and nitrate 
concentrations are of particular concern because 
they may affect drinking-water suitability and 
pose potential health risks for populations and 
livestock dependent on groundwater resources 
(WHO, 2022; Xie et al., 2023).

Instead of evaluating each parameter indi-
vidually, the overall hydrochemical characteris-
tics indicate that groundwater in Adrar remains 
generally suitable for use but exhibits signs of 
increasing salinity and nitrate enrichment. Ele-
vated electrical conductivity (2080 µS/cm), total 

dissolved solids (1310 mg/L), and nitrate con-
centration (64 mg/L) exceed commonly recom-
mended guideline values, suggesting that long-
term groundwater exploitation without adequate 
recharge may gradually reduce water quality. 
These observations are consistent with broader 
trends reported for many arid regions, where de-
clining groundwater levels are frequently accom-
panied by increasing mineralization and deterio-
ration of hydrochemical conditions. 

Groundwater recharge sources

Groundwater recharge is a fundamental pro-
cess controlling aquifer sustainability. Under 
natural conditions, recharge occurs through direct 
infiltration of precipitation, seepage from rivers, 
lakes, and ephemeral streams, and subsurface in-
flow from adjacent aquifers. Additional contribu-
tions may originate from irrigation return flows, 
infiltration from urban drainage systems, leakage 
from water supply networks, and managed aqui-
fer recharge projects.

In arid environments, natural recharge is typi-
cally limited by low precipitation, high evapo-
transpiration rates, and the episodic nature of 
rainfall events. Consequently, groundwater ab-
straction often exceeds natural replenishment, 
resulting in progressive depletion of groundwater 
reserves. Numerous studies have therefore high-
lighted the growing importance of managed aqui-
fer recharge using infiltration basins, recharge 
ponds, check dams, rainwater harvesting sys-
tems, and other nature-based solutions to restore 
groundwater balance.

In southern Algeria, including the Adrar re-
gion, groundwater recharge depends primarily 
on infrequent rainfall events and localized infil-
tration processes. Because natural recharge rates 
remain substantially lower than groundwater 
withdrawals, improving infiltration efficiency has 
become a key challenge for sustainable ground-
water management. Traditional clay-based re-
charge structures represent one of several nature-
based approaches that may enhance groundwater 
replenishment while minimizing evaporation 
losses under hyper-arid climatic conditions. Be-
sides increasing groundwater availability, such 
nature-based recharge systems may contribute to 
safer water supplies by reducing the vulnerability 
of groundwater resources to quality deterioration, 
thereby supporting the interconnected health of 
humans, animals, and ecosystems.

Table 1. Chemical composition of groundwater in 
Adrar (Sekkoum et al., 2012)

Parameter Value Unit

pH 7.28 -

Electrical conductivity 2080 µS/cm

Total dissolved solids (TDS) 1310 mg/L

Calcium ion (Ca²⁺) 111 mg/L

Magnesium ion (Mg²⁺) 101 mg/L

Sodium ion (Na⁺) 160 mg/L

Potassium ion (K⁺) 6 mg/L

Chloride ion (Cl⁻) 245 mg/L

Sulfate ion (SO₄²⁻) 380 mg/L

Bicarbonate ion (HCO₃⁻) 311 mg/L

Nitrate ion (NO₃⁻ 64 mg/L
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GROUNDWATER DEPLETION

Drivers and global trends 			 
of groundwater depletion

Groundwater depletion has become one of 
the most critical challenges for global water se-
curity, particularly in arid and semi-arid regions 
where groundwater often represents the princi-
pal or only reliable freshwater resource. Rapid 
population growth, agricultural expansion, in-
dustrial development, and climate change have 
substantially increased groundwater abstrac-
tion, while natural recharge rates have remained 
limited or even declined in many regions. As 
a result, groundwater extraction exceeds natu-
ral replenishment in numerous aquifer systems 
worldwide, leading to progressive depletion of 
groundwater reserves.

Approximately one-third of the world’s irri-
gated agricultural land depends on groundwater, 
and observations from many countries indicate a 
continuous decline in groundwater levels in in-
tensively exploited aquifers. Although groundwa-
ter has traditionally been regarded as a resilient 
resource because of its large storage capacity, 
growing evidence demonstrates that excessive 
abstraction can exceed the adaptive capacity of 
aquifer systems and compromise their long-term 
sustainability (Gage, 2019).

Groundwater depletion is no longer consid-
ered solely a hydrogeological issue. It is increas-
ingly recognized as an environmental, socio-
economic, and public health challenge because 
groundwater quantity and quality directly influ-
ence drinking water security, agricultural pro-
ductivity, ecosystem functioning, and climate 
resilience. Consequently, sustainable groundwa-
ter management requires integrated approaches 
that simultaneously address water availability, 
water quality, ecosystem conservation, and hu-
man well-being.

Despite considerable advances in hydrogeo-
logical research, important knowledge gaps re-
main regarding long-term groundwater resilience, 
the effectiveness of nature-based recharge strat-
egies, and the integration of traditional ground-
water conservation practices into modern water 
resource management. These limitations high-
light the need for comprehensive evaluations of 
sustainable recharge technologies capable of im-
proving both groundwater quantity and quality 
under changing climatic conditions.

Consequences of groundwater depletion

Groundwater depletion produces a cascade of 
interconnected environmental, economic, and so-
cial consequences that extend far beyond declin-
ing groundwater levels. Excessive groundwater 
abstraction reduces future water availability, in-
creases pumping depths and energy consumption, 
accelerates land subsidence, promotes saliniza-
tion, and decreases river baseflow, thereby affect-
ing both groundwater-dependent ecosystems and 
surface water resources. Because groundwater 
systems respond slowly to natural and anthropo-
genic disturbances, recovery of depleted aquifers 
often requires decades or even centuries (Perez-
Quesada et al., 2024).

From the perspective of One Health, ground-
water depletion simultaneously affects human 
health, animal health, and ecosystem integrity. 
Declining groundwater availability and deterio-
rating water quality reduce access to safe drinking 
water, increase dependence on lower-quality wa-
ter sources, and may elevate exposure to chemi-
cal and microbiological contaminants. Livestock 
production is similarly affected through reduced 
availability of reliable water resources, while 
groundwater-dependent habitats, wetlands, and 
oasis ecosystems experience progressive ecolog-
ical degradation.

The socio-economic consequences are equal-
ly significant. Declining groundwater levels in-
crease the costs of pumping, irrigation, and water 
supply infrastructure, disproportionately affect-
ing rural communities and small-scale farmers. 
Reduced groundwater availability may decrease 
agricultural productivity, threaten food security, 
intensify competition among water users, and in-
crease regional vulnerability to drought and cli-
mate change. In many arid regions, these pressures 
contribute to social instability and further acceler-
ate unsustainable groundwater exploitation.

These multidimensional consequences dem-
onstrate that groundwater depletion should be ad-
dressed not only through increasing water supply 
but also through protecting groundwater quality, 
enhancing natural recharge, and implementing 
sustainable, nature-based groundwater manage-
ment strategies capable of supporting long-term 
environmental sustainability and public health.

In the context of this review, the One Health 
framework is applied not merely as a concep-
tual background but as an analytical perspective 
linking groundwater recharge technologies with 
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three interconnected dimensions: environmental 
sustainability (aquifer restoration and ecosystem 
resilience), animal health (water availability for 
livestock and wildlife), and human health (safe 
water supply, food security, and reduced expo-
sure to water scarcity). The following sections 
critically evaluate the reviewed evidence within 
these three dimensions.

INCREASING DEMAND FOR 
GROUNDWATER

Groundwater demand has increased dramat-
ically over the past several decades and contin-
ues to rise in response to population growth, 
agricultural intensification, urban expansion, 
industrial development, and climate change. 
Unlike many surface water resources, ground-
water provides a relatively stable and accessible 
supply during prolonged droughts, making it an 
increasingly strategic resource for water securi-
ty in both developed and developing countries. 
Consequently, dependence on groundwater has 
expanded well beyond traditional domestic use 
and now underpins food production, industrial 
activities, and regional economic development 
(Vinh et al., 2024).

This growing reliance on groundwater has 
fundamentally changed the balance between wa-
ter abstraction and natural recharge. In many re-
gions, groundwater extraction has become largely 
demand-driven rather than resource-driven, re-
sulting in persistent overexploitation of aquifers. 
Although groundwater is a renewable resource, 
its capacity for replenishment is constrained by 
local hydrogeological conditions, recharge rates, 
and climatic variability. Therefore, the sustain-
ability of groundwater use depends not only on 
the volume of available groundwater but also on 
maintaining a long-term equilibrium between 
withdrawal and recharge.

Increasing demand has also intensified con-
cerns regarding groundwater quality. Expanding 
agricultural production, urbanization, industrial 
activities, and mining contribute to the accumu-
lation of nutrients, salts, heavy metals, and other 
contaminants within aquifer systems. Because 
groundwater circulation is generally slow, pol-
lutants may persist for decades, making ground-
water restoration technically difficult and eco-
nomically costly. Consequently, groundwater 

quantity and quality should be considered insep-
arable components of sustainable water resource 
management rather than independent manage-
ment objectives.

Algeria reflects many of these global chal-
lenges. More than half of the country’s popula-
tion depends on groundwater for domestic wa-
ter supply, while agriculture remains the largest 
consumer through extensive irrigation systems 
(Houari et al., 2024). In southern Algeria, where 
surface water resources are extremely limited, 
groundwater constitutes the principal foundation 
for food production, regional development, and 
socio-economic stability. However, the increas-
ing dependence on groundwater has intensified 
pressure on aquifer systems, raising concerns re-
garding long-term water availability and progres-
sive deterioration of groundwater quality.

From the One Health perspective, increas-
ing groundwater demand extends beyond water 
resource management. Reliable access to high-
quality groundwater is essential for protecting 
human health through safe drinking water, sus-
taining livestock production, maintaining agri-
cultural productivity, and preserving groundwa-
ter-dependent ecosystems. Water security there-
fore represents not only a resource management 
issue but also a public health priority, particu-
larly in regions where groundwater serves as the 
primary source of drinking water (El Morabet 
et al., 2023). These interconnected challenges 
emphasize that future groundwater management 
should integrate hydrogeological, environmen-
tal, ecological, and public health considerations 
to ensure sustainable and resilient water systems 
under changing climatic conditions.

GROUNDWATER REPLENISHMENT

Groundwater replenishment is an important 
component of sustainable water management. 
A variety of methods are available to increase 
groundwater supplies. However, improving 
groundwater availability alone is insufficient un-
less groundwater quality is also preserved, since 
effective water purification and treatment remain 
essential for protecting human health and ensur-
ing the long-term sustainability of water resourc-
es (Zahorodniuk et al., 2019)

Artificial recharge using surface diffusion 
methods has been widely adopted in many coun-
tries. Artificial recharge techniques have been 
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found to modify the natural flow of water through 
various urban structures, including infiltration 
tanks, check dams, nala barriers, and gulley plugs, 
among others (Xu et al., 2022).

Efforts to increase renewable groundwater 
resources through rainwater harvesting and artifi-
cial recharge have gained renewed priority. These 
efforts complement a groundwater management 
strategy that includes regulating overdevelop-
ment. Regulating groundwater development in 
critical areas is an important strategy for sustain-
able groundwater management. Overdevelop-
ment of groundwater resources is increasingly 
recognized as a significant problem. The rapid 
spread of enhanced pumping technologies, re-
source characteristics, demographic shifts, and 
government policies drives the trend toward over-
development of groundwater resources.

The key challenge is to prioritize the proper 
allocation of water resources without impacting 
groundwater levels and agricultural productiv-
ity. Any sustainable strategy should be based 
on an assessment of the actual amount of water 
allocated for domestic and agricultural use, as 
well as maintaining a balance in the ecosystem. 
It should focus on cost-effective analysis of wa-
ter use, improving water productivity, irrigation 
efficiency, and post-harvest treatment. Practi-
cal approaches include encouraging ground-
water users not affected by climate change to 
switch from exploiting high-quality aquifers to 
lower-quality groundwater sources, restricting 
withdrawal rights for industries that lack water-
efficient technologies, and supporting improve-
ments in irrigation efficiency.

Natural recharge processes

The main natural processes that enrich atmo-
spheric and surface-derived water sources are infil-
tration and recharge through soil-rock-water inter-
actions. During these processes, flowing water un-
dergoes kinetic, hydrolytic, and oxidation-reduc-
tion reactions. Water must be in contact with rocks; 
therefore, infiltration is a necessary condition for 
this process. However, direct recharge of aquifers 
will only occur after the downward movement of 
water passes through a vadose zone, where intense 
water-rock interactions occur. Greater exposure to 
water leads to more extensive chemical reactions, 
as rapidly soluble components, such as carbonate 
minerals, calcium, and magnesium, dissolve into 
solution. The formation of these components be-
gins in the soil zone and continues through sub-
sequent stages of infiltration and recharge. These 
water-rock interactions produce groundwater with 
diverse properties under different climatic and hy-
drogeological conditions (Döll and Fiedler, 2007). 
Climate variability and changing precipitation re-
gimes continue to increase uncertainty in ground-
water recharge, particularly in arid environments 
(Odiana and Yusuf, 2026).

Figure 1 illustrates the natural water cycle. This 
process is a natural cycle that demonstrates the con-
tinuous change of water between its levels on the 
Earth’s surface and within the atmosphere. The cy-
cle begins with the conversion of solar energy from 
liquid water in seas, lakes, and soil into water vapor 
that rises into the atmosphere. This vapor condens-
es as the temperature drops, forming ice grains or 
crystals in clouds. As these grains or crystals grow 

Figure 1. Water cycle in nature (Apure, 2023)
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and heat up, the water falls to the ground as rain or 
snow. Some of the precipitation returns as surface 
runoff to replenish streams and lakes, while the rest 
infiltrates soil and rocks to recharge groundwater. 
The cycle involves interconnected physical and 
chemical processes that ensure the recharge of wa-
ter resources and the balance between surface and 
groundwater stores(Kuang et al., 2024).

The water cycle moderates climate change by 
regulating global temperatures and humidity, and 
supports ecosystems by providing fresh water for 
plant growth and sustaining nutrient cycles. It can 
be a primary source of water for drinking and water 
systems, and supports hydropower generation by 
managing water flow. The varying rainfall char-
acteristics and their global and spatial distribution 
support horticulture and human activities. Further-
more, rain is stored and seeps into the soil, replen-
ishing groundwater reserves and improving resis-
tance to drought and desertification. This cycle also 
contributes to reducing water pollution by reducing 
the concentration and spread of toxins within the 
ecosystem, thus improving water quality. Under-
standing and monitoring the water cycle is funda-
mental to economic planning in the face of climate 
change and population growth (Zhang et al., 2017).

Figure 2 represents the distribution of eleva-
tions and geographical regions in Algeria. It is 
noted that the southwestern regions are lower in 
elevation than the northern regions. The green 
color represents the lowlands, while the red col-
or represents the highlands. From an analysis of 

Figure 2, it is noted that the highest elevation is 
2,866 meters, and the lowest is -51 meters below 
sea level. The natural depressions may be suit-
able for water collection or the creation of arti-
ficial reservoirs. Adrar is a desert region located 
in southeastern Algeria. It is characterized by a 
traditional irrigation system based on the Foggara 
system, which consists of a series of wells con-
nected by underground canals. This system trans-
ports groundwater between oases along a natural 
slope without mechanical intervention.

This technique is similar to the irrigation sys-
tem used in the Persian qanats in Iran (UNESCO), 
(Mokhtarnia et al., 2022).

Combining Figures 1 and 2, we can conclude 
that the study area of Adrar, southern Algeria, is a 
low-lying region characterized by vast groundwa-
ter resources. However, over the years, this water 
has experienced a significant decline, resulting in a 
fluctuation in its level. This leads to increased eco-
nomic costs for the government and the population.

THE ECONOMIC COST OF 
GROUNDWATER DECLINE

Declining water tables and increased 
energy use for pumping water

Declining groundwater tables affect crop yields 
through two main factors: groundwater depth and 
land-use changes. When the groundwater table 

Figure 2. Distribution of elevations and geographical regions of Algeria ( Hamlat et al., 2025)



349

Ecological Engineering & Environmental Technology 2026, 27(9), 341–360

recedes, farmers are forced to pump water from 
greater depths, requiring more energy and incur-
ring higher costs. At certain depths, pumping be-
comes prohibitively expensive, prompting farmers 
to reduce irrigation and switch to less water-inten-
sive crops, thus reducing overall water demand. 
The cost of pumping is also affected by ground-
water quality: as high-quality surface water is re-
placed by saline groundwater, the decline in water 
quality also reduces water demand. Finally, higher 
groundwater prices, caused by declining ground-
water levels and deteriorating quality, can lead to 
reduced demand for irrigation water.

As the depth of the water increases, the height 
increases, and consequently, the power increases. 
According to Bernoulli’s law of fluid mechanics, 
shown in Equation 1:

	
𝑃𝑃1 + 1
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where:	p is the total pressure (in N/m²), ρ is the 
density of the fluid (kg/m³), v is the ve-
locity of the fluid at the point (m/s),

	 g is the acceleration due to gravity, which 
is 9.81 m/s², h is the reference height of 
the fluid (m).

Note that the higher the height, the more en-
ergy is required to move the fluid from point 1 to 
point 2.

When the water flow and pump efficiency are 
constant, the electrical power required is directly 
related to the height to be pumped, according to 
Equation 2:

	

𝑃𝑃1 + 1
2  𝜌𝜌𝑣𝑣1

2 + 𝜌𝜌𝜌𝜌ℎ1 = 𝑃𝑃2 + 1
2  𝜌𝜌𝑣𝑣2

2 + 

+ 𝜌𝜌𝜌𝜌ℎ2 + ∆𝑃𝑃12 + 𝑊𝑊
𝑞𝑞𝑣𝑣

 

 

𝑊𝑊 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜂𝜂  ℎ 

 

 

	 (2)

where:	ρ – the density of water (≈1000 kg/m³),
	 g – the acceleration due to gravity (≈9.81 

m/s²), Q – the volumetric flow (m³/s),
	 η – the efficiency pump (relative, between 

0 and 1), h – vertical height (m),
	 W – electrical power (W).

Figure 3 shows a practical example of in-
creasing electrical power as the groundwater lev-
el decreases.

When the water level is h3, the pump exerts 
more electrical power to draw water than when 
the water level is h2 h1.

Declining agricultural yields

Groundwater has become an essential input 
for agricultural production. Its availability at rea-
sonable prices and in sufficient quantities makes 
it a reliable source of irrigation. Those with ac-
cess to groundwater have access to a wide range 
of crop, agricultural, and production options, 
which increases their productivity and reduces 
risks. Thus, groundwater mitigates the adverse ef-
fects of drought. In agriculture, crops with higher 
net value per hectare require more irrigation than 
food crops. Therefore, any constraints on ground-
water availability may affect the area and produc-
tivity of these crops. Consequently, crop produc-
tion may be affected by reduced irrigation due to 
higher irrigation costs (Zhang et al., 2010).

Groundwater supports more than 40% of glob-
al crop production, making its depletion a serious 
threat to agriculture and food security. Declining 
groundwater levels result in reduced surface soil 
moisture and increased irrigation water pumping 
costs, ultimately reducing crop productivity. The 
primary concern is that while groundwater pro-
vides a buffer against rainfall variability and sup-
ports agriculture despite arid climate conditions, 
over-pumping and climate-related changes in 
groundwater recharge are causing global ground-
water reserves to shrink.

The damage caused by the over-extraction of 
groundwater primarily arises from groundwater 
decline. Under current conditions, rising tem-
peratures and declining rainfall are leading to a 
decline in groundwater recharge, which is exac-
erbated by increased groundwater irrigation due 
to increased water demand for crop irrigation. 

Figure 3. Declining groundwater level
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Groundwater decline directly affects crop produc-
tivity through increased pumping costs. In most 
irrigated areas around the world, drought-related 
water shortages are compensated for by increased 
groundwater pumping. This study aims to provide 
estimates of how these other increased demands 
affect well pumping depths and how increased 
pumping depths increase the value of water for 
crop production. The links between groundwater 
decline and crop productivity arise primarily from 
hydrological and economic mechanisms. The hy-
drological mechanism links groundwater decline 
to productivity through fluctuations in groundwa-
ter levels. The economic mechanism is associated 
with two different costs: the cost of irrigation and 
the capital cost borne by the farmer.

The hydrological mechanism arises from the 
fact that the groundwater table acts as a natural 
water source. Water that holds back the ground-
water table flows upward, reducing the amount 
of water lost by the irrigated crop through evap-
oration. Therefore, a shallow groundwater table 
mitigates drought stress, thereby increasing 
yield. It does this by directly supplying water to 
the crop’s roots. The groundwater table also in-
directly affects yield by influencing the amount 
of irrigation water used by farmers. When the 
groundwater table declines, the amount of wa-
ter lost by plants through evaporation increases, 
creating drought stress for the plants. This natu-
rally reduces yield. As the groundwater table de-
clines, yield may increase, decrease, or remain 
the same depending on the resulting change in 
irrigation water and the relative costs of water 
acquisition through groundwater and surface 
water irrigation.

The economic mechanism operates by chang-
ing the cost of water acquisition and irrigation. 
Irrigation and capital costs account for a signifi-
cant portion of the total crop production costs. Ir-
rigation costs are closely linked to groundwater 
levels, as lower groundwater levels are associated 
with higher pumping costs. Capital costs arise as 
a result of lower groundwater levels, which ne-
cessitate an increase in the capacity of existing 
pumps.

Figure 4 shows a drought-stricken orchard in 
the Adrar region of southern Algeria. This is due 
to the lower groundwater levels and low rainfall.

It is evident from the figure that farmers are 
unable to plant due to soil salinity.

Destruction of ecosystems

Groundwater is found beneath the Earth’s 
surface in the pores of soil and within cracks in 
rock formations. It forms an important reservoir 
for maintaining stream flows, especially in arid 
regions with little flow, and can also maintain wa-
ter levels in lakes and wetlands. Water enters the 
groundwater reservoir through recharge, which 
occurs when rainfall or surface water penetrates 
the soil and seeps into the groundwater table. Date 
palms are the most important trees found in the 
Adrar oases. Declining groundwater levels cause 
them to dry out and die, thus reducing vegetation 
cover in the area and increasing temperatures.

Groundwater plays a fundamental role in 
maintaining ecosystem functions. Water, in gen-
eral, is a fundamental component of ecosystem 
composition and dynamics. The constant move-
ment, circulation, and recycling of water support 

Figure 4. Agricultural lands suffering from drought
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the growth and health of ecosystems. Living or-
ganisms, in general, require water to survive, and 
their distribution and abundance are directly re-
lated to the availability of water. Water availabili-
ty also determines the properties of the associated 
soil, and soil composition depends on the chemi-
cal quality of groundwater. Soil solutions are the 
primary source of nutrients that plants need. Wa-
ter circulation and movement generally influence 
global nutrient cycles and regulate the thermal 
energy at the Earth’s surface. Consequently, a de-
cline in the water table has devastating effects on 
ecosystems, resulting in reduced water availabil-
ity (Saito et al., 2021)

Figure 5 is a comparison between Tourfine 
Fouggara 2008 and 2024.

USE OF CLAY AQUIFERS

Groundwater recharge processes

Groundwater recharge is the process by 
which water moves vertically through the soil 
surface to replenish the aquifer. The primary re-
charge mechanism is rainfall, when water seeps 
down through the unsaturated zone. Areas with 
high infiltration rates tend to exhibit relatively 
higher recharge rates; however, other factors, 
such as soil type, vegetation cover, and slope, 
also influence recharge by affecting infiltration 
and runoff rates. Soil physical properties influ-
ence not only groundwater recharge but also mi-
crobial activity and ecosystem functioning, which 
are important components of sustainable environ-
mental management (Patah and Othman, 2024). 
Local topography, geology, and hydrogeologi-
cal conditions also exert strong controls. Despite 

these advantages, the performance of clay-based 
recharge systems remains highly site-specific, 
being governed by local hydrogeological con-
ditions, recharge water quality, and operational 
management. Progressive deposition of fine sedi-
ments and suspended solids, together with bio-
film development and other clogging processes, 
can substantially reduce infiltration capacity and, 
consequently, long-term recharge efficiency (Lip-
pera et al., 2023; Sinshaw et al., 2026). In addi-
tion, prolonged operation without periodic main-
tenance can promote sediment accumulation and 
clogging, leading to a progressive decline in hy-
draulic conductivity, reduced infiltration perfor-
mance, and increasing maintenance requirements 
(Sufyan et al., 2024; Meles et al., 2024; Seidl et 
al., 2024). The long-term performance of recharge 
basins therefore depends not only on their initial 
design but also on regular monitoring, sediment 
removal, and adaptive management practices. 
Furthermore, variations in rainfall patterns, aqui-
fer properties, and groundwater levels introduce 
uncertainty into recharge performance, indicat-
ing that successful implementation requires site-
specific assessment rather than direct transfer of 
recharge designs between different hydrogeologi-
cal settings. An impermeable clay-rich layer or a 
thick, unsaturated zone below the water table acts 
as a barrier to vertical flow, limiting groundwater 
recharge. Rainfall over the soil’s infiltration ca-
pacity causes surface runoff, which either flows 
downslope or seeps into the water table, expos-
ing the aquifer and groundwater system to lateral 
recharge from streams and water bodies (Condon 
and Maxwell, 2019). The Adrar region is charac-
terized by low rainfall. In arid and semi-arid re-
gions, water basins are vital centers for artificial 
groundwater recharge (Mohamed Haroon, 2004).

Figure 5. Drying up of natural springs

2024 2025
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Well-selected and managed basins – often 
located within cultivated lands that intercept sur-
face water flow from hillsides – provide a regular 
supply of infiltration water. This enhanced re-
source contributes to the stability of groundwa-
ter-dependent irrigation systems during periods 
of aridity. Coordinating surface and groundwater 
reservoir operations with recharge controls helps 
optimize the simultaneous use of both resources. 
Surface runoff and infiltration characteristics in 
watersheds vary greatly depending on soil texture 
and vegetation cover. Water retention in water-
sheds stimulates evaporation, transpiration, and 
associated losses. Facultative cover with shrubs 
or grasses creates local subsurface flow systems 
and maintains enhanced recharge beneath vege-
tated margins. Thus, water retained in watersheds 
supplements the amount reaching streams, rivers, 
and riparian areas.

Watersheds offer the opportunity to enhance 
recharge. Once water enters the basin, evapora-
tion begins to remove it, along with infiltration or 
recharge. Both the quantity and the period over 
which infiltration occurs affect the importance of 
a recharge basin in enhancing recharge. Recharge 
basins that hold a large amount of water for a short 
period will produce less recharge than basins that 
hold a smaller amount of water for a longer pe-
riod. Recharge basins containing sediments will 
enhance recharge, as sediments prevent evapora-
tion from the basin water. When using natural or 
artificial recharge from a basin, basin construction 
is important; A water basin constructed without a 
substantial soil layer may leak, but the amount of 
water lost in this way is unlikely to be a factor in 

a recharge program unless the basin is vast. Ba-
sins, which are typically held for some time and 
contain water at any given time, are a source of 
recharge. In arid regions where water quantities 
are relatively small, the quantity of water in the 
basin is often unimportant; what matters most 
is the duration of water retention. In these con-
ditions, sediment may settle in these basins, re-
ducing their effectiveness as recharge structures. 
Figure 6 illustrates a traditional clay basin used 
for collecting water for irrigation.

It collects water and humidifies the air. 
Heat-tolerant trees, such as olives and citrus, are 
planted nearby.

Design and construction of water basins

In arid regions where scarce rainfall limits 
groundwater recharge, the efficient design and 
construction of water basins is critical to enhanc-
ing infiltration and storing sufficient water for 
agricultural and municipal use. Water basin con-
struction begins with identifying suitable locations 
based on slope, soil type, land cover, and land use, 
all of which affect the efficiency of surface water 
diffusion and infiltration. Basins are typically ex-
cavated by removing soil to depths exceeding one 
meter, facilitating deep infiltration through sandy 
and gravelly soils. In the Adrar region, basins are 
rectangular, measuring 4 × 8 meters and 20 to 50 
cm high, and are constructed of clay.

The low-permeability, compressible clay lay-
ers, rich in clay mineral deposits, result from the 
development of sedimentary basins and various 
geological processes, forming local aquifers that 

Figure 6. Traditional clay water basin
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contribute to the natural replenishment of ground-
water supplies. These clay basins retain water by 
forming low-permeability layers that prevent sur-
face water from flowing downward, thus natu-
rally preserving and supporting groundwater re-
serves (Merriman, 2005).  Local farmers compact 
the clay well within the basin to allow water to 
collect. The clay from the Adrar region exhibits 
the characteristics listed in Table 2.

Analyzing Table 2, we conclude the following: 
9% sand, 54% silt, and 37% clay, indicating a soil 
rich in fine particles (silt and clay) at 91%, making 
it highly water-retaining when compressed.
	• Liquidity limit (WL) = 81%
	• Plasticity limit (WP) = 34%
	• Plasticity index (IP) = 47%

It can be noted that the contraction and swell-
ing capacity is high, classifying it as a highly 
plastic clay (CH) according to the United States 
Classification System (USCS). - The high silica 
and alumina content enhances the internal cohe-
sion strength after compaction.
	• The presence of calcium carbonate reduces the 

acidity of the medium and reduces the poten-
tial for chemical corrosion.

This highly plastic clay (CH) has a high 
water-holding capacity when compacted and is 
effective at preventing water seepage. Farmers 
compact the clay in layers 20–30 cm thick using 
heavy equipment and limited amounts of water to 
ensure uniformity of density. Clay basins offer a 
suitable environment for groundwater replenish-
ment in hot regions, as evaporation is significant-
ly reduced, and transpiration only occurs when a 
dry cover forms after a drought. Therefore, these 
cover effects must be taken into account in this 
type of application. Increased water availability 
from shallow groundwater sources has the poten-
tial to significantly increase evaporation, thereby 
impacting the hydrological cycle in water-con-
strained areas (Soylu, 2011).

The significantly reduced soil evaporation 
from the clay cover is an important factor in how 
the soil-water balance is affected when the dry cov-
er develops in an upwelling situation, either due to 
capillary action or seepage upstream. In a previous 
study, groundwater dynamics and exchange flows 
under water-saving irrigation were recently inves-
tigated to understand the implications for sustain-
able water management in the Tarim River Basin, 
western China (Zhang et al., 2014).

Scattered clay covers are naturally formed 
on the surface through particle separation during 
infiltration or upwelling, playing a crucial role 
in water management in hot regions. These clay 
covers may extend across the entire basin during 
the dry season, severely reducing evaporation.

Comparison of clay-based recharge basins 
with other managed aquifer recharge 
techniques

Although clay-based recharge basins rep-
resent an effective and sustainable solution for 
groundwater replenishment in arid and semi-arid 
environments, they constitute only one of several 
managed aquifer recharge (MAR) techniques cur-
rently applied worldwide. Each recharge method 
differs in terms of recharge mechanism, hydro-
geological suitability, operational complexity, 
maintenance requirements, and economic con-
siderations. Therefore, selecting an appropriate 
recharge technique requires evaluation of local 
environmental conditions together with long-
term management objectives. A comparison of 
the principal characteristics of commonly used 
recharge techniques is presented in Table 3.

The comparison presented in Table 3 was com-
piled from the literature discussed throughout this 
review and highlights the principal characteristics 
of the most widely applied groundwater recharge 
techniques. Although the reviewed studies consis-
tently report the practical advantages of clay-based 

Table 2. Clay properties

Geotechnicals properties
Sand

(> 0.02 mm)
Silt

(0.02–0.002 mm
Clay

(<0.002 mm)
Liquid limit 

WL
Plastic limit 

WP
Plastic index 

IP VB Specific 
density γs

9% 54% 37% 81% 34% 47% 8 2.6 g/cm3

Chemical composition

SO4 -2 CaCO3 Cl- SiO2 Al2O3 Fe2O3 MgO Other

0.41% 3.6% 0.14% 0.63 0.16 0.07 2.4% 7.46%
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recharge basins, the overall level of evidence re-
mains limited. Most available publications are 
site-specific case studies with relatively short mon-
itoring periods, whereas comparative long-term 
evaluations against other MAR techniques remain 
scarce. Consequently, it is still unclear whether the 
reported advantages primarily reflect the intrinsic 
performance of clay-based systems or favorable 
local hydrogeological and climatic conditions. 
This limitation should be considered when extrap-
olating these findings to other arid regions.

As shown in Table 3, clay-based recharge 
basins differ from engineered MAR techniques 
primarily in their operational simplicity, low con-
struction costs, and reliance on natural infiltration 
processes. These characteristics make them par-
ticularly suitable for arid and semi-arid regions 
where financial resources and technical infra-
structure may be limited. Unlike recharge wells 
and aquifer storage and recovery (ASR) systems, 
which require substantial engineering infrastruc-
ture and water pretreatment, clay-based basins 
rely primarily on gravity-driven surface infiltra-
tion and can often be constructed using locally 
available materials. Compared with recharge 
ponds, clay basins are particularly adapted to tra-
ditional oasis agriculture, where episodic flood-
water can be retained and gradually infiltrated 

to replenish shallow aquifers. However, their 
performance remains highly dependent on local 
hydrogeological conditions, sediment character-
istics, and maintenance practices, whereas engi-
neered MAR systems generally provide greater 
operational control but at considerably higher 
construction and operational costs. Consequently, 
the selection of an appropriate recharge technique 
should be based on site-specific hydrogeological 
conditions, water availability, economic feasibil-
ity, and long-term management objectives rather 
than on a single technological approach.

From a One Health perspective, the reviewed 
recharge techniques should not be evaluated sole-
ly on hydraulic performance. Their comparative 
value also depends on their capacity to simultane-
ously enhance groundwater security, sustain eco-
system services, and reduce risks to human and 
animal health. However, only a limited number 
of the reviewed studies explicitly assessed these 
broader outcomes, indicating an important gap in 
the current literature.

Water retention, irrigation, and salinity 
effects

The effectiveness of clay-based recharge sys-
tems depends on the interactions among irrigation 

Table 3. Comparison of clay-based recharge basins with commonly used managed aquifer recharge 	
(MAR) techniques

Recharge 
technique

Main recharge 
mechanism

Suitable 
hydrogeological 

conditions
Main advantages Main limitations Typical applications

Clay-based 
recharge basins

Surface infiltration 
through prepared 

clay basins

Arid and semi-
arid regions 

with permeable 
subsurface

Low construction cost; 
simple operation; 

utilizes floodwater; 
environmentally 

compatible

Sediment 
accumulation; 

clogging; site-specific 
infiltration rates

Traditional 
groundwater 

recharge in oasis 
agriculture

Recharge ponds Surface infiltration
Permeable soils 

with shallow 
unsaturated zones

Large recharge 
capacity; simple 

construction

Evaporation losses; 
clogging; land 
requirement

Artificial recharge of 
alluvial aquifers

Infiltration 
trenches Lateral infiltration

Localized 
recharge in 

permeable soils

Efficient stormwater 
infiltration; relatively 
small land footprint

Limited recharge 
volume; maintenance 

required

Urban stormwater 
management

Recharge wells Direct injection 
into aquifers

Confined or deep 
aquifers

Minimal land 
requirement; rapid 

recharge

High construction 
cost; clogging risk; 
water pretreatment 

required

Municipal water 
supply; aquifer 

restoration

ASR (Aquifer 
Storage and 
Recovery)

Injection and later 
recovery

Suitable confined 
aquifers

Water storage with 
subsequent recovery

High operational 
complexity; strict 

water-quality 
requirements

Strategic water 
storage

MAR (integrated 
approaches)

Various recharge 
methods Site dependent

Flexible design; 
improves groundwater 

sustainability

Requires detailed 
hydrogeological 

assessment

Regional 
groundwater 
management

Note: Compiled by the authors based on the literature cited in this review.



355

Ecological Engineering & Environmental Technology 2026, 27(9), 341–360

practices, soil properties, groundwater conditions, 
and water quality. These factors collectively in-
fluence infiltration rates, groundwater recharge 
efficiency, and the development of soil salinity, 
particularly in arid and semi-arid environments.

Drip irrigation alters groundwater flow dy-
namics and can mitigate the secondary saliniza-
tion commonly associated with traditional irriga-
tion methods. However, when brackish ground-
water is used without adequate leaching, salts 
may progressively accumulate within the root 
zone, adversely affecting soil quality and agri-
cultural productivity. Consequently, irrigation 
water quality represents an important factor in 
the long-term sustainability of groundwater re-
charge systems.

Soil characteristics strongly influence infiltra-
tion and recharge processes. Coarse-textured soils 
generally facilitate faster infiltration, whereas 
finer-particle soils result in slower recharge and 
longer water retention. Hydraulic conductivity is 
one of the principal factors controlling recharge 
rates and volumetric flow. Groundwater depth 
also plays an important role, as recharge rates 
decrease when the wetting front approaches the 
groundwater table. In addition, the spacing be-
tween recharge points affects recharge efficiency 
through hydraulic interactions among adjacent 
infiltration zones.

Traditional clay-lined water basins provide 
favorable conditions for temporary water stor-
age and gradual infiltration. Their gently sloping 
floors retain water for several days, thereby en-
hancing infiltration while reducing rapid runoff 
losses. Under local climatic conditions, evapora-
tion losses from these basins may be lower than 
those from equivalent free-water surfaces, allow-
ing a greater proportion of stored water to con-
tribute to groundwater recharge.

Representative examples of the influence of 
irrigation water quality on agricultural conditions 
are shown in Figures 7 and 8. Figure 7 illustrates 
an orchard containing a traditional clay-lined wa-
ter basin. No visible signs of surface salinization 
are observed, and the vegetation exhibits healthy 
growth. In contrast, Figure 8 presents a neighbor-
ing orchard located approximately 10 m away, 
where irrigation relies on groundwater extracted 
from a 15 m deep well. Visible salt accumulation 
on the soil surface indicates the adverse effects of 
saline irrigation water on soil quality and agricul-
tural productivity. These observations emphasize 
the importance of appropriate recharge and irri-
gation practices for maintaining soil health and 
supporting sustainable agricultural development 
in arid environments.

Water basin management and 
maintenance

Effective maintenance of recharge basins is 
essential for the long-term sustainability and per-
formance of artificial groundwater recharge proj-
ects. Proper operation and regular maintenance 
preserve the infiltration capacity of recharge 
basins, extend their service life, and ensure the 
continued effectiveness of groundwater recharge 
under arid environmental conditions.

Maintenance procedures include the removal 
of suspended sediments, mobile colloids, aquatic 
plants, terrestrial vegetation, and accumulated 
waste that may reduce infiltration efficiency. En-
croachment by aquatic and terrestrial plants must 
be controlled to maintain the hydraulic capac-
ity and operational performance of the basin. In 
some cases, excessive sediment accumulation or 
mechanical failure of operating equipment neces-
sitates periodic partial or complete rehabilitation 

Figure 7. Traditional clay-lined water basin in an orchard
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of the recharge facility. Design features that allow 
safe and rapid drainage facilitate the scheduling 
and implementation of routine maintenance. Dur-
ing these operations, upstream storage and convey-
ance facilities on tributaries should be temporarily 
closed to prevent re-entry of water and sediments.

Artificial groundwater recharge is widely 
recognized as an effective approach for storing 
excess water underground during periods of sur-
plus for subsequent use during drought. Recharge 
can be achieved using several methods, includ-
ing water spreading, borehole recharge, pump-as-
sisted recharge wells, and natural recharge wells. 
Among these, water spreading remains one of 
the most commonly applied techniques, involv-
ing the controlled application of surface water to 
permeable land surfaces through recharge basins, 
stream channels, ditches, furrow flooding, and ir-
rigation systems.

In arid regions, where annual rainfall is typi-
cally less than 500 mm and evaporation rates are 
high, most precipitation occurs as short-duration, 
high-intensity storms that generate episodic run-
off in ephemeral streams (wadis). Under these 
conditions, infiltration through streambeds and 
recharge structures plays a major role in replen-
ishing groundwater resources. Consequently, 
successful artificial recharge projects require not 
only appropriate engineering design but also con-
tinuous maintenance and integrated groundwater 
management based on careful resource assess-
ment and suitable technologies.

Artificial recharge projects provide an ef-
fective means of conserving both surface water 
and groundwater resources in arid regions. They 
can mitigate groundwater depletion, declining 
groundwater levels, saltwater intrusion, and land 

subsidence. In addition, reclaimed wastewater 
treated to the tertiary level can be used for aqui-
fer recharge, providing underground storage while 
undergoing further natural purification before sub-
sequent reuse. An important inconsistency identi-
fied in the reviewed literature concerns the balance 
between maximizing infiltration and minimizing 
clogging. While several studies recommend fine 
sediments or clay linings to improve water reten-
tion, others identify sediment accumulation as one 
of the principal causes of declining recharge ef-
ficiency over time. This apparent contradiction in-
dicates that long-term basin performance depends 
not only on the construction material itself but 
also on maintenance frequency, sediment manage-
ment, and local hydrogeological conditions.

CONCLUSIONS

The synthesis of the available literature pro-
vides substantial support for the proposed hy-
pothesis, although further long-term field valida-
tion remains necessary. Nevertheless, the litera-
ture demonstrates that the environmental benefits 
of clay-based recharge basins have been investi-
gated far more extensively than their direct impli-
cations for human and animal health. Future One 
Health-oriented research should therefore inte-
grate hydrogeological monitoring with ecologi-
cal and public health indicators to provide a more 
comprehensive assessment of the societal value 
of managed aquifer recharge systems. However, 
the strength of the current evidence should be in-
terpreted cautiously because most available stud-
ies are observational, geographically limited, and 
methodologically heterogeneous. Future research 

Figure 8. Impact of saline irrigation water on agricultural land
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should prioritize standardized performance in-
dicators and direct comparative field studies be-
tween clay-based recharge basins and alterna-
tive MAR technologies. The evidence reviewed 
consistently supports the premise that clay-based 
recharge systems constitute an effective and envi-
ronmentally sustainable approach for enhancing 
groundwater recharge when appropriate hydro-
geological, climatic, and operational conditions 
are considered.

A major contribution of this review is the in-
tegration of dispersed information on the hydro-
logical, environmental, and engineering aspects 
of clay-based recharge systems into a unified 
framework. Unlike previous studies that primar-
ily examined individual recharge techniques or 
local case studies, this review highlights the in-
teractions among soil characteristics, recharge 
processes, irrigation practices, salinity manage-
ment, basin maintenance, and groundwater sus-
tainability within the context of the One Health 
concept. This integrated perspective provides a 
broader understanding of the factors governing 
the long-term performance of traditional clay-
based recharge systems.

The review also addresses an important 
knowledge gap by consolidating current evidence 
on the role of clay-lined recharge basins as a low-
cost and sustainable groundwater management 
strategy suitable for water-scarce regions. The 
comparative assessment of recharge approaches 
further demonstrates that the selection of recharge 
techniques should be based on site-specific hydro-
geological conditions, water availability, econom-
ic feasibility, and long-term operational require-
ments rather than on a single universal solution.

From a practical perspective, the findings 
emphasize that the long-term success of recharge 
basins depends not only on their initial design but 
also on appropriate irrigation management, sedi-
ment control, regular maintenance, and continuous 
monitoring of groundwater quantity and quality. 
Integrating these technical and environmental con-
siderations contributes to improving groundwater 
resilience, protecting ecosystem functions, and 
supporting sustainable agricultural production.

Although the reviewed studies demonstrate 
the considerable potential of clay-based recharge 
basins for enhancing groundwater resources in 
arid and semi-arid regions, important uncertain-
ties remain regarding their long-term performance 
under different hydrogeological and climatic 
conditions. The available evidence also indicates 

that recharge efficiency is influenced by multi-
ple interacting factors, including soil properties, 
groundwater conditions, irrigation practices, ba-
sin maintenance, and water quality. Consequently, 
the sustainable application of clay-based recharge 
systems requires an integrated approach that con-
siders these factors collectively rather than indi-
vidually within the broader framework of sustain-
able groundwater management and One Health.
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